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Dear Colleague: 

Welcome to the 2022 Genomic Science Program (GSP) and Bioimaging Science Program (BSP) Annual PI 
Meetings.  It is hard to believe that it has been almost two years since the pandemic first struck, confining our 
annual meetings to a virtual format.  While this format has posed many challenges, it has also brought some 
opportunities. Importantly, it has given us the ability to broaden PI meeting participation and we look 
forward to welcoming many new attendees via a virtual setting who would otherwise not be able to attend. 
Despite the challenges of the past 2 years, our programs continue to thrive, and that is entirely due to your 
continued hard work and resilient efforts to maintain momentum under extraordinary circumstances. On 
behalf of DOE, thank you all. 

As with last year’s meeting, we have combined the GSP and BSP PI meetings, reflecting the growing synergy 
between these two portfolio elements.  Appropriately, this year’s meeting brings an emphasis on emerging 
technologies, facilities, and resources that enable research funded by the Biological Systems Science Division 
(BSSD). There have been profound changes in some of these areas and rapid technological development in 
others. Who would have thought only a few years ago that it would now be possible to plausibly predict the 
structures of a great many proteins from primary sequence alone? We are indeed witnessing rapid changes in 
the broader biological sciences while driving new developments within our mission space and it is very 
exciting to see.  

We are also excited about our lineup of sessions and presentations on topics as far ranging as plant genomics, 
microbial ecology, synthetic biology, and quantum imaging.  Notably, we are honored to have two Nobel 
Laureates join us this year. Our joint keynote speaker is Dr. Jennifer Doudna (UC-Berkeley and LBNL), who 
was awarded the 2021 Nobel Prize in Chemistry.  Equally exciting, we welcome Dr. Joachim Frank (Columbia 
University) Nobel Laureate in Chemistry in 2017 as the keynote address at the opening of the BSP meeting. 
The accomplishments of both scientists are certainly well known throughout these two programs, and it is a 
privilege to have them join us this year. 

BSSD’s portfolio continues to evolve and grow. In the past year, we’ve seen significant developments in our 
current portfolio through the Bioenergy Research Centers and the DOE Lab programs (SFAs) as well as within 
our Academic-led portfolio. We will hear from many of these projects at this meeting. Additionally, we have 
many new projects on display at this meeting from several areas across the two portfolios, including new in 
situ imaging techniques for living plant and microbial systems, new microbial biofuels and bioproducts 
projects, and a new topic area on microbial upcycling of synthetic polymers (plastics).  We have also 
continued to invest in our early career researcher program and in new ‘omics analysis capabilities through 
several new KBase partnerships.  We look forward to exploring the potential incorporation of AI/ML 
techniques into our research portfolio and what new discoveries these techniques could bring. The broader 
portfolio is at the nexus of several key and confluent developments in synthetic, computational, microbial, 
and plant biology that will help to shape a more sustainable bioeconomy and clean energy future.  The core 
mission of BSSD is therefore powerfully aligned with DOE’s and the Administration’s priorities, and we look 
forward to a bright future for our programs.    

We hope that this meeting will be an opportunity to connect with your fellow researchers as well as with DOE 
program staff.  We are using Gather.town for the poster sessions this year which should be a vast 
improvement over last year’s format and provide increased opportunities for conversations with your 
colleagues.  Your insights and scientific talents are critical to driving the continued success of the GSP and BSP 
portfolios, and we look forward to having a stimulating three days of scientific exchange and “seeing” you at 
the meeting. 

Sincerely, 

Todd Anderson, Ph.D. 
Director, Biological Systems Science Division, SC-33.2 
Office of Biological and Environmental Research 
Office of Science 

Department of Energy 
Washington, DC 20585 
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Abstract Text: 

CRISPR/Cas-based gene editing tools have been widely applied in plants. However, genome 
engineering in plants is currently limited by the reliability and performance of these tools. At 
present, typically only one or a few genes can be edited at a time and most successful edits are 
imprecise end-joining of double-stranded breaks (DSBs). While these knockout mutations can be 
useful in some contexts, these are often inadequate to confer complex traits needed to improve 
DOE-model biofeedstocks. More sophisticated gene edits are now becoming available with 
advanced tools such as based and prime editors, yet these tools have only recently been 
implemented in plants and successful edits are often rare events. To fully realize the potential of 
CRISPR tools in plants, methods are needed to assess the performance of these tools faster, with 
less cost, and at scale. For this reason, we developed a biosensor system for real-time detection of 
active CRISPR/Cas tools in planta1. Specifically, several non-functional GFP genes which cannot 
emit fluorescence signals together with single guide RNAs (sgRNAs) were built as biosensors. In 
the presence of various CRIPSR tools such as Cas9 endonuclease, base editors (BEs), and prime 
editors (PEs), nonfunctional GFP mutants can be successfully converted into the functional GFP 
gene, generating green fluorescence. 

Over the past several years, there has been a rapidly growing interest in using plant viruses as 
vectors to deliver and spread genome editing tools. This is because the use of viruses, to create 
gene edits through infection, has been recognized as a method to overcome current bottlenecks in 
the production of gene edited plants at scale. The consequent ability to edit plants through viral 
infection introduces concerning biosecurity risks. Also, there are increasing concerns about the 
biosafety issues caused by CRISPR tools, such as off-target effects of CRISPR/Cas systems, 



CRISPR-based contaminating gene drive, and potential malicious genomic modifications 
mediated by CRISPR tools. For these reasons, in addition to continually working to optimize 
biosensors for the real-time detection of active CRISPR/Cas tools1, we are developing 
countermeasure systems for inhibiting the activity of CRISPR/Cas systems in planta. Using the 
developed biosensor systems, we successfully demonstrated that AcrIIA4 and AcrIIA5 could 
inhibit the activities of CRISPR/Cas9 and one base editor in Arabidopsis protoplasts. The 
functionality of AcrIIA4 and AcrIIA5 will be further investigated in Nicotiana benthamiana 
(tobacco) and Populus tremula x P. alba 717-1B4.  
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ecosystems critical to U.S. Department of Energy missions. This knowledge will guide biosystems 
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assessment and decision-making. 

Abstract text:  

Biofeedstock plants, such as poplar trees (Populus sp.), grow in unison with soil microbes that can 
aid plant productivity. Commercially available biostimulants and biopesticides containing 
bacterial species are marketed for enhancing plant growth and pest resistance. However, the 
establishment and spread of beneficial bacteria in biofeedstock plants may be constrained by a 
variety of factors including microbe and host plant gene-gene interactions, characteristics of the 
invading organisms or resident community, and the environment. We are investigating how non-
model bacteria drive their establishment, persistence, and the productivity of biofeedstock 
perennial plants. 

Bacillus species are ubiquitous bacteria in soils and many field trials have demonstrated their 
ability to stimulate plant growth and suppress plant pathogens. Here, we conducted a greenhouse 
experiment to examine how single or mixed Bacillus strain introductions establish and 
differentially affect several Populus genotypes. Bacillus strains were introduced to soils planted 
with either Populus deltoides (genotype 11347 or 16842), a F1 hybrid cross between P. deltoides 
and P. trichocarpa (7300 or 8360D), or a no-plant control. We introduced five strains of three 
Bacillus species: B. velezensis (GB03 or FZB42), B. subtilis (3610 or RO-NN-1), B. 
amyloliquefaciens (DSM7) or a mixture of all five genotypes. Plant growth parameters – 
photosynthetic rate, number of leaves, stem height, SPAD greenness index, and above and 
belowground biomass – were measured to quantify the effect of microbial invaders on plants. 
Overall, we found the plant response to Bacillus introduction could not be generalized, and indeed 
varied across the different plant genotypes. 



Propagule pressure is one of the most common explanatory factors that impacts success in micro- 
and macro-organism invasion. Therefore, we interrogated the introduction of B. veleznesis at four 
levels of propagule pressure: 0 (control group), 50% of the commercially recommended rate (3.4 
x 109 CFU/gallon), the recommended rate (6.9 x 109 CFU/gallon), and double the recommended 
rate (13.8 x 109 CFU/gallon) in a field experiment. We hypothesized that (1) P. trichocarpa will 
support B. velezensis introductions; and (2) the establishment and rate of systemic spread will 
increase with increased propagule pressure. Our on-going field study is a fully factorial cross of 4 
tree genotypes x 4 propagule pressure levels x 2 inoculation timing levels x 3 destructive harvest 
time points (n = 5, 480 plants total). We have completed two destructive harvests and one non-
destructive harvest to-date. Sample processing and analyses are in progress. Preliminary findings 
suggest that B. velezensis GB03 inoculations did not alter microbial community composition in 
bulk soil two weeks post-planting when plants were inoculated at the time of cutting propagation. 
Harvests will continue non-destructively to monitor persistence of Bacillus velezensis GB03 and 
legacy effects in the microbial community over time. This is the first temporal study of 
biofungicide systemic spread in a biofeedstock plantation and has applications for national energy 
security.  
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assessment and decision-making. 

Abstract Text: 

High-throughput genome-wide studies using CRISPR-Cas tools have transformed capabilities for 
genetic manipulation in the laboratory. However, the performance of these tools is prone to error 
and increased uncertainty beyond model organisms and laboratory-controlled conditions. This is 
because current models for sgRNA prediction have primarily been trained on a narrow range of 
model species including human, mouse, drosophila, and zebrafish. While general “rules” have 
been defined in these organisms, the mechanistic underpinnings are not well 
understood.  Additionally, with extreme variation in the genetic architecture between species and 
kingdoms, mammalian data alone lacks the information to generate an accurate predictive model 
in another organism. Herein, we utilized a feature engineering machine learning model, iterative 
random forest (iRF), to better understand the features of importance when considering an effective 
sgRNA. Using recently published data assessing genome-wide activity of gRNA for E. coli, we 
identified traits important for sgRNA design in a bacterial species and observed immense variation 
when tested with the same feature set in human and fungal species. We show the influence of 
expanding positional encoding to larger k-mers to capture intricate interactions in local and 
neighboring nucleotides. Most interestingly, we have utilized a novel feature set, quantum 
chemical tensors, that can be applied across species to improve sgRNA efficiency prediction as 
well as greatly enhance our understanding of the intricate quantum biological processes involved 
in CRISPR-Cas9 machinery. These advancements will provide a means to improve the safety and 
reliability of biosystem design and ecosystem engineering using non-model organisms. 
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Abstract Text: Invasive pathogens, causing diseases such as septoria stem canker caused by the 
fungal pathogen Sphaerulina musiva, negatively affect ecosystems and economies around the 
world. The exact mechanism by which these pathogens become established remains largely 
unknown, and most studies assume a predominant role by pathogen-derived factors in 
pathogenesis. In this project, we are investigating the role of susceptibility host-genes in the 
pathogenesis of Populus by S. musiva. A G-type-Lectin receptor-like kinase (G-type LecRLK) 
encoded in Populus was suggested to function as a susceptibility factor that enhanced infection 
by S. musiva. Subsequently, we demonstrated that the G-type LecRLK gene falls in the same 
category as proteins carrying the Plasminogen-Apple-Nematode (PAN) domain, which is highly 
implicated in cell invasion and pathogenesis parasitism. Herein, we will present evidence showing 
that this protein domain mediates receptor ubiquitination, cellular internalization, and proteolysis. 
We propose a model by which the cellular internalization of ubiquitinated receptors functions as 
an invasion platform for the pathogen to enter host cells. Identification of these genetic factors 
advances our ability to assess or modulate success of this invasive pathogen in Populus. 
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Abstract Text:  

Plant-microbe interactions in the rhizosphere are essential to ensure plant health and productivity. 
Recently, commercial biofertilizers and biopesticides have become available to enhance plant 
growth and pest resistance. However, these products have inconsistent performance as the 
microbes present in these products fail to survive and proliferate when competing against native 
microbes present in the rhizosphere. Bacteria have multiple traits encoded in their genome that 
provide them with advantages or disadvantages under different field conditions. For this reason, 
we need to investigate the genetic determinants for microbial establishment and persistence in the 
rhizosphere at a genome-wide scale.  

In this project, we are applying two high-throughput methods, bacterial genome shuffling and 
CRISPR-mediated genome editing, to interrogate bacterial genotype-phenotype relationships. We 
use as a model system the bacterium Bacillus velezensis, a sporulating Gram-positive bacterium 
that has been shown to promote plant growth by secreting beneficial secondary metabolites and 
acting as antagonist of pathogenic fungi. 
 
First, we are using genome shuffling to recombine isolates of B. velezensis and construct a strain 
panel for bacterial quantitative trait-locus (QTL) mapping. We have demonstrated genome 
shuffling in Bacillus velezensis FZB42, an important and robust root colonizer, and are extending 
this approach to investigate recombination between strains of B. velezensis. Based on greenhouse 
studies conducted in the SEED SFA, we are prioritizing parental B. velezensis strains with variable 
plant phenotypes and developing genetic tools for these strains to enable shuffling. 
 
Our second approach uses CRISPR-Cas mediated genome editing to obtain genome-wide 
knockout/knockdown libraries. By knocking out/down different genes, we can study how the loss 
of a function impacts microbial interactions with plants and the environment. We are validating 
Cas9 and dead Cas9 (dCas9) library generation in the Gram-positive model organism B. 



subtilis using a library targeting 10-15 gRNA per annotated coding region. These experiments will 
be used to train a computational model of CRISPR Cas efficiency to predict successful gRNA 
integration and cutting in other bacterial genomes. In parallel, we are expanding the genetic tools 
available for B. velezensis by improving transformation efficiency via natural competency and 
electroporation. We are also characterizing genetic parts (e.g., promoters, origins of replication, 
etc.) to engineer a robust Cas9, dCas9, and gRNA expression system in this non-model organism.  
 
Genome-scale genetics in B. velezensis will improve our understanding of the genetic factors 
affecting microbial establishment, persistence, and functionality. This information will be helpful 
to predict the effect of biostimulants on plant health and productivity.  
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Abstract Text: 

The genus Populus are economically important biofuel crops cultivated worldwide, but 
mainly in the Northern hemisphere to fulfill the demands for bioenergy and fiber production. 
Poplars and their hybrids' widespread distribution and usage is limited by their vulnerability to 
various diseases, of which the leaf spot and canker disease caused by the invasive fungal pathogen 
Sphaerulina musiva is the most detrimental. Human-mediated transport and introduction has and 
will continue to result in the establishment and spread of this invasive species throughout the 
United States. For this reason, we need to understand the biotic and abiotic determinants for the 
establishment, spread, and virulence of S. musiva -Populus pathosystem. 

In this project, we established the first CRISPR-Cas9 gene-editing protocol to successfully 
transform S. musiva. We are leveraging from this established tool to advance our understanding of 
genomic factors affecting above- and below-ground establishment of S. musiva and its virulence 
on Populus trees. Firstly, we generated and validated knockout strains of S. musiva, to examine 
the role of the effector gene ecp2 in the pathogenicity behavior of this fungus on Populus. This has 
been done through pathogenicity experiments conducted on detached Populus leaves. Later, we 
established a closed system in planta to identify and characterize more genetic markers implicated 
in the establishment of S. musiva within native Populus soil microbial communities through RNA 
sequencing analysis. Ultimately, transcriptomic data from this experiment, will be complemented 



with additional knockouts to confirm the function of the identified genetic markers in the 
establishment of this pathogen within the native soil microbiota.  
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 Project Goals: ENIGMA -Ecosystems and Networks Integrated with Genes and Molecular 
 Assemblies use a systems biology approach to understand the interaction between 
 microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
 and environmental factors to the structure and function of microbial communities, 
 ENIGMA integrates and develops laboratory, field, and computational methods. 

 Microorganisms  in  the  terrestrial  subsurface  play  important  roles  in  nutrient  cycling  and 
 degradation  of  anthropogenic  contaminants,  functions  essential  to  the  maintenance  of  healthy 
 aquifers.  Microorganisms  have  the  potential  to  change  the  geochemical  properties  of  the  shallow 
 terrestrial  subsurface,  and  previous  studies  have  uncovered  significant  roles  microorganisms  can 
 play  in  groundwater  processes,  such  as  biogeochemical  cycling.  Much  of  the  attention  given  to 
 the  shallow  terrestrial  subsurface  has  been  focused  on  the  effects  of  contamination  and  how 
 microorganisms  function  in  these  systems,  with  far  less  emphasis  on  understanding  how 
 hydraulic  variables  influence  subsurface  microbial  ecology.  To  fully  understand  how 
 environmental  factors  impact  microbial  community  dynamics,  interactions,  succession, 
 colonization,  and  dispersal  in  the  shallow  subsurface  environment  it  is  essential  to  understand  the 
 link  between  microbiology  and  hydrology.  An  up-flow  packed  bed  reactor  (PBR)  was  designed 
 to  simulate  select  field  conditions  (  i.e.  ,  flow  rate  and  particle  size)  observed  at  the  Oak  Ridge 
 National  Laboratory-Field  Research  Center  (ORNL-FRC)  to  observe  how  environmental  factors, 
 including  hydraulic  variables  such  as  average  pore  velocity,  influences  metabolic  activity, 
 community  establishment,  and  cell  distribution  in  a  micropore  environment.  The  goals  were  to 
 understand  how  environmental  variables  impact  distribution  and  metabolic  activity  of  microbial 
 cells  in  a  pore  microenvironment  using  native  sediment  bug  trap  material  under  hydraulic 
 properties  based  upon  field  conditions  (flow  rate  and  particle  size).  The  PBR  contained  a  porous 
 medium  of  silica  oxide  particles  (74-300  µm),  and  the  size  range  was  based  upon  particle  size 
 assessment  of  sediment  material  from  the  ORNL-FRC.  The  water  phase  of  the  system  was  a 
 basal  groundwater  medium  that  contained  low  levels  of  sugars,  amino  acids,  and 
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 nucleosides/nucleotides  as  the  C  and  N  sources  that  were  based  upon  metabolomic 
 characterization  of  sediment  extracts  from  the  ORNL-FRC.  The  inocula  for  the  PBRs  consisted 
 of  sediment  material  in  samplers  that  were  incubated  down-well  and  retrieved  from  three  FRC 
 wells  each  at  distinct  pH  values  (4,  6.3,  or  7).  The  three  PBRs  were  run  in  parallel  with  a 
 steady-state  flow  rate  that  resulted  in  an  average  pore  velocity  of  0.313  cm/h.  Following  4 
 months  of  incubation,  biomass,  cell  concentrations,  cell  distribution,  and  microbial  community 
 analysis  for  each  reactor  were  evaluated.  The  pH  4  reactor  had  the  largest  biomass  and  highest 
 activity  but  had  the  lowest  diversity  amongst  the  pH  conditions.  The  two  circumneutral  reactors 
 (pH  7  and  6.3)  had  lower  biomass  concentrations  and  activity  but  had  microbial  communities 
 that  were  more  diverse  than  pH  4.  The  reactors  showed  different  trends  in  how  microbial 
 biomass  was  distributed  through  the  porous  medium  as  well  as  distances  to  other  cells  and/or  cell 
 aggregates.  The  measured  distances  were  also  compared  to  substrate  concentrations  over 
 distances  predicted  by  a  model  based  upon  diffusion  coefficients  for  molecular  classes  (  i.e  ., 
 sugars,  amino  acids,  nucleotides/nucleosides).  Overall,  the  data  and  predictions  demonstrate  that 
 under  ex  situ  conditions  meant  to  simulate  porous  media  flow  (  e.g  .,  porosity,  flow,  particle  size) 
 at  the  ORNL-FRC,  cells  that  are  part  of  a  diverse  microbial  community  can  be  on  average  20  to 
 80  µm  apart  with  an  average  of  2  to  9  cells/particle.  Based  on  diffusivity  of  potential  substrates 
 and  measured  distance  ranges  between  cells,  sugar  levels  could  be  approximately  5  to  20  µM 
 whereas  amino  acids  and  nucleotides/nucleosides  would  likely  be  at  sub-micromolar  levels 
 between  nearest  cell/aggregate  neighbors.  Furthermore,  we  developed  methods  to  visualize  the 
 localization  of  active  and  non-active  cells  within  the  porous  medium  and  the  PBR  was  able  to 
 enrich  predominant  populations  observed  in  the  field.  The  results  have  implications  for 
 elucidating  the  impacts  of  environmental  factors  on  metabolic  activity  and  cell  distributions  in  an 
 impacted, subsurface environment. 

 This material by ENIGMA- Ecosystems and Networks Integrated with Genes and Molecular Assemblies a 
 Science Focus Area Program at Lawrence Berkeley National Laboratory is based upon work supported 
 by the U.S. Department of Energy, Office of Science, Office of Biological & Environmental Research 
 under contract number DE-AC02-05CH11231 
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 Project Goals: ENIGMA - Ecosystems and Networks Integrated with Genes and Molecular 
 Assemblies use a systems biology approach to understand the interaction between 
 microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
 and environmental factors to the structure and function of microbial communities, 
 ENIGMA integrates and develops laboratory, field, and computational methods. 
 Denitrification is presumed to be a major anaerobic microbial process in the low-oxygen 
 zones of the contaminated subsurface of the Oak Ridge Field Research Center (FRC) due 
 to the high concentrations of nitrate. To simulate in the laboratory the exchange of nitrogen 
 intermediates presumed to be occurring in this and other subsurface environments, we 
 established a denitrifying co-culture composed of isolates from this field site. This 
 co-culture provides a controlled system to help inform the ecological, energetic, and 
 functional significance of denitrification pathway complementation. In this and future 
 work, this model system is being utilized to address fundamental questions regarding the 
 importance of nitrogen intermediate exchange in denitrifying populations.  Key questions 
 include the relevance of this type of metabolic specialization to population dynamics, 
 community assembly, gene expression, resource partitioning, and system resiliency. 

 Abstract: 

 Perturbations, whether from natural phenomena or anthropogenic pollutants, can have severe 
 effects on community function and ecosystem health. In polluted environments, such as the 
 Fields Research Center (FRC), changes in community state can disrupt the cycling of nutrients 
 like nitrogen and lead to the production of the greenhouse gases such as nitrous oxide. Here we 
 highlight efforts to characterize the physiology of a nitrate reducing synthetic community and the 
 environmental implications of pathway partitioning in the context of community function and 
 resilience. We show that partitioning of the denitrification pathway into smaller functional units 
 appears to be a common strategy among organisms isolated from diverse environments. We also 
 show how two particular isolates obtained from the FRC,  Rhodanobacter R12  and  Acidovorax 
 3H11  , function independently and as a community in  nitrate reducing conditions. Independently, 
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 neither organism can completely reduce nitrate to nitrogen gas but together they complement one 
 another to perform complete denitrification. Using kinetic models, transcriptomics, and estimates 
 of community relative abundance we show how  Rhodanobacter  R12  and  Acidovorax 3H11  are 
 able to cooperate to enhance community growth and perform complete denitrification. We 
 highlight how each organism responds to variations in nitrate concentration and the role of nitrite 
 in modulating species growth. We also highlight efforts to develop and refine metabolic models 
 for each organism and the insights these models provide. This model community for 
 bidirectional metabolite exchange is now being used as a basis for evaluating biotic and abiotic 
 controls of denitrification in the contaminated subsurface of the Oak Ridge FRC. 

 This material by ENIGMA- Ecosystems and Networks Integrated with Genes and Molecular Assemblies a 
 Science Focus Area Program at Lawrence Berkeley National Laboratory is based upon work supported 
 by the U.S. Department of Energy, Office of Science, Office of Biological & Environmental Research 
 under contract number DE-AC02-05CH11231 
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 Project Goals: ENIGMA -Ecosystems and Networks Integrated with Genes and Molecular 
 Assemblies use a systems biology approach to understand the interaction between 
 microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
 and environmental factors to the structure and function of microbial communities, 
 ENIGMA integrates and develops laboratory, field, and computational methods. 

 There is an urgent need to improve our understanding of the connections between microbial 
 community composition to their  in situ  activities.  Exometabolomic methods provide direct 
 measures of metabolite use and production and these data are increasingly available for diverse 
 collections of isolates. However, the degree that isolate metabolic activities are conserved in 
 communities is unclear due to the difficulty in measuring growth rates and resource use in mixed 
 communities. Mass spectrometry based proteomics is routinely used for bacterial  protein 
 profiling and can be used  for the identification of  bacteria. Here, we developed a defined 
 medium, the Northen Lab Defined Medium (NLDM), to characterize bacterial isolates and use 
 protein profiling to track both community structure and resource use partitioning among 
 community members. 

 NLDM not only supports the growth of diverse soil bacteria but also is defined and therefore 
 suited for exometabolomic profiling. Metabolites included in NLDM were selected based on 
 their presence in R2A medium and soil collected from the Oak Ridge Field Research Center 
 (ORFRC), elemental stoichiometry requirements, as well as knowledge of metabolite usage by 
 different bacteria [1]. NLDM supported the growth of 108 of the 110 phylogenetically diverse 
 soil bacterial isolates (spanning 36 different families) tested and all of its metabolites were 
 trackable through liquid chromatography mass spectrometry analysis. 

 Next, we constructed a five-member bacterial Synthetic Community (SynCom) based on our 
 previous analysis of the translationally-active microbes present in soil samples from the ORFRC 
 [2]. Resource utilization of the 5 individual SynCom members as well as the SynCom itself was 
 examined using NLDM and exometabolomic profiling. Simultaneously, quantification of the 
 community structure on NLDM was determined using proteomics. 

 The combination of exometabolomic profiling, using the newly developed NLDM medium, and 
 proteomics enables  simultaneous monitoring of population  dynamics and substrate use 
 partitioning in mixed communities. Next steps will include integrating stable isotope probing 
 (SIP) into the current setup to track substrate usage by each individual member within the 
 community. 
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 Project Goals: ENIGMA -Ecosystems and Networks Integrated with Genes and Molecular 
 Assemblies use a systems biology approach to understand the interaction between 
 microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
 and environmental factors to the structure and function of microbial communities, 
 ENIGMA integrates and develops laboratory, field, and computational methods. 

 Microbes have diverse and innovative metabolisms that allow for the transformation of carbon and other 
 geochemically relevant elements in the environment. Understanding how these metabolisms intimately 
 link microbes to their habitats is critical for understanding geochemical processes in the environment. As 
 part of ENIGMA, we take an integrated approach to investigate microbes catalyzing key ecophysiological 
 processes at the Oak Ridge Reservation Field Research Center (ORR-FRC) including diverse cultivation 
 strategies to obtain new isolates and supplement our increasing strain repository, genomic characterization 
 of newly obtained isolates to inform metabolic poise, and physiological characterization to confirm 
 metabolic functions  in vivo  . 

 Here, we highlight two ENIGMA Environmental Atlas projects that exemplify our research goals and 
 interdisciplinary approaches. First, we present an analysis of seven distinct strains of a single genus, 
 Arthrobacter  , isolated from varying depths of a single  ORR FRC sampling location and adjacent 
 groundwater well, linking niche ecotype to genotype and phenotype.  Arthrobacter  are a highly prevalent 
 aerobic subsurface bacterial genus known for complex carbon metabolisms, and are abundantly present at 
 ORR-FRC. Through analysis of circularized high-quality genomes and laboratory phenotyping, we were 
 able to group these isolates into several ecotypes that demonstrate functional and genomic capacities 
 related to carbon degradation that are specific to their biogeochemical conditions of origin, and that genes 
 found in plasmids and predicted genomic islands support several of these functions. We then performed a 
 pangenome analysis to compare the genomic diversity of our strains to other environmental  Arthrobacter 
 isolates from diverse environments. These data suggest that volatile accessory genomes of  Arthrobacter 
 sp. likely contribute to the genus’ high potential for adaptability in the environment. 

 Second, we report on our efforts towards understanding the influence that minerals have on anaerobic 
 microbial communities that impact carbon transformations in the subsurface. Methanogenic archaea in the 
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 subsurface tend to be outcompeted for electron donors by other anaerobes such as sulfate-reducing 
 bacteria. However, geochemical analysis of sediment cores collected from ORR FRC suggest the 
 coexistence of methanogenesis and sulfate reduction within similar depth horizons, where semiconductive 
 iron minerals were also abundant. We hypothesized that iron minerals may serve as an electron conduit 
 that supports methanogenesis through extracellular electron transport despite the presence of competing 
 sulfate-reducing bacteria. Amending ORR FRC sediments with iron minerals ferrihydrite and hematite 
 using butyrate as the primary electron donor, we observed that the presence of hematite stimulated both 
 methanogenesis and sulfate reduction whereas ferrihydrite only stimulated sulfate reduction. We posit that 
 sulfide-derived electrons are being transferred to methanogens through hematite mineral conduits. Future 
 work examining both the composition of the microbial communities  via  16S analysis as well as the redox 
 and coordination state of the iron minerals using synchrotron-based methods will help us better 
 understand how conductive minerals aid in sustaining complex and competing microbial metabolisms in 
 nature. These projects demonstrate two examples of the research performed with aerobic and anaerobic 
 bacteria from ORR-FRC under the aims of the ENIGMA Environmental Atlas. 
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 Project Goals: ENIGMA (Ecosystems and Networks Integrated with Genes and Molecular 
 Assemblies) is using a systems biology approach to understand the interactions between 
 microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
 and environmental factors to the structure and function of microbial communities, 
 ENIGMA integrates and develops laboratory, field and computational methods. 

 A significant goal of microbial ecology is the development of models that accurately predict how 
 environmental perturbations will impact the structure and function of microbial communities. 
 Identification of representative isolates is essential for the high-resolution physiological studies 
 required for proper parameterization of these models. Frequently, pure-culture laboratory studies 
 fail to select appropriate isolates that are relevant to an environment either in terms of taxonomic 
 abundance or metabolic function. Here, we present the successful isolation and characterization 
 of a  Bacillus cereus  strain (designated CPTF) that  is extremely abundant in the subsurface of the 
 Oak Ridge Reservation Field Research Center (ORR FRC) that is immediately adjacent to the 
 highly-contaminated S-3 ponds (Area 3). The S-3 ponds contain high levels of legacy uranium, 
 nitric acid, and other mixed metals waste that has leached into the surrounding environment. The 
 CPTF 16S rRNA gene has 100% sequence identity to the most abundant ASV observed across 
 an ORR FRC Area 3 subsurface metagenome survey. The CPTF-matching ASV is present in all 
 32 subsurface samples collected  from Area 3. Its abundance  across individual samples ranges 
 from 0.02 – 40.5% with a median abundance of 3.8%. 

 The ORR FRC Area 3 subsurface poses a significant physiological challenge to 
 microorganisms living at the site—with high concentrations of nitrate, mixed metals waste, and 
 low pH. The porewaters of the soils contain nitrate at concentrations up to 19,600 ppm and pH 
 values as low as 3.0. Notably, the CPTF-matching ASV is observed across the full span of 
 measured porewater nitrate concentrations. Furthermore, as the CPTF-matching ASV is 
 ubiquitous across the sampled Area 3 subsurface, it also exists concurrent with elevated levels of 
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 uranium (up to 1130 ppm) and other metals measured in the same survey. On-going work seeks 
 to understand the persistence of CPTF at the ORR FRC despite these significant environmental 
 stressors. Experimental work has shown that CPTF grows robustly with high site-relevant levels 
 of nitrate and high concentrations of nitrite. CPTF respires nitrate with nitrite as the major 
 end-product. Phenotypic observations and genome analysis suggest that nitrite can support 
 fermentative ammonification by this strain. CPTF also has high tolerance to multiple metals at 
 site-relevant concentrations both individually and in combination. The metals tested include U, 
 Al, Ni, Cd. Mn, Fe, Cu, and Co. Genome analysis of CPTF revealed metal efflux pumps, 
 metal-responsive transcriptional regulators, and numerous other metal resistance determinants. 
 High-throughput proteomic analysis is underway to understand the cellular response to ORR 
 groundwater-relevant metals under nitrate-respiring conditions to explore how mixed waste 
 contamination impacts the physiology of this abundant contaminated site isolate. The results of 
 this work will facilitate our understanding of the persistence of dominant taxa at 
 highly-contaminated DOE sites. 
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 Project Goals: ENIGMA (Ecosystems and Networks Integrated with Genes and Molecular 
 Assemblies) uses a systems biology approach to understand the interaction between microbial 
 communities and the ecosystems that they inhabit. To link genetic, ecological, and environmental 
 factors to the structure and function of microbial communities, ENIGMA integrates and develops 
 laboratory, field, and computational methods. 

 Achieving a causal understanding of a microbial system requires mapping mechanisms by which 
 organisms grow, cooperate, and compete in complex environments.  These mechanisms include 
 ecological phenomena and abiotic factors that influence behavior and survival.  One of the critical 
 requirements for reaching this level of understanding is fully resolving the genomes of the community, 
 including plasmids and viruses, so that the functional roles specified by their genomes can be assayed and 
 discovered. While the challenges of gene functional annotation and linking genotype and phenotype loom 
 beyond simply obtaining genomes, the underlying challenge at the present remains to generate 
 high-quality genomes for both isolates and metagenomes. The base genome along with its relative 
 abundance constitute the most important foundational data needed to infer and parameterize models of 
 microbial system dynamics. 

 Despite advances in sequencing technology throughput, until recently it has been very difficult or 
 impossible to completely finish genomes from both isolates and microbial communities. Finishing 
 genomes is difficult and laborious without the use of reads that are longer than any repetitive DNA 
 element, which can be thousands of base pairs.  In addition, for metagenome-assembled genomes, it is 
 challenging to associate plasmids with their host  chromosomes. Both these barriers can be overcome 
 using new technologies in long read sequencing from Pacific Biosciences and Oxford Nanopore 
 Technologies. These technologies can produce read lengths in the multiple thousands and can resolve 
 DNA methylation modification. Error rates in calling nucleotide identity have been dropping as well, 
 reducing the need for more accurate (Illumina) short reads for polishing. Long reads enable effective 
 assembly of replicons and can even permit strain-level resolution variants. Methylation profiling can often 
 tie multiple replicons such as genomes and plasmids together in the same organism even when assembled 
 from a complex mixture of organisms. Full genome assemblies wherein all replicons are associated 
 accelerates studies of phylogeny, adaptive evolution, and facilitates better assessment of base genetic 
 capability. While this technology is progressing it still remains challenging to apply it effectively to more 
 complex samples of natural communities and diverse enrichments. 
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 The ENIGMA SFA has spent time developing pipelines for sequencing and assembly of long read data 
 from microbial isolates and metagenomes to help achieve the goal of casual microbial ecology.  We have 
 developed the capability to isolate diverse organisms, to extract the high molecular weight (HMW) DNA 
 needed for single molecule long read sequencing, and to perform the sequencing using Oxford Nanopore 
 Technologies MinION sequencers.  For example, we have successfully made long read libraries using 
 DNA extracted from ENIGMA groundwater and sediment samples.  From one sample we recovered more 
 than 30 finished grade genomes, including two 6 Mb genomes, as well as what we believe to be a 
 bacteriophage larger than 1 Mb, which would make it the largest bacteriophage genome known (currently 
 the largest identified phage is ~735kb). This is from one sample; from nearly all short read metagenome 
 studies there are only approximately 100-200 fully complete microbial genomes. 

 We developed computational pipelines to process long read sequencing data since ENIGMA is generating 
 next-generation sequencing datasets at scale. To characterize the microbial diversity and activity at the 
 Oak Ridge Reservation at Oak Ridge National Laboratory, ENIGMA anticipates isolating thousands of 
 bacteria and archaea, as well as generating spatio-temporal series of fully resolved enrichments and 
 metagenomes from the site. These sequencing projects assist the goals of linking genotype to phenotype 
 and understanding the temporal, dynamic, and complex factors influencing microbial community 
 structure and activity at our site. ENIGMA uses isolates to help link genotype to phenotype by analyzing 
 genomes in conjunction with transposon mutant libraries, metabolomics, and growth condition data. High 
 quality genomes and metagenomes are essential for these types of experiments and ENIGMA science. 

 We are currently adding new functionality to DOE Systems Biology KnowledgeBase (KBase) by 
 implementing tools for using long read data for assembly of isolates, assembly of metagenomes, and 
 methylation detection. We are developing workflows within KBase to make these tools more broadly 
 available across the ENIGMA SFA and to other scientists, especially for scientists that do not specialize 
 in computational methods. These apps and workflows will enable ENIGMA, as well as other DOE SFAs 
 and microbiologists to (1) address scientific questions that would otherwise be infeasible with isolate and 
 metagenome assemblies using only short reads, (2) track provenance of data and methods used for 
 assembly, and (3) share assemblies across the SFA for collaborations. By providing this new functionality 
 in KBase, we will also provide a foundation for further extensions in KBase to support developments in 
 long read technology. 
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 Project  Goals:  ENIGMA  -Ecosystems  and  Networks  Integrated  with  Genes  and  Molecular 
 Assemblies  use  a  systems  biology  approach  to  understand  the  interaction  between 
 microbial  communities  and  the  ecosystems  that  they  inhabit.  To  link  genetic,  ecological, 
 and  environmental  factors  to  the  structure  and  function  of  microbial  communities, 
 ENIGMA integrates and develops laboratory, field, and computational methods. 

 Mobile  genetic  elements  such  as  plasmids  and  viruses  can  shape  the  function  and  evolution  of 
 natural  microbial  communities.  Both  viruses  and  plasmids  have,  for  example,  been  shown  to 
 harbor  and  transfer  genes  to  microbial  hosts  that  improve  microbial  fitness  in  particular 
 environments  or  conditions.  Here,  we  present  a  set  of  studies  to  identify  and  functionally 
 characterize  mobile  genetic  elements  in  ground  water  microbiomes  at  the  Oak  Ridge  Reservation 
 study  site  (ORFRC),  which  is  contaminated  with  heavy  metals  and  nitrate.  First  1  ,  we  optimized  a 
 cultivation-free  method  targeting  plasmid  DNA  across  a  range  of  sizes  and  abundance  to 
 examine  the  plasmidome  of  groundwater  samples.  Plasmidome  sequencing  data  from  just  two 
 ground-water  wells  helped  identify  >  600  new  assembled  circular  plasmids,  many  encoding 
 metal  and  antibiotic  resistance  genes.  In  a  follow-up  study  2  ,  we  examined  in  more  detail  the 
 surprising  presence  of  genes  encoding  mercury  tolerance,  despite  mercury  not  being  one  of  the 
 major  contaminants  at  this  site.  Many  homologs  of  mer  genes  (e.g.,  merA  )  were  found  in  several 
 assembled  plasmid  scaffolds,  including  a  plasmid  found  to  be  abundant  (based  on  sequence 
 coverage)  in  both  groundwater  samples.  Since  this  abundant  plasmid,  p5343,  was  not  isolated  but 
 rather  inferred  from  assembly  of  plasmidome  sequence,  we  synthesized  this  8kb  plasmid  to  test  it 
 experimentally.  We  developed  a  mercury  tolerance  assay  in  E.  coli  and  established  that  the  mer 
 genes  on  p5343  were  functional  in  conferring  mercury  tolerance.  More  importantly  we  found 
 that  p5343  was  able  to  naturally  transform  into  several  isolates  including  two  Gram-positive 
 bacteria  that  have  not  been  transformed  before.  In  a  third  recent  study  3  we  re-analyzed  this  large 
 sequence  dataset  for  the  presence  of  phage  genomes.  In  collaboration  with  the  DOE  Joint 
 Genome  Institute  (JGI)  we  discovered  200  phage  genomes,  infecting  some  of  the  dominant 
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 microbes  in  the  ecosystem.  Several  of  these  phage  genomes  encode  predicted  metal  and 
 antibiotic  resistance  genes,  presumably  providing  a  selective  advantage  to  infected  hosts.  Taken 
 together,  these  plasmidome  and  phageome  studies  provide  a  first  overview  of  the  diversity  of 
 mobile  genetic  elements  in  ORFRC  groundwater,  along  with  valuable  future  directions.  The 
 current  database  of  >  600  plasmids  and  200  viral  genomes  can  be  mined  for  parts  such  as  origins 
 for  developing  genetic  tools  for  manipulating  many  model  and  ORFRC  bacterial  isolates. 
 Functional  studies  of  genes  encoded  on  these  plasmids  and  viral  genomes  will  reveal  key  insight 
 into  metal  and  antibiotic  resistance  in  this  environment,  highlighting  functions  encoded  by 
 mobile  genetic  elements.  Study  of  additional  wells,  both  ground  water  and  sediment  will  provide 
 rich information of mobile genes and their potential role in the microbial ecology of this site. 
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 Project Goals: ENIGMA -Ecosystems and Networks Integrated with Genes and Molecular 
 Assemblies uses a systems biology approach to understand the interaction between 
 microbial communities and the ecosystems that they inhabit. The field to laboratory efforts 
 of ENIGMA rely on high resolution field data to link genetic, ecological, and environmental 
 factors to the structure and function of microbial communities. The ENIGMA SSO is a 
 critical infrastructure under design to provide unprecedented spatiotemporal resolution for 
 groundwater time series analyses. The SSO is a major component of ENIGMAs three-aim 
 approach for integrating and developing laboratory, field, and computational methods. 

 The ENIGMA (  http://enigma.lbl.gov  )  subsurface observatory  (SSO) is a shallow subsurface study 
 site being designed to investigate the spatiotemporal effects of subsurface perturbations. Once 
 established, the SSO will feature a total of 9 boreholes in a 3 x 3 borehole configuration. Each of 
 the nine boreholes will contain four separate wells screened to different depths. The deepest of 
 wells will be in the saturated zone, two wells will divide the shallow saturated and variably 
 saturated zones, and a single well in the unsaturated vadose zone. The multi-level design enables 
 observations of parallel, hydrologically coupled wells oriented along a flow path. Tracking 
 dynamics across the coupled locations will provide a more reliable estimation of differential 
 dispersal forces and improved detection of the persistent and active subpopulations acting under 
 the different local conditions. Once the physical infrastructure is established, the subsurface 
 observatory will provide a spatiotemporal time series of unprecedented resolution. 

 The SSO multi-level design provides a physical infrastructure for investigations of 
 depth-dependent changes in the biogeochemistry with a focus on the zone of variable saturation. 
 The SSO will be established in a zone with strong stratification of taxonomic and geochemical 
 composition and a strong impact of hydrogeological forces on vertical mixing and recharge 
 within the variably saturated zone. 
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 A three-dimensional model of the shallow subsurface was constructed from a grid of over 
 100 cone penetrometer pushes which has been used to identify zones of low and high 
 permeability. The identification of high permeability zones has been used to guide the placement 
 of the SSO wells as a part of the development of a high resolution subsurface observatory. A 
 network of continuous monitoring water levels and a multiparameter sonde has indicated 
 precipitation events as a major source of natural subsurface perturbation. Rain events not only 
 increase the water level, but also increase the specific conductivity, dissolved oxygen, and pH. 
 While local infiltration occurs over the course of hours, continuous monitoring indicates that 
 over half of the recharge may come from regional infiltration transported in the underlying 
 bedrock and fractured transition zone. This regional recharge may be a major mechanism of 
 material transfer into the site and is supported by increased concentrations of contaminants and 
 low pH measured in sediment samples collected above the bedrock transition zone. Flow rates 
 from pump tests, slug tests, soil tests, and permeability estimates from the volumetric three 
 dimensional model all share a high level of agreement that the average flow rates in the 
 unconsolidated material are likely between 10  -5  and  10  -7  m/s. In total, this program aims to 
 further select an ideal site with high similarity in sediment type composition, where well to well 
 connectivity is highly probable, and where differential dispersal forces can be modeled. 
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Project Goals: The goal of this project is to establish the two non-model microorganisms 
Caldicellusiruptor bescii and Pyroccous furiosus as platforms for sustainable production of 
industrial chemicals using renewable plant biomass. We aim to engineer C. bescii and P. 
furiosus to reincorporate CO2 and H2 generated during fermentation of lignocellulose as an 
additional source of carbon and energy, potentially reaching net zero CO2 emission. 
Furthermore, P. furiosus will be engineered with enzymes from C. bescii to allow it to degrade 
non-pretreated plant biomass. System-wide metabolic and regulatory modeling of both 
organisms will be used to optimize biomass degradation and desired product yield and 
selectivity. 

Pyrococcus furiosus is an extremely thermophilic, strictly anaerobic, sugar-utilizing archaeon 
microorganism that grows up to 103°C on starch, laminarin, maltose, trehalose, cellobiose and beta-
glucan oligosaccharides, but not crystalline cellulose, xylan or monosaccharides In this study, we 
applied a subsystems-based approach combining comparative genomics, transcriptional regulon 
prediction, and genome-scale modeling to reconstruct an integrated view of the metabolic and 
regulatory network of P. furiosus. The complete genomes of over 30 Pyrococcus and Thermococcus 
species were used for ortholog mapping and comparative analysis. Functional gene assignments, 
genome context analysis, comparative analysis of orthologous genes and DNA upstream regions, 
gene co-occurrence analysis and protein similarity searches were performed in the SEED environment 
[1]. We also used genome annotations from Swiss-Prot, KEGG, TCDB, and RegPrecise databases 
and published experimental data. The previously generated RNASeq datasets for whole-genome gene 
expression and transcriptional start sites obtained for P. furiosus grown on different carbon sources 
(glucose, maltose, cellobiose) were used for validation of reconstructed transcriptional regulons and 
for refinement of transporter specificities.  

The reconstruction and analyses of genome-scale models (GEMs) combines the stoichiometry 
of metabolic processes with the definition of condition-specific metabolic constraints into predicting 
microbial growth and biochemical production. The GEM curation was done with the support of PSAMM 
software [2] to incorporate the known and predicted metabolic functions of enzymes and transporters. 
We have obtained a first draft of the P. furiosus GEM that contains 409 metabolic genes, 860 
metabolites (non-unique) and 538 metabolic reactions, thereby covering 81% of genes with EC 
number assignments. These include a native RuBisCo enzyme that allows P. furiosus to incorporate 
CO2 into its central carbon metabolism, a diverse range of catabolic and anabolic pathways, and 
biomass production equations that incorporate the experimentally calibrated proportion of major cell 
components. Besides the genes encoding metabolic enzymes, the P. furiosus GEM contains 198 
genes encoding components of metabolic transporters (89% of total number of putative transporter 
genes). Growth predictions made by the P. furiosus GEM were validated by matching metabolic 
simulations with growth measurements in batch and chemostat culture using defined media. This 



 

 

model, alongside our preexisting model of C. besci [3], serves as a stepping stone for the engineering 
of future strains to enable and enhance the yields of bio-based fuels and chemicals. 

Five industrial compounds have been selected as engineering targets with the potential to 
achieve net zero carbon emission. We have developed strategies for the production of these 
compounds by incorporating enzymes from other thermophiles, as well as engineering the P. furiosus 
RuBisCo into C. bescii. Simulations using the two GEMs demonstrated that both P. furiosus and C. 
bescii can theoretically achieve negative CO2 production, while generating products when CO2 and H2 

are supplied. Additionally, enhanced product formation has been predicted by simulation of multi-gene 
knockouts and introduction of hydrogenases from P. furiosus to C. bescii.  

Previously, we used a comparative genomics approach to reconstruct the carbohydrate 
utilization regulatory network in C. besci and related bacteria [4]. Here, we used the same approach 
to identify DNA-binding motifs and reconstruct regulatory networks for 15 out of 65 TFs encoded in P. 
furiosus genome. Most of these TFs are local regulators, while two reconstructed regulons (SurR and 
TrmBL1) include genes from multiple metabolic pathways. TrmBL1 is a global regulator of the 
carbohydrate metabolism that co-regulates large sets of genes involved in the starch/maltose 
utilization, glycolysis and gluconeogenesis. The reconstructed metabolic and regulatory networks are 
used to generate metabolic models for C. besci and P. furiosus, and to guide engineering strategies 
to improve bioproduct formation. The goal is to increase carbon flux from substrates to engineered 
products, which we hypothesize is key to producing industrially relevant titers and yields.  

IMPORTANCE In this study, we developed a predictive model for simulating the metabolism of the 
non-model organism, P. furiosus. The simulation predictions can provide potential directions for the 
more efficient metabolic engineering design for bio-based chemicals. We will combine modeling and 
regulatory mechanisms and use extensive experimental validation to enable model parameterization. 
The systems-wide integration of models at the metabolic and regulatory levels will enable discovery 
of “non-intuitive” designs that may not be apparent from knowledge-based optimization of targeted 
pathways.  
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 Project  Goals:  ENIGMA  -Ecosystems  and  Networks  Integrated  with  Genes  and  Molecular 
 Assemblies  use  a  systems  biology  approach  to  understand  the  interaction  between 
 microbial  communities  and  the  ecosystems  that  they  inhabit.  To  link  genetic,  ecological, 
 and  environmental  factors  to  the  structure  and  function  of  microbial  communities, 
 ENIGMA integrates and develops laboratory, field, and computational methods. 

 Knowing  the  phenotypes  of  diverse  microbial  species  and  mutations  is  essential  for 
 understanding  their  ecological  roles  and  genetic  functions.  Previous  methods  for  microbial 
 phenotyping  use  fluorescence  or  optical  density  (OD  600  )  as  the  readout  and  96  or  384  well  plates 
 as  the  containers.  These  methods  became  the  standard  and  have  been  very  popular.  Although 
 throughput  has  been  dramatically  increased  by  using  lab  automation,  it  does  not  meet  the  current 
 demands.  Thousands  of  microorganisms  are  now  routinely  isolated  by  environmental 
 microbiology  programs  and  are  in  need  of  basic  phenotyping.  Large-scale  libraries  of  genetic 
 variations  of  these,  made  to  characterize  and  engineer  their  function,  similarly  are  in  dire  need  of 
 rapid  characterization.  In  addition,  the  well-plate-based  method  is  expensive-  consuming  high 
 quantities  of  disposable  plasticware  and  reagents-  and  plagued  by  cross  contaminations  amongst 
 the  wells  on  the  same  plate.  The  contaminants  could  not  be  identified  by  the  optical  based 
 readout.  It  is  imperative  to  accelerate  the  phenotyping  speed,  decrease  the  cost  and  plastic  utility, 
 and avoid the effects of cross contamination. 
 To  address  problems  of  scale,  we  developed  a  droplet-based  high  throughput  platform  for 
 microbial  phenotyping  using  genetic  marks  as  the  readout  and  water-in-oil  droplets  as  containers. 
 The  new  method  consists  of  droplet  generation,  droplet  cultivation,  cell  pooling,  spike-in 
 controls  addition  for  abundance  quantification,  DNA  extraction,  high  throughput  sequencing, 
 and  associated  bioinformatic  pipelines  for  data  analysis.  Briefly,  single  cells  from  a  mix  of 
 hundreds  of  microbial  species  (or  mutants)  are  captured  in  individual  water-in-oil  droplets.  They 
 are  allowed  to  grow  within  these  droplets  for  some  period.  The  emulsion  is  then  broken,  and 
 droplet  contents  are  pooled  along  with  a  spike-in  standard  (a  microbe  or  gene  which  is  not  in  the 
 pool  of  microbes).  Sequencing  of  the  population  before  and  after  this  operation  enables 
 comparison  of  the  relative  abundances  of  each  microbe  at  the  beginning  and  in  the  end  of  the 
 cultivation.  In  essence,  the  fitness  of  hundreds  of  microbes  under  the  tested  condition  is  obtained 
 by  amplicon  sequencing  in  one  set-up.  Since  the  system  is  miniaturized  and  scalable,  we  were 
 able  to  screen  many  different  conditions  in  parallel  using  a  multichannel  syringe/pressure  pump. 
 We  have  demonstrated  the  efficacy  of  this  method  by  comparing  results  from  classical 
 plate-based  assays  to  our  droplet  method  for  seventeen  well  characterized  organisms  under  the 
 conditions  of  R2A  and  Xylose.  We  are  then  applying  this  technology  to  physiologically 
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 characterize  ENIGMA  field  isolates  under  conditions  predicted  to  be  important  for  field 
 processes. 

 In  addition  to  characterizing  microbial  isolates,  we  also  combined  this  method  with  Random 
 Barcode  Transposon-site  Sequencing  (RB-TnSeq)  1  to  study  the  gene  functions  of  microbes 
 during  phage  infection.  As  a  proof  of  principle,  we  assayed  an  E.  coli  RB-TnSeq  library  with  two 
 E.  coli  phages  (T4  and  N4)  to  discover  genes  which  confer  resistance  or  sensitivity.  Our  droplet 
 results  are  consistent  with  the  findings  from  bulk  assays  2  and  also  uncovered  few  new  hits  that 
 were  not  seen  in  bulk  assays.  The  droplet  assays  are  useful  in  identifying  medium  strength 
 resistance mutants that may be lost in bulk assays because of stronger selection pressure. 

 The  droplet-based  high  throughput  phenotyping  method  will  enable  us  to  link  microbial 
 genotypes  with  phenotypes,  and  further  achieve  a  mechanistic  understanding  of  field  data 
 leading  to  pointed  hypotheses  of  the  role  of  particular  taxa,  proteins,  co-factors  and  their 
 interactions in creating systems behavior. 
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Project Goals: The goal of this project is to establish the two non-model microorganisms 
Caldicellulosiruptor bescii and Pyrococcus furiosus as platforms for sustainable production 
of industrial chemicals using renewable plant biomass. We aim to engineer C. bescii and P. 
furiosus to reincorporate CO2 and H2 generated during fermentation of lignocellulose as 
additional sources of carbon and energy, to potentially reach net zero CO2 emission. 
Furthermore, P. furiosus will be engineered with enzymes from C. bescii to allow it to 
degrade non-pretreated plant biomass. System-wide metabolic and regulatory modeling of 
both organisms will be used to optimize biomass degradation and desired product yield and 
selectivity.  
The extreme thermophiles Caldicellulosiruptor bescii (Tmax = 90°C) and Pyrococcus furiosus 
(Tmax = 103°C) share the distinction within the bacterial and archaeal domains, respectively, of 
being the most thermophilic member having a functional genetic system. Over the last decade, C. 
bescii has been metabolically engineered to produce ethanol, acetone, and various alcohols (1-3) 
and P. furiosus has been engineered to produce lactate, ethanol, and 3-hydrxypropionate (4-6). 
Fermentation at high temperatures reduces the risk of contamination, facilitates product 
recovery, minimizes cooling costs, and enhances biomass solubilization (7). These advantages, 
combined with the native ability of C. bescii to deconstruct non-pretreated lignocellulosic 
biomass (8-11), offer environmentally sustainable, economic platforms to engineer production of 
industrial products. Our labs have made recent advancements toward strengthening the 
knowledge-base of C. bescii by defining the regulatory pathways of carbohydrate utilization (8) 
and constructing  a genome-scale metabolic model (12). We aim to improve our understanding 
of P. furiosus by applying similar approaches. One aspect of the experimental work is focused on 
engineering P. furiosus with (hemi)cellulases from C. bescii to enable its growth on 
lignocellulosic substrates, since P. furiosus can utilize cellobiose but not cellulose or xylan (13). 
Additional strains of C. bescii and P. furiosus are under construction to produce industrially-
relevant compounds. A key aspect of the engineering strategy is to recycle CO2 and H2 generated 
from lignocellulose fermentation. Target chemicals have been selected strategically to use the 
CO2 generated during one biomass-to-bioproduct formation for incorporation into a second 
bioproduct. This biomass-to-bioproduct conversion will be enhanced by regenerating additional 
redox cofactors from H2. To accomplish this experimentally, we will leverage the carbon fixing 
and hydrogenase enzymes from P. furiosus in genetic engineering of C. bescii. The genome-
scale metabolic models of both C. bescii and P. furiosus are being used to evaluate each 



prospective engineered pathway to enhance production capacity of target products while 
optimizing carbon and electron fluxes.  
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 Project  Goals:  ENIGMA  -Ecosystems  and  Networks  Integrated  with  Genes  and  Molecular 
 Assemblies  use  a  systems  biology  approach  to  understand  the  interaction  between 
 microbial  communities  and  the  ecosystems  they  inhabit.  To  link  genetic,  ecological,  and 
 environmental  factors  to  the  structure  and  function  of  microbial  communities,  ENIGMA 
 integrates  and  develops  laboratory,  field,  and  computational  methods.  Thus,  ENIGMA  has 
 been  organized  into  several  campaigns  involving  multiple  institutes  with  varying  expertise. 
 Here  we  describe  an  overarching  goal  of  the  Environmental  Simulations  and  Modeling 
 Campaign  to  simulate,  model,  predict,  and  characterize  mechanistic  underpinnings  of  N  2  O 
 emissions  in  varying  ecological  contexts  (pH,  metal  availability,  oxygen,  etc.)  using  field  isolates 
 assembled into synthetic communities. 

 Abstract: (Please limit to 2 pages.) 
 The  Field  Research  Center  (FRC)  at  Oak  Ridge,  TN  has  some  of  the  highest  subsurface 

 nitrate  concentrations  [>10g/L]  ever  recorded.  This  concerningly  large  pool  of  subsurface  nitrate, 
 which  is  a  remnant  of  legacy  activities,  can  end  up  as  the  greenhouse  gas  nitrous  oxide  (N  2  O)  via 
 incomplete  denitrification  or  as  nitrogen  gas  (N  2  )  when  completely  denitrified.  It  is  critical  to 
 understand  the  environmental  drivers  that  favor  either  complete  denitrification  (N  2  emission)  or 
 incomplete  denitrification  (e.g.,  N  2  O  emission)  in  the  subsurface  so  that  models  can  predict  the 
 fate  of  excess  nitrate.  For  instance,  at  the  FRC  we  have  observed  that  wells  with  a  pH  below 
 neutral  and  high  nitrate  levels  emit  large  amounts  of  N  2  O.  In  addition,  monitoring  wells  after 
 rainfall  events  revealed  a  sudden  decline  in  pH  up  to  1.5  units  over  a  matter  of  hours.  We 
 therefore  hypothesized  that  if  the  process  of  complete  denitrification  is  partitioned  among 
 multiple  organisms  (i.e.,  incomplete  denitrifiers),  this  coupled  reaction  is  subject  to  disruption  by 
 abiotic  factors  that  may  lead  to  increased  N  2  O  off-gassing.  To  test  this  hypothesis,  we  have 
 established  a  synthetic  community  (SynCom)  of  two  field  isolates  --  Rhodanobacter  sp  .  R12  and 
 Acidovorax  sp  .  3H11--  which  together  can  perform  complete  denitrification  but  cannot 
 independently.  Therefore,  we  have  generated  a  cross-campaign  initiative  to  elucidate  different 
 mechanisms  of  abiotic  control  including  pH  shifts,  microaerobic  environments,  and  metal 
 availability.  Using  time  course  experiments  we  determined  that  a  shift  in  pH  from  neutral  pH  7  to 
 pH  6  is  enough  to  decouple  the  complete  denitrification  process  of  the  SynCom  resulting  in 
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 significant  increases  in  N  2  O  emissions.  Transcriptome  analysis  of  the  SynCom  at  differing  pH 
 conditions,  suggest  dynamic  changes  in  community  composition  and  physiological  states. 
 Transmission  electron  microscope  images  suggest  very  different  morphologies  between  the  two 
 field  isolates  that  may  play  an  important  role  in  carbon,  nitrogen,  and  phosphorus  fluxes  between 
 the  organisms.  Current  experiments  are  focused  on  shifts  in  pH  at  differing  C/N  ratios,  oxygen, 
 and  metal  availability  (e.g.,  Ni)  that  can  shift  complete  denitrification  to  incomplete.  Insights 
 from  these  studies  can  be  utilized  to  define  reaction  terms  for  predictive  modeling  at  the  field 
 site. 

 This  material  by  ENIGMA-  Ecosystems  and  Networks  Integrated  with  Genes  and  Molecular  Assemblies  a 
 Scientific  Focus  Area  Program  at  Lawrence  Berkeley  National  Laboratory  is  based  upon  work  supported 
 by  the  U.S.  Department  of  Energy,  Office  of  Science,  Office  of  Biological  &  Environmental  Research 
 under contract number DE-AC02-05CH11231 
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 Project Goals:  ENIGMA (Ecosystems and Networks Integrated with Genes and Molecular 
 Assemblies) uses a systems biology approach to understand the interaction between 
 microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
 and environmental factors to the structure and function of microbial communities, 
 ENIGMA integrates and develops laboratory, field, and computational methods. 

 Spatiotemporal variability of groundwater within contaminated wells greatly effects the 
 geochemistry and microbial communities present. This survey of 27 wells at the DOE Oak Ridge 
 Reservation (ORR) Y-12 Complex in Oak Ridge, Tennessee, set out to obtain diurnal and 
 seasonal fluctuations within three levels (low, moderate, and high) of nitrate and heavy metal 
 contamination. With this data, we created 3D geochemical models using RockWorks of these 
 areas to study changes within the attached and unattached microbial communities in relation to 
 groundwater geochemistry. 

 Measurements were gathered in 27 previously established groundwater wells, four days a week, 
 for the span of 17 weeks (70 days total) spanning from July to December 2019 to build both 
 diurnal and seasonal time series of geochemistry and microbial communities. In-field 
 geochemical measurements were obtained using In-Situ Aqua TROLL 600s, including dissolved 
 oxygen (DO), pH, conductivity, oxidation-reduction potential (ORP), and nitrate concentration. 
 Samples were then taken from each well to measure 52 metals, anions, organic acids, and total 
 organic and inorganic carbon/nitrogen. Throughout the study, results show diurnal and seasonal 
 changes in geochemistry with wide variations between each well and levels of contamination. 
 The subsurface geochemistry was also greatly affected by rainfall events, which was evident 
 after two months of regional drought conditions. Additionally, one well in each level of 
 contamination (3 wells total) was selected to complete a microbial analysis by sampling for 
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 groundwater (unattached) and sediment (attached) microbial communities. Groundwater was 
 filtered through 8µm and 0.2µm filters for 16S rRNA and metagenomic analysis (420 filters). In 
 each of the three wells, 18 unamended sediment traps were placed to complete a time series 
 analysis of the attached microbial community’s sediment geochemistry. 

 Results of all analyses are linked to groundwater flow vectors (using the Geotech Colloidal 
 Borescope) on-site weather data (using a HOBO RX300 Weather Station) to produce a 
 correlation analysis between source water and flow paths, groundwater geochemistry, weather 
 events, and levels of contamination on a spatiotemporal scale. With this data, we aim to establish 
 a predictive model between groundwater geochemistry and microbial communities to inform 
 future ENIGMA groundwater and sediment sampling in a planned subsurface observatory. 

 This material by ENIGMA- Ecosystems and Networks Integrated with Genes and Molecular Assemblies a 
 Scientific Focus Area Program at Lawrence Berkeley National Laboratory is based upon work supported 
 by the U.S. Department of Energy, Office of Science, Office of Biological & Environmental Research 
 under contract number DE-AC02-05CH11231 
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 Project Goals: ENIGMA -Ecosystems and Networks Integrated with Genes and Molecular 
 Assemblies use a systems biology approach to understand the interaction between 
 microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
 and environmental factors to the structure and function of microbial communities, 
 ENIGMA integrates and develops laboratory, field, and computational methods. 

 Abstract  : 
 Rhodanobacter  species  are  highly  abundant  at  the  Oak  Ridge  Reservation  site,  which  is 
 contaminated  with  heavy  metals,  high  nitrate,  and  low  pH  [1].  To  uncover  the  molecular 
 mechanisms  underlying  their  survival  in  this  extreme  environment,  we  constructed  a 
 whole-genome  barcoded  transposon  mutant  library  in  Rhodanobacter  sp.  FW104-10B01 
 (10B01),  through  which  the  fitness  of  nearly  all  non-essential  genes  can  be  evaluated  in  parallel 
 through  competitive  growth  assays  and  DNA  barcode  sequencing.  Our  early  attempts  to 
 mutagenize  10B01  were  inefficient,  which  we  hypothesized  was  due  to  the  native  restriction 
 modification  systems  in  this  strain.  To  overcome  this  inefficiency,  we  used  PacBio  sequencing  of 
 the  10B01  genome  to  identify  methylated  motifs  and  then  constructed  a  custom  transposon 
 delivery  vector  minus  these  motifs.  This  new  vector  was  much  more  efficient  (100-fold)  in 
 making  mutants  in  10B01,  and  we  subsequently  used  this  vector  to  construct  a  final  library  of 
 over  460K  uniquely  barcoded  10B01  mutants.  Using  this  library,  we  conducted  over  100  mutant 
 fitness  assays  in  the  presence  of  elevated  metal  concentrations,  including  for  many  of  the  major 
 selective  stressors  at  the  site,  such  as  U,  Mn,  Al,  Cd,  Zn,  Co,  and  Ni  [1].  From  these  data,  we 
 identified  heavy-metal  efflux  pumps  that  were  important  for  fitness  in  the  presence  of  a  number 
 of  metals,  and  in  many  instances  these  efflux  pumps  were  specific  for  only  one  or  a  handful  of 
 metals.  To  enable  single-gene  follow-up  investigation,  we  archived  a  collection  of  192  plates  of 
 individual  mutants  in  monoculture  (>18K  single  mutants).  By  tracking  transposon  insertions 
 using  barcode  sequencing,  we  are  able  to  accurately  locate  mutants  in  the  archived  library  and 
 thereby  connect  specific  Rhodanobacter  genotypes  to  phenotypes  through  analysis  of  mutants  [2, 
 3,  4].  Overall,  our  new  genetic  tools  and  resources  for  Rhodanobacter  will  facilitate  research  on 
 the mechanisms by which these bacteria survive in heavily contaminated environments. 
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 Project  Goals:  ENIGMA  -Ecosystems  and  Networks  Integrated  with  Genes  and  Molecular 
 Assemblies  use  a  systems  biology  approach  to  understand  the  interaction  between 
 microbial  communities  and  the  ecosystems  that  they  inhabit.  To  link  genetic,  ecological, 
 and  environmental  factors  to  the  structure  and  function  of  microbial  communities, 
 ENIGMA integrates and develops laboratory, field, and computational methods. 

 Microbial  activity  substantially  impacts  the  temporal  and  spatial  distribution  of  contaminants 
 through  diverse  reactions  and  transport  in  groundwater.  The  reactive  transport  model  (RTM)  in 
 groundwater  is  aimed  to  quantitatively  describe  and  predict  the  distribution  of  chemicals,  which 
 integrates  various  active  hydrological,  geochemical,  and  microbial  processes.  However,  current 
 groundwater  reactive  transport  models  are  limited  in  the  ability  to  predict  microbial  activity, 
 especially  when  the  structure  and  functions  of  the  microbial  community  are  dynamic  due  to 
 variations  of  environmental  conditions.  The  increasing  availability  of  the  meta-omics  data  makes 
 it  feasible  to  quantitatively  simulate  and  predict  the  dynamics  of  microbial  community  structure 
 and  functions  in  groundwater.  Our  idea  is  to  refine  the  biotic  reactions  in  the  reactive  transport 
 processes  by  incorporating  the  microbial  functional  group  information  through  omics 
 measurements to explicitly represent microbially-mediated biogeochemical reactions. 

 The  primary  flow  field  and  solute  transport  model  were  built  using  the  commonly  applied 
 MODFLOW  and  MT3D-USGS  models.  In  addition,  we  modified  MT3D-USGS  to  incorporate 
 multiple  (i.e.,  22)  microbial  functional  groups,  which  mediate  the  critical  metabolic  processes  in 
 anaerobic  fermentation  of  organic  matter,  methanogenesis,  methane  oxidation,  oxic/anoxic 
 degradation  of  organic  matter,  uranium  (VI)  reduction,  denitrification,  nitrification,  nitrogen 
 fixation,  dissimilatory  sulfate  reduction  and  oxidation,  dissimilatory  iron  (III)  reduction  and 
 oxidation.  In  addition,  the  new  model  development  will  include  the  assimilatory  processes  of 
 methane  oxidation,  nitrate  reduction,  sulfate  reduction,  and  iron  (III)  reduction,  microbial 
 mortality,  abiotic  iron  (II)  oxidation  and  iron  (III)  reduction,  immobilization  of  uranium  (IV)  and 
 iron (II, III), and sorption of various substances. 

 The  measurements  of  chemical  concentrations  and  functional  gene  abundances  will  be  used  to 
 constrain  and  validate  the  new  model.  However,  since  the  groundwater  reactive  transport  process 
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 combines  various  complex  processes,  it  is  challenging  to  estimate  the  key  parameters.  Therefore, 
 we  developed  an  parameter  optimization  procedure  for  field-scale  groundwater  RTM  based  on 
 the  Shuffled  Complex  Evolution  (SCE)  algorithm.  To  enhance  the  computation  efficiency,  we 
 developed  the  parallel  computation  program  with  the  OpenMPI  interface  on  the  supercomputer. 
 We  considered  multiple  objectives  in  the  calibration  of  model  parameters.  Each  objective 
 evaluates  the  goodness-of-fit  of  a  specific  observed  variable,  e.g.,  water  table,  concentrations  of 
 ammonium/nitrate/nitrite,  sulfate/sulfide,  iron  (II/III),  uranium  (VI),  gases  (N  2  O,  NO,  CH  4  ,  CO  2  , 
 H  2  ),  microbial  biomass,  functional  gene/enzyme  abundances.  The  overall  objective  function  is 
 the weighted average of multiple objective functions. 

 This  new  model  was  applied  to  the  Emulsified  Vegetable  Oil  (EVO)  injection  project  in  2009  at 
 the  ORIFRC  site.  Here  we  present  the  updates  of  the  modeling  results  on  the  model  development 
 and  parameterization.  The  total  area  of  the  modeling  zone  was  around  3700  m  2  ,  which  contains 
 the  main  flow  path  of  injected  chemicals.  The  modeling  area  was  discretized  into  grids  with  0.5 
 m  ×  0.5  m  ×  2  m  for  the  finite-difference  calculation.  At  first,  we  used  the  MODFLOW  and 
 PEST  pilot  point  method  to  estimate  the  spatial  distribution  of  flow-related  parameters,  i.e., 
 hydraulic  conductivity  and  recharge  rate,  and  simulated  the  transient  flow  field  after  EVO 
 injection.  The  mean  residual  of  the  water  heads  in  the  optimization  was  <0.01  m.  Then  we 
 estimated  the  porosity  and  dispersivity  with  tracer  concentration  due  to  its  weak  reactivity.  To 
 build  the  baseline  RTM,  we  estimated  the  reactive  parameters  and  simulated  the  chemical 
 transport  process  with  biomass-based  microbial  reaction  rate.  Next,  we  will  integrate  the  omics 
 data  into  the  reaction  rates  and  use  functional  gene  abundances  to  constrain  the  model.  By 
 comparing  with  the  baseline  RTM,  we  will  evaluate  the  omics-informed  reactive  transport  model 
 to  see  if  we  could  improve  modeling  performance  and  reduce  uncertainty  by  introducing 
 necessary functional enzymes/genes. 

 This  new  model  could  help  better  understand  how  different  microbial  functional  groups 
 contribute  to  the  transformations  of  the  contaminants  in  groundwater  after  EVO  injection  in  the 
 complex  interactions  between  microbial,  hydrological,  and  geochemical  processes.  It  can  also  be 
 extended  to  quantitatively  and  systematically  predict  the  fate  of  contaminants  in  groundwater 
 under  different  scenarios  (e.g.,  extreme  flood,  low  temperature,  the  dosage  of  different  carbon 
 sources). 

 This  material  by  ENIGMA-  Ecosystems  and  Networks  Integrated  with  Genes  and  Molecular  Assemblies  a 
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 under contract number DE-AC02-05CH11231 
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Project Goals: The project’s overall goal is to develop optimal experimental campaigns to achieve 
a particular objective, namely metabolite yield alteration. The optimal experiments will be 
designed by quantifying the cost of uncertainty in the current predictive model—a transcriptional 
regulatory network (TRN) model that regulates metabolism—and selecting the experiments that 
are expected to maximally reduce the model uncertainty that affects the attainment of the 
aforementioned objective. This approach will serve as a proof of principle, demonstrating the 
significant potential of computationally guided biology in areas directly relevant to BER’s 
missions. 

Abstract Text: There has been extensive research on in silico modeling and prediction of genome-
scale metabolic behavior, mostly focusing on mutant strain design with metabolic reaction network 
modeling [1]. To further model transcriptional regulations, these metabolic network models are 
also integrated with genetic regulatory relationships involving transcription factors (TFs) that may 
regulate metabolic reactions. Transcription regulation is often integrated via “transcriptional 
regulatory constraints” with various heuristics for flux-balance analysis (FBA) of metabolic 
networks. However, many of these computational tools were often only validated for selected 
model organisms with curated data and network models, despite access to high-throughput 
technologies allowing genome-scale engineering. 

A major achievement in our project during the past year is the development of TRIMER 
(Transcription Regulation Integrated with MEtabolic Regulation), a genome-scale computational 
pipeline for integrative modeling and analysis of TF-regulated metabolism. Specifically, a 
Bayesian network (BN) is employed in TRIMER, instead of local TF-gene conditional 
probabilities or transcriptional regulatory constraints, thereby aiming at effectively capturing the 
global transcriptional regulatory relationships that may affect metabolism. Through this BN, the 
influence of transcription regulation (and its changes) on metabolic behavior under different 
conditions can be predicted more accurately via more flexible conditional probability inference, 
by linking transcription regulation to metabolism based on prior knowledge on TF-gene-reaction 
interactions. Details of our TRIMER package and comprehensive results can be found in [2, 3]. 

To experimentally validate the predictions generated by TRIMER, we assayed 163 TF deletants 
vs. wildtype for biomass and metabolite levels, which served to confirm the performance of the 
tool.  



While E. coli is a well-understood model organism, with extensive prior knowledge on both gene 
regulation and metabolic reaction pathways as well as significant amount of accumulated 
expression data, one  critical challenge to overcome when applying TRIMER to less-studied 
organisms—especially, in the context of optimal experimental design (OED)—is to understand 
the model uncertainty or sensitivity due to incomplete knowledge and/or noisy data. Building upon 
TRIMER, we further investigated how model uncertainty in the TRN may affect the metabolic 
flux prediction and the TF KO experiment design. With a  quantified uncertainty, we aim to further 
optimize the outcome for OED under uncertainty in an efficient manner (i.e., fewer experiments 
and less guesswork), whereby optimization is achieved by optimally (most favorably) improving 
the model or the microbial system represented by the model relevant to the objective (i.e., 
maximizing the metabolite yield). We here present the recent research progress on model 
uncertainty analyses as well as the planned research directions based on our analyses.  
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Project Goals: Short statement of goals. (Limit to 1,000 characters) 

Abstract Text: Despite the importance of diatoms in the marine environment, and their 
relevance for biofuels development, little is known about how diatoms sense and respond to 
shifts in environmental conditions. Transcription factors (TFs) regulate gene expression 
programs by binding DNA and promoting (activating) or blocking (repressing) recruitment of 
RNA polymerase to initiate transcription, and undoubtedly have a role in the response of diatoms 
to their environment. We used DNA affinity purification sequencing (DAP-Seq), a high-
throughput in vitro method, to characterize transcription factor binding sites genome-wide.  
Using this method, we have successfully mapped the transcription factor binding sites for 58 TFs 
from the P. tricornutum genome. Several TF classes failed in vitro to generate significant 
signals, which could be due to incorrect gene models, the lack of true DNA binding domains, or 
insufficient maturation (lack of heteromers or posttranslational modifications). The most 
successful classes of TFs in the DAP-seq pipeline were the bZIPs, heat shock factors (HSFs), 
Myb and MybSHAQKY TFs. Our results corroborate findings from previous investigators for 
the few transcription factors that have been functional characterized, and greatly expand the 
catalog of these key molecular components of signal transduction cascades in diatoms. Genome-
wide, several bZIPs (Aureochrome1a, bZIP10, bZIP11, bZIP13, bZIP15) were associated with 
patterns of gene expression driven by diel signatures, pointing to a role for these TFs in 
regulating the shift between illuminated and dark cell physiology. Fewer TFs were associated 
with overall macronutrient status. Careful dissection of the architecture of transcription factor 
binding sites (TFBS) in the promoters of a tightly coordinated set of nitrate assimilation genes 
that are highly sensitive to nitrate availability (highly nitrate sensitive, or HNS regulon) revealed 
the existence of TFBS hotspots within different promoters. Analysis of these hotspots suggests 
that HNS genes are likely regulated by a combination of activation and repression from various 
TFs, including light and cAMP-sensitive bZIPs, low N induced HSFs, and a homolog of a fungal 
regulator of the nitrate regulon. This mode of regulation shares little similarity with what is 
known from cyanobacteria, plants, other algae (including Chlamydomonas), and filamentous 
fungi, and gives insight into the functional significance of the HSFs in diatoms, which have 
undergone massive evolutionary radiation relative to HSFs in other eukaryotes. Precise 



knowledge of mechanisms regulation transcription from the HNS promoters will further our 
understanding of how diatoms integrate the assimilation of nitrate with other cellular energetic 
demands during growth. This detailed knowledge is also essential in synthetic biology to most 
effectively design transgenic lines that use the nitrate reductase (NR) promoter as an inducible 
promoter. 
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Project Goals: Reprogram metabolic networks using in vivo synthetic modules to increase the flux 
of energy and carbon into biofuel precursors. Goal 1) Profiling the transcriptome, proteome and 
metabolome to investigate cell responses to physiologically relevant conditions. Goal 2) Identify 
and manipulate key factors involved in the control of inorganic C assimilation, photosynthetic 
efficiency and regulation of lipid accumulation. Goal 3) Development of Phaeodactylum genome 
reconstruction/modeling and our development of novel synthetic genomic tools to achieve our 
overall goal of increasing productivity. 

Diatoms are the dominant eukaryotic primary producers of the world’s oceans. Their versatile 
peripheral photosynthetic light harvesting antenna, Fucoxanthin Chlorophyll a/c binding Proteins 
(FCPs), enable diatoms to survive under extreme light conditions through enhanced light 
absorption and efficient energy dissipation compared to plants. The main accessory xanthophyll 
pigment, fucoxanthin, gives cells their distinct brown color and an extended spectral range for 
photosynthesis. Meanwhile, the novel diadinoxanthin (Dd)-diatoxanthin (Dt) cycle xanthophylls 
contribute to the FCP’s switch between a light harvesting and energy dissipation state. Notably, 
the biosynthetic pathway of these xanthophylls was previously unknown. By applying reverse 
genetic techniques, we isolated three green Phaeodactylum tricornutum mutants, zep1, vdl2 and 
crtiso5 which cannot produce fucoxanthin and exhibit a reduced functional absorption cross-
section of PSII. A fucoxanthin biosynthesis pathway is proposed based on the structures of the 
carotenoids accumulated in the mutants. Another mutant, zep3, is unable to convert Dt into Dd 
after the shift from high light to low light, resulting in irreversible non-photochemical quenching 
(NPQ). The constitutively accumulated diatoxanthin in zep3 lines leads to a lower photochemical 
efficiency of photosystem II (≈60% of WT). Phylogenies of the VDL, ZEP and CRTISO families 
from plants and algae, suggest that zep1, zep3, vdl2 and crtiso5 evolved via multiple duplications 
and neofunctionalization of their ancestor genes during the process of secondary endosymbiosis 
that led to Stramenopile algae. These discoveries open the potential for the manufacture of 
important nutraceutical pigments and can be applied to engineering the efficiency of 
photosynthesis. 
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Project Goals: Reprogram metabolic networks using in vivo synthetic modules to increase the flux 
of energy and carbon into biofuel precursors. Goal 1) Profiling the transcriptome, proteome and 
metabolome to investigate cell responses to physiologically relevant conditions. Goal 2) Identify 
and manipulate key factors involved in the control of inorganic C assimilation, photosynthetic 
efficiency and regulation of lipid accumulation. Goal 3) Development of Phaeodactylum genome 
reconstruction /modeling and our development of novel synthetic genomic tools to achieve our 
overall goal of increasing productivity. 

CRISPRi-based gene inactivation is an attractive tool to probe genome-wide gene functions and 
to reprogram metabolic networks due to its high target specificity, reversibility, and multiplexing 
capacity. However, the current state of the art for gene expression knockdown in most algae is 
RNAi. While RNAi can occasionally be successful in producing strains with lowered cellular 
enzyme activities, it is less efficient, and the underlined mechanism is still unknown in diatoms. 
We recently developed two episome-based small molecule responsive transcriptional control 
systems in the model diatom alga, Phaeodactylum tricornutum. These systems are activated by the 
addition of exogenous β-estradiol and digoxin. We demonstrated that our transcriptional control 
systems are tunable and reversible maintaining a dynamic range of up to ~180-fold.  We employed 
our inducible system to regulate the expression of P. tricornutum codon optimized dCas9 to 
establish a CRISPRi system for at will control of target protein production from an episome. We 
first assessed the feasibility of our CRISPRi approach using eYFP reporter system. We found that 
up to 80% repression can be achieved by targeting the reporter protein close to its transcription 
start site using quantitative fluorescence assay. We then selected and designed sgRNA for multiple 
endogenous loci (nitrate reductase, urease) to demonstrate the β-estradiol inducible CRISPRi 
application. Based on our preliminary result, we observed ~20% and ~70% growth reduction by 
targeting nitrate reductase and urease genes respectively. To our knowledge this is the first report 
on exploiting inducible CRISPRi system for targeted gene inactivation in any algal system. The 
procedure described here will expand the synthetic biology toolkits in diatoms and can be adapted 
for high-throughput interrogation of genome-wide gene functions and redirection of metabolic 
fluxes towards target chemical production. 
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The diatom Phaeodactylum tricornutum (Pt), a model photosynthetic eukaryotic microbe, 
has the ability to accumulate up to 45% of dry cell weight as triacylglycerol (TAG), a 
neutral lipid and precursor to biodiesel1. To take advantage of this innate ability, we need 
to understand how metabolic pathways adjust to changing environmental conditions. The 
long-term goal of this project is to promote efficient production of high-value and fuel-
related compounds through optimization of metabolic fluxes in Pt. Building upon our 
expertise in 13C metabolic flux analysis (MFA),2 our current goal is to develop novel 
experimental protocols and data analysis workflows to enable 13C flux analysis of Pt. We 
are currently investigating the metabolic adjustments of Pt to three variables, i.e., light, 
nitrogen availability, and genetic knockout of TAG degradation enzymes, which strongly 
impact cell growth and lipid accumulation. 

In our first study, we varied the intensity of light supplied to the Pt culture. We compared 
metabolic fluxes inside wild-type (WT) Pt cells grown under low-light (60 µE m2 s-1) or high-
light (250 µE m2 s-1) conditions. We compared the metabolic measurements and net fluxes in 
these two conditions using 13C metabolic flux analysis. We demonstrated that carbon was fixed 
at a faster rate under the high light conditions compared to low light conditions, and the cell mass 
composition and TAG profiles were different between the two conditions. We aim to compare 
the flux maps to understand how photosynthesis activity affects central carbon metabolism and 
TAG accumulation in Pt. 

In a second study, we investigated metabolic fluxes inside wild-type Pt and a nitrate reductase 
(NR) knock-out strain in response to changing nitrogen availability in the culture medium. We 
studied three cultures, i.e., Pt-WT with nitrate (WT/N+), Pt-WT without nitrate (WT/N-), and Pt-
NR with nitrate (NR/N+). We found WT/N− accumulated much higher levels of TAG and total 
lipids than that of WT/N+, which is consistent with previous studies. Meanwhile, the 
chlorophyll, protein content and free amino acid levels inside WT/N− cells dropped substantially 
relative to that in WT/N+. In contrast, the carbohydrate content, urea and metabolites in the TCA 
cycle of WT/N− cells increased dramatically compared to that in WT/N+. Our results are 
consistent with previous findings that genes associated with urea cycle are upregulated while 
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expression of urea-degrading urease is downregulated in WT Pt cells under nitrogen starvation 
conditions. Interestingly, although NR/N+ showed a biomass composition similar to that of 
WT/N−, its carbohydrate content was about 50% higher than that of WT/N−. 13C-labeling and 
targeted metabolomics revealed that NR/N+ cultures maintained smaller metabolite pool sizes in 
the TCA cycle and nitrogen assimilation pathways but exhibited higher labeling rates compared 
to WT/N−. Our 13C-MFA results have revealed remarkable differences in the metabolic fluxes 
between WT/N+, WT/N- and NR/N+. 

In a third study, we aimed to characterize metabolic changes in an acyl-CoA dehydrogenase 
knockout (ACAD-KO) Pt strain. When Pt cultures are switched from nitrogen-depleted to 
nitrogen-replete media, WT cells rapidly degrade the accumulated TAG while ACAD-KO cells 
retain their TAG stores. Comparing the ACAD-KO strain to WT after nitrogen repletion, we 
observed increases in TCA cycle labeling in the ACAD mutant. We hypothesize that the TCA 
cycle in the WT strain is being fed by the breakdown of the TAG, resulting in lower labeling.  

Our findings based on 13C MFA will help us to understand how Pt metabolism adapts to various 
environmental conditions and genetic modifications, which will guide strain engineering efforts 
to maximize TAG biosynthesis in Pt. We will conduct future MFA studies of Malic Enzyme 
overexpression will further our understanding of TAG accumulation and the facilitative role of 
cross compartment redox shuttling through modification of a central metabolic enzyme, in 
diatoms.4 

(Supported by grant DE-SC0018344: Design, Synthesis, and Validation: Genome Scale 
Optimization of Energy Flux through Compartmentalized Metabolic Networks in a Model 
Photosynthetic Eukaryotic Microbe from the Department of Energy.) 
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Project Goals: We sought to assess whether bacterial response to above-ground environmental 
changes is uniform throughout three layers of the surface soil: the leaf litter layer, 0-2 cm of bulk 
soil, and 0-10 cm of bulk soil. We aimed to characterize how bacterial community composition 
responded to drought, wildfire, and temporal variation using the ongoing Loma Ridge Global 
Change Experiment. We did this in two adjacent ecosystems, a grassland and coastal sage 
scrubland, to further investigate how ecosystem type may influence bacterial response to 
environmental change throughout the surface soil.  

Abstract Text: Bacterial communities in the organic leaf litter layer and bulk (mineral) soil are 
sensitive to environmental change. However, despite close interactions between these 
communities, the leaf litter layer has historically been studied in isolation from the bulk soil. 
Whether bacterial response to environmental changes is uniform throughout the surface soil 
remains unclear. Here, we simultaneously characterized how bacterial community composition 
in three surface soil layers (the leaf litter layer, 0-2 cm of bulk soil, and 0-10 cm of bulk soil) 
responded to a wildfire burning through a decade-long drought simulation in two adjacent 
ecosystems, a grassland and coastal sage scrubland. We found that bacterial communities in all 
three surface soil layers were distinct in composition and responded to drought, ecosystem type, 
and temporal variation. Moreover, the impact of these environmental changes on bacterial 
community composition decreased with depth in the surface soil. For instance, bacterial response 
to drought simulation was three-fold higher in the leaf litter layer than in the top 10 cm of bulk 
soil, with drought treatment explaining 5% and less than 2% of the compositional variation 
respectively (PERMANOVA: P < 0.01 in all cases). Wildfire altered bacterial composition in the 
leaf litter layer (PERMANOVA: P < 0.05) while there was no significant change in composition 
with 0-10 cm of the bulk soil (PERMANOVA: P > 0.05). Further, previous exposure to drought 
did not influence bacterial response to the wildfire. These data suggest that considering soil 
depth when assessing the impact of environmental conditions on the surface soil microbiome 
may improve predictions about the degree to which microbial communities, and therefore C flux, 
will respond to future environmental change.  



Funding Statement: This research was supported by the U.S. Department of Energy, Office of 
Science, Office of Biological and Environmental Research grants DE-SC0016410 and DE-
SC0020382 and the Ridge to Reef NSF Research Traineeship, award DGE-1735040. 
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Project Goals:  

The overarching goal of this project was to better understand how microbial trait-based 
responses under environmental change – such as drought - influence biogeochemical cycling. 
Specifically, we combine different genomic methods with field-based manipulations of 
microbiomes to understand microbial functional responses to drought over two years. This 
project consists of multiple activities.  First, we conducted field-based litter microbiome 
experiments and laboratory assays of whole microbial communities to measure microbiome 
community shifts and dispersal contributions to drought responses. Secondly, we will assess 
microbial demographic changes as well as trait tradeoffs of functional genes under different life 
history strategies (high growth yield, resource acquisition, and stress tolerance) via metagenomic 
shotgun sequencing. Lastly, we use knockout approaches to validate the genetic basis of drought 
tolerance phenotypes observed in our experiments.  

Abstract Text:  

Microbial community shifts under environmental change are shown to influence carbon and 
nutrient cycling. However, the extent to which evolutionary adaptation, demographic changes, 
and dispersal affect microbial trait-based responses to global change such as drought and 
subsequent consequences for biogeochemical cycling are poorly understood.  Here, we 
implemented a two-year field plant litter decomposition experiment within the Loma Ridge 
Global Change Experiment (LRGCE) to assess effects of drought on microbiome functioning 
with and without the effects of dispersal.  The LRGCE has undergone drought manipulations 
(roughly 50% rainfall reduction) since 2007 on two adjacent vegetation communities: grass and 
coastal sage shrub. To remove legacy effects of drought on vegetation and microbiomes, we 
sterilized leaf litter from both vegetation types and inoculated each litter with microbiomes from 
unsterilized litter from the ambient precipitation plots. We used 0.2 µm pore nylon mesh 
“microbial cages” to limit dispersal as well as 2 mm pore microbial cages to allow for dispersal 
within the ambient and drought plots. After two destructive sampling time points 5 and 11 
months after microbial cage deployment, we did not observe a difference in litter mass loss 
between drought and ambient conditions but found about 25% greater litter mass loss from the 
coastal sage shrub litter compared to the grass across treatments, as well as an interactive effect 
between vegetation type and dispersal. From the microbiomes isolated from the field experiment, 



we will conduct shotgun sequencing to assess changes in microbiome demographics under 
drought responses with and without the effect of dispersal. Additionally, we will identify and 
quantify key functional genes associated with different microbial life history strategies under the 
YAS framework (high growth yield, resource acquisition, and stress tolerance). This will be 
conducted both at the metagenomic scale of entire microbiomes, as well as quantify different 
growth rates of genomes using quantitative stable isotope probing within metagenomes.  In order 
to explore the genomic basis for microbial fitness traits, we are using random-barcoded 
transposon mutagenesis and sequencing (RB-TnSeq). We have developed pools of tagged 
transposon mutants in a highly-active litter-degrading bacterium (Erwinia LR017) originating 
from our field evolution experiment. Assays were designed to explore the costs of gene 
disruptions to the fitness of this bacterium in media containing substrates relevant to litter 
decomposition, including under osmotic stress representative of drought conditions. This 
information is then used to provide direct genotype-to-phenotype relationships for improved 
model prediction of how traits and trade-offs interact to control microbial litter decomposition. 

Funding Statement: This research was supported by the DOE Office of Science, Office of 
Biological and Environmental Research (BER), grant no. DE-FOA-0002059.  
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Project Goals: To investigate the function of pennycress candidate genes involved in lipid 
storage and stability using transient expression in Nicotiana benthamiana, and to generate 
stable transgenic pennycress lines for improved seed oil content and composition. 

The finite nature of crude oil-derived fuels coupled with their adverse effects on the 
environment requires the search for alternative, renewable sources of energy that are more 
environmentally friendly. Pennycress (Thlaspi arvense L.) has been identified as a promising 
alternative crop for aviation fuel production. It is an annual winter Brassicaceae growing in 
most temperate regions including North America, and produces seeds with high oil content 
(26-39%). The average yield of pennycress seeds is 1,500 kg ha–1, corresponding to 600–1200 
L ha–1 of oil, which is higher than that of common oil crops such as soybean and camelina. 
While pennycress benefits from the fully sequenced genome and research tools of the closely 
related model plant Arabidopsis thaliana, there are still significant challenges associated with 
establishing gene function that would make pennycress much more valuable as a dedicated 
bioenergy oilseed crop. Transcriptional analysis of 22 pennycress accessions resulted in the 
identification of 35 potential gene candidates whose expression levels were correlated with 
seed oil yield (DE-SC0019233). After transient over-expression of the coding sequences of 
these 35 pennycress genes, 15 enhanced the number of cytoplasmic lipid droplets, increased 
the total neutral lipid content, and altered the fatty acid composition in the neutral lipid fraction 
of Nicotiana benthamiana leaves. Confocal microscopy also showed that protein products of 
two of these ORFs - a lipid transfer protein (LTP6) and a lipid droplet associated protein 
(LDAP3) - mainly localized to lipid droplets. These two ORFs were cloned into expression 
constructs behind the CaMV 35S constitutive promoter or the pNAP seed specific promoter 
and transformed into pennycress plants through the floral-dip method.  Future work is aimed 
at characterizing seeds of these transgenic lines to examine the impact of LTP6 and LDAP3 
overexpression on seed lipid content and composition. These results may lead to new targets 
to effectively improve oil content and composition in pennycress seeds, and may ultimately 
contribute to the production of sustainable aviation fuel. 

This research was supported by the U.S. Department of Energy, Office of Science, Office of 
Biological and Environmental Research, Genomic Science Program grant no. DE-SC0020325 
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Using 13C-labeling to Unravel the Temporal and Spatial Production of Seed Oil in 
Developing Embryos of Pennycress, a Promising Source for Sustainable Aviation Fuel 
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Project Goal: Assessing temporal and spatial regulation of storage lipid accumulation in 
developing Pennycress seeds using 13C-labeling and mass spectrometry imaging.  

The US military and commercial aviation industry consume nearly 20 billion gallons of jet fuel 
per year. Development of sustainable alternatives to fossil-derived jet fuels is critical due to 
unpredictable prices, finite fossil fuel sources, and concerns over environmental impact. To 
mitigate the impact of the growing demand for jet fuel, the US aviation industry is targeting an 
increase in the production of sustainable aviation fuel by 3 billion gallons per year by 2030. In the 
last few years, pennycress (Thlaspi arvense L.) emerged as a promising oilseed crop, especially 
suited for aviation fuel production, due to its oil content and fatty acid composition. In addition to 
its excellent biofuel potential, pennycress requires low agricultural inputs and can serve as a cover 
crop when grown in a summer/winter rotation cycle with other conventional commodity crops, 
such as corn and soybean. Improvements to the understanding of regulatory factors that limit oil 
yield in pennycress seeds will be instrumental to advance the goal of developing bio-based aviation 
fuels for the future. Culture conditions were optimized to provide 13C-labeled glucose to 
pennycress siliques to follow the incorporation of labeled carbon in intracellular metabolites and 
analyze lipid synthesis and storage in pennycress seeds. This approach allows tracing metabolism 
from carbohydrate sources to storage oils in vivo conditions. For this purpose, 100% [U-13C]-
glucose was supplied for 120 h to siliques 16 days after pollination (DAP) to track the 
incorporation of 13C-labeled acetyl fragments into de novo synthesized fatty acids in seed plastids, 
and in elongated fatty acids in the cytoplasm. The percentage of labeling in plastidic and cytosolic 
acetyl fragments was found to be significantly lower in the axis of the embryos in comparison to 
the cotyledons. Moreover, mass spectrometry imaging (MSI) was performed in 13C-labeled 
pennycress embryos to analyze the isotopologues of phosphatidylcholine (PC), an important 
membrane lipid and intermediate in storage oil biosynthesis. MSI displayed a greater 13C-labeling 
of PC molecular species in the cotyledons than the embryonic axis1. Monitoring the temporal 
incorporation of 13C-acetyl units into fatty acids of developing embryos showed that the 13C-
labeling in acetyl fragments slowly increased to 12%, whereas 13C incorporation in sugars, amino 
acids, and organic acids occurred more quickly and reached a plateau. These results provide 
insights on the temporal and spatial production of oil in pennycress seeds, and will guide metabolic 
engineering efforts to produce higher oil yield for use as aviation fuel. 
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Project Goals: Thermodynamic analysis can help us understand how energy is transferred and 
transformed within metabolic networks and has emerged as a powerful tool for pathway design 
and metabolic engineering. This project integrates thermodynamic analysis with advanced mass 
spectrometry, computational modeling, and metabolic engineering to develop an approach for in 
vivo determination of Gibbs free energies (ΔG) in metabolic networks. This project also 
investigates how the thermodynamics of biosynthetic pathways in microbial biofuel producers 
change dynamically as substrates are depleted or products accumulate. 

Abstract: Consolidated bioprocessing (CBP) relies upon efficient cellulolytic microbial activity 
to break down plant cellulose, making hard-to-access substrates into metabolizable starting 
material. Clostridium thermocellum is an excellent candidate for CBP, as it is an anaerobic 
bacterium capable of efficient cellulose catabolism. Previous work has begun to characterize the 
metabolic networks of C. thermocellum that facilitate the conversion of cellulose feedstocks into 
C2 and C4 alcohol products. These studies found that the thermodynamics of central metabolism 
in C. thermocellum are vastly different than those of other model fermenters, such as 
anaerobically-grown Escherichia coli and Thermoanaerobacterium saccharolyticum, having a 
lesser overall drop in Gibbs free energy and thus more limited thermodynamic driving force 
[1,2]. The thermodynamics of C. thermocellum metabolism is likely a key limitation to achieving 
high product titers, and consistent with this hypothesis we observe non-optimal ethanol titers 
during C. thermocellum fermentations with high substrate loading.  

Established methods for identifying thermodynamic bottlenecks, which are helpful for 
identifying engineering targets for increasing product yields, have relied upon feeding microbial 
cultures isotopically labeled (2H, 13C) substrates. Unfortunately, this option is not viable for high 
concentrations of cellulose substrates. Here, we present an alternative approach utilizing 
deuterated water (2H2O, or “heavy water”) as the source of isotope label during microbial 
fermentations. We have successfully used HPLC-MS to measure the incorporation of 2H from 
heavy water into central metabolism, including intermediates of glycolysis, the TCA cycle, and 
the pentose phosphate pathway, as well as amino acids. Labeling patterns are consistent with 
known metabolic signatures in this organism, indicating that our 2H2O isotope tracer approach is 
a cost-effective method that is not limited by labeled substrate availability. Application of this 
technique to high substrate fermentation conditions, as well as various C. thermocellum mutants, 
will provide key information about metabolic flux during these fermentations. These data will 
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contribute to our holistic understanding of feedstock-to-bioalcohol metabolism, allowing us to 
identify barriers and optimize pathway engineering.  

References/Publications 
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Noguez D. 2020. In vivo thermodynamic analysis of glycolysis in Clostridium thermocellum 
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Project Goals: We aim to promote biological nitrogen fixation on sweet sorghum, a target crop
for biofuel production, using a systems biology-based approach involving both the plant and
associated microbes. On the microbial side, we plan to do this by 1) isolating and characterizing
microbes associated with sorghum aerial roots, 2) forming representative communities from
these isolates and investigating community dynamics and functions by building computational
models to predict their behaviors, and 3) testing the efficacy of these synthetic communities to
promote biological nitrogen fixation, and, by extension, sorghum sustainability.

Cereal biofuel crops like corn and sorghum cannot form classical symbiotic relationships with
nitrogen-fixing bacteria like legumes and rely on synthetic fertilizer and less efficient associative
nitrogen fixation1. Improving biological nitrogen fixation (BNF) on cereals to improve crop
production sustainability and reduce environmental degradation is, therefore, a primary
agronomical goal. Some indigenous corn landraces from Central America can obtain 29%-82%
of their nitrogen from the air through BNF2. Diazotrophic microbes live in the low oxygen,
sugar-rich root mucilage of these landraces. Several poorly characterized sorghum accessions
also display this trait. Breeding this trait into biofuel-suitable sorghum lines and characterizing
and optimizing the BNF potential through microbes are target areas for research and
development.

To improve BNF on the microbial side, we have isolated a collection of ~90 individual strains
from aerial root mucilage. Preliminary mucilage microbiome data confirmed we covered a wide
diversity of strains in the mucilage. We have initiated a much larger comparative meta-amplicon
study between field-derived corn and sorghum mucilage 16S, ITS, and nifH sequences to
elucidate how location, species, and genotype influence mucilage microbial communities.

All environmental isolates have been screened for nitrogen fixation and plant growth-promoting
phenotypes, such as auxin production, siderophore production, phosphate solubilization, and
ethylene degradation. While <10% of isolates have functional nitrogen-fixing capabilities, many
of the isolates display one or more plant-growth-promoting traits.

Carbohydrate analysis has confirmed the monosaccharide composition of the complex
polysaccharide making up the mucilage3. We currently screen the mucilage for other nitrogen
and carbon sources using untargeted metabolomics and biochemical assays. We have found that
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ammonium and nitrate are both present in 0-1 mM and 0-3 mM concentrations in sorghum
mucilage, respectively, reflecting possible BNF activity. Sorghum mucilage supports nitrogen
fixation, as confirmed through acetylene reduction assays.

In parallel to the investigation of environmental isolates, we have begun work with a simplified
seven-member community previously identified on corn roots and several additional
diazotrophic strains of interest4. We will use this synthetic community to investigate the
molecular mechanisms and metabolic interactions influencing community-level nitrogen
fixation. To do this, we will use high-throughput, combinatorial, in vitro community assembly
experiments in artificial mucilage media designed from our chemical analyses of the mucilage.
We will use our comparative meta-amplicon study’s in vitro and field data to build computational
models at different resolutions to elucidate inter-species interactions promoting community
growth, survival, and BNF. These experiments will further guide the selection of defined
communities that we can study in the context of sorghum accessions that support the best
diazotrophic communities. With these defined communities, we will confirm survival, nitrogen
fixation, and promotion of sorghum nutrition, growth, and health in the field.
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Project Goals: The overall goal of this project is to understand better the molecular and 
cellular networks controlling biological nitrogen fixation in sorghum aerial roots using a 
combination of genetics, synthetic bacterial communities, and systems biology. 
  
Since the Green Revolution, the intensive use of synthetic fertilizers has been the most common 
strategy to alleviate the limitation of nitrogen (N) availability on crop yields. With the desire to 
produce bioenergy crops on low-productivity lands to avoid competition with food production, the 
heavy use of fertilizer necessary to ensure reasonable yields raises the cost of production. It 
increases the environmental footprint of producing bioenergy crops. Sorghum is an attractive 
bioenergy crop due to its ability to produce high biomass yields with limited inputs and withstand 
biotic and abiotic stresses. To further enhance sorghum’s bioenergy potential, we are investigating 
the mechanisms that enable specific sorghum accessions to support symbiotic interactions with N-
fixing microbes in the mucilage of their aerial roots, similar to what has been observed for tropical 
maize in Mexico1. We are employing a genome-wide association study of two panels of genetically 
diverse genotypes, the sorghum minicore2, a collection of 242 landraces, and the sorghum 
association panel (SAP)3, a collection of 388 sorghum genotypes representing all major cultivated 
races and important U.S. breeding lines and their progenitors. Traits of interest include the number 
of nodes producing aerial roots, the total number of aerial roots, aerial root length, and aerial root 
diameter. We are also investigating the effect of the nitrogen fertilization level and location 
(Florida vs. Wisconsin) on these traits. Based on the initial screening in the summer and fall of 
2021, aerial roots were observed in 114 accessions of the minicore (47%), but only 18 accessions 
of the SAP (5%), suggesting aerial root formation is a trait that has been under negative selection 
in modern breeding programs. In parallel, we have initiated seven breeding populations from 
which biomass sorghum to support BNF will be selected.  In addition, we are using single and bulk 
transcriptome profiling to investigate the sorghum gene regulatory networks that enable mucilage 
production and N-fixation and interactions of sorghum with diverse microbial species. From this 
analysis, we expect to infer cell type-specific gene regulatory networks and critical regulatory 
genes that drive the dynamics of these processes. Candidate genes that are important to enable 
biological nitrogen fixation (BNF) will be tested through reverse genetics approaches. This will 
be based on near-isogenic lines of RTx430 that are under development, in which alleles for loci 
enabling the formation of aerial roots have been introgressed. As a result of these activities, we 
will enhance our understanding of BNF in sorghum and have genetic tools at our disposal to enable 
the commercial development of N-fixing bioenergy sorghums to display high biomass productivity 
on marginal lands, with a reduction in both inputs. 
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Project Goals: The long-term goal for this Project is to realize secure biodesign strategies 
for microbial systems that operate in the dynamic abiotic and biotic conditions of natural 
environments, thus enabling systems-level and rational biological design for field use. 
There are several key challenges to incorporating safeguard systems at the design stage 
including: (1) lack of knowledge for how well safeguards operate across the broad set of 
environmental and physiological conditions that an organism experiences; (2) a need to 
integrate the safeguard with other cellular components so that it can sense and recognize 
specific signals from the intracellular or extracellular environment, and mediate a 
response; and (3) a need for rapid and reliable methods to engineer and optimize the 
biological components for safeguard construction and functional integration. To address 
these challenges, we propose to utilize recent advances in the fields of synthetic biology, 
artificial intelligence (AI), and automation, which together pave the way for a paradigm 
shift in our understanding of the ways that cellular function can be designed at the level of 
bacterial communities. 
 

The design and application of successfully engineered biosystems requires an understanding 
of how engineered microbes will interact with other organisms – either as one-on-one 
competitors, for example, or in the context of microbial consortia. Engineering microorganisms 
from first principles for non-laboratory, environmental applications is inherently challenging 
because: (1) engineered systems tend to quickly revert back to their wild-type behaviors; and (2) 
these systems typically pay a price in reduced fitness making them uncompetitive against 
invasive contaminating species (i.e., metabolic burden). A key question is how do sensing, 
signaling, and metabolism contribute to the stabilization and destabilization of these interactions? 
Here, the organization, control, stabilization, and destabilization of natural and engineered 
microbes will be investigated through a synthetic biology approach. The approach will enable 
development of (1) single-strain systems capable of detecting and responding to target organisms 
in the environment; (2) a pipeline for refining and engineering biological constructs in new non-
model host organisms; and (3) improved systems for the rapid designing, engineering, and 
assaying of new biological modules. This coupled approach to design and build safeguard 
systems for intrinsic biocontainment that are predictable and portable across bacterial species, 
would focus on microbes that are part of the beneficial plant microbiome. A long-term goal 



beyond the proposed research is to enable the engineering of communities of microorganisms 
based on first principles of biological design that mimic the smart performance of 
microorganisms observed in natural systems. This will enable a new vision of biosecurity and 
biocontainment that harnesses the underlying mechanisms of resource management occurring 
within and between organisms. 
 
This Project is funded by the Biological Systems Science Division’s Genomic Science Program, 
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Project Goals: The long-term goal for this Project is to realize secure biodesign strategies 
for microbial systems that operate in the dynamic abiotic and biotic conditions of natural 
environments, thus enabling systems-level and rational biological design for field use. 
There are several key challenges to incorporating safeguard systems at the design stage 
including: (1) lack of knowledge for how well safeguards operate across the broad set of 
environmental and physiological conditions that an organism experiences; (2) a need to 
integrate the safeguard with other cellular components so that it can sense and recognize 
specific signals from the intracellular or extracellular environment, and mediate a 
response; and (3) a need for rapid and reliable methods to engineer and optimize the 
biological components for safeguard construction and functional integration. To address 
these challenges, we propose to utilize recent advances in the fields of synthetic biology, 
artificial intelligence (AI), and automation, which together pave the way for a paradigm 
shift in our understanding of the ways that cellular function can be designed at the level of 
bacterial communities. 
 

The design and application of successfully engineered biosystems requires an understanding 
of how engineered microbes will interact with other organisms – either as one-on-one 
competitors, for example, or in the context of microbial consortia. Engineering microorganisms 
from first principles for non-laboratory, environmental applications is inherently challenging 
because: (1) engineered systems tend to quickly revert back to their wild-type behaviors; and (2) 
these systems typically pay a price in reduced fitness making them uncompetitive against 
invasive contaminating species (i.e., metabolic burden). A key question is how do sensing, 
signaling, and metabolism contribute to the stabilization and destabilization of these interactions?  

We are applying a model-driven design strategy to develop a “smart” platform strain that is: 
(1) capable of detecting and responding to the presence of an invasive strain in the community; 
(2) capable of eliminating another strain; and (3) retains its own internal safeguards so the 
platform strain can also be eliminated on demand.  The development of a platform strain that is 
capable of targeted elimination of an invasive strain, followed by triggered self-destruction will 
have many practical applications of relevance to DOE, from plant growth health to 
biomanufacturing, as well as providing the base toolkit for ultimately engineering more complex 
microbial community interactions. 

The research activities in this portion of our project are being conducted in the context of the 
following three scenarios: (1) building a strain which can be eliminated in a controlled manner 



with an external chemical inducer (i.e., testing its safeguard system); (2) building a biosensor 
containing strain capable of sensing the presence of other organisms and then responding; and 
(3) building a strain that differentiates its population in a probabilistic fashion to mitigate 
metabolic burden in response to a signal. Accordingly, work has been divided into subtasks that 
increase the complexity of the proposed platform strain stepwise, by integrating new modules 
optimized in vitro and in vivo and regulatory responses. These circuits are then integrated into 
target microbes via the chassis-independent recombinase-assisted genome engineering (CRAGE) 
method [1]. The final set of subtasks are focused on developing the modeling approaches for 
predicting the overall system behavior arising from each tested platform design. These modeling 
methods are to be applied to design optimal combinations of biosensor properties, response 
system activation, and the response itself to achieve a desired overall effect. More importantly, 
this system establishes many foundation stones for the development of more complex synthetic 
biology-based systems. 
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Project Goals: The long-term goal for this Project is to validate strategies for secure 
microbial systems that operate in dynamic environmental conditions, thus enabling 
systems-level and rational biological design for a range of applications. There are several 
key challenges to incorporating safeguard systems at the design stage including: (1) lack of 
knowledge for how well safeguards operate across the broad set of environmental and 
physiological conditions that an organism experiences; (2) a need to integrate the safeguard 
with other cellular components so that it can sense and recognize specific signals from the 
intracellular or extracellular environment, and mediate a response; and (3) a need for 
rapid and reliable methods to engineer and optimize the biological components for 
safeguard construction and functional integration. To address these challenges, we propose 
to use recent advances in the fields of synthetic biology, artificial intelligence (AI), and 
automation, which together pave the way for a paradigm shift in our understanding of the 
ways that cellular function can be designed at the level of bacterial communities. 
 

Developing organismal systems to apply rational biological design to areas of need 
necessitates development of mechanisms to safely contain those organisms to protect the 
environment and public. Rational design of biological modules (e.g., biosensors, novel enzymes 
for biosynthesis and/or degradation, control circuits) to enable stability in engineered microbial 
systems also presents challenges due to the size of potential design-search spaces. For example, 
optimizing a 10 amino acid span of a 300 residue-length protein has 1020 potential combinations 
embedded within a highly non-linear (and potentially sparsely sampled) space. Scaling this type 
of optimization problem to the level of pathways and cellular systems produces an effectively 
infinite search space. This requires developing AI frameworks to intelligently explore that space 
to reduce time and effort needed to conduct Design, Build, Test, and Learn (DBTL) cycles. 

As part of this optimization process, we are developing a bacterial “self-destruct” mechanism 
that activates under specific environmental conditions. This mechanism relies on a gRNA in the 
bacterium that self-targets a genomic locus such that the gRNA has low activity in the lab, but 
under changing cellular conditions in response to a specific environmental condition, becomes 
highly active. As gRNA activity can widely vary between target locations within the same gene 
[1, 2], and the same location targeted under different physiological conditions can lead to gRNA 
activity changes orders of magnitude in size, machine learning (ML) and AI strategies are 
needed to elucidate rules governing CRISPR/Cas gRNA activity under changing conditions. In 
order to optimally identify gRNAs capable of producing desired behavior, we developed a deep-
learning model, CRISPRAct, that combines a natural language model with a neural network 
(NN) model to predict the fold change in cell population as a proxy for gRNA activity. This 
model utilizes Google AI’s ALBERT [3] architecture by treating the 21 bp upstream and 21 bp  
downstream of the PAM site as “sentences” composed of seven “words” which themselves 



comprise three bases. Our model is pre-trained on representative Escherichia coli genomes, then 
fine-tuned while a regression model is built on top of the pre-trained model. The NN model uses 
444 features comprising physicochemical and positional features [1] along with environmental 
and cellular conditions (e.g., media type and growth phase). Predictions from the models are 
combined through polynomial regression to predict the fold change in cell population for a given 
gRNA. CRISPRAct produces a Mean Absolute Error (MAE) of 0.39 and Spearman Correlation 
Coefficient of 66.4% at different timepoints in variable physiological conditions. 

Environment-responsive systems are not only useful in biocontainment, but also lay 
foundations for further development of self-contained biological modules that respond to cellular 
signals. We are thus developing biological modules that interpret and respond to complex 
dynamics of intracellular and extracellular signaling interactions. To accomplish this, we 
combine AI, ML, and dynamical modeling approaches to capture the dynamics of our biological 
modules and their impact on phenotypes. Our dynamical models (DMs) encode, as first-
principles, complex networks of interactions between proteins and their regulatory mechanisms 
that underlie functions targeted in rational biological design objectives. We leveraged an ML 
approach that uses feature selection to identify a testable, low-dimensional representation of 
intracellular signaling to guide more efficient exploration of the design search space [4]. We also 
developed convolutional autoencoders (CAEs) that enable efficient approximation of 
computationally-expensive DM simulations. The AI model treats multivariate results of DM 
simulations as images wherein each row of pixels represents the simulated time course of a 
cellular component. Using a DM with 14 observable proteins and 100 simulation timepoints, we 
generated 10,000 1400-pixel images (each representing distinct configurations of the initial 
amount and activity of proteins) which were compressed via a CAE to a 196-dimensional latent 
space. Hyperparameters (e.g. the dimensionality of the latent space) were optimized using 
Optuna [5] which achieved a minimum running Mean Squared Error (MSE) loss of 0.02. This 
approach provides compressed latent representations of intracellular signaling dynamics, which 
enables them to readily support rational biological design by guiding more efficient exploration 
of an otherwise sparse nonlinear design-search space. The dynamical modeling and AI approach 
were developed in tandem and are part of a larger modeling and optimization loop that offers a 
synergistic impact on our model-based design objectives. 
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Project Goals: The long-term goal for this Project is to realize secure biodesign strategies 
for microbial systems that operate in the dynamic abiotic and biotic conditions of natural 
environments, thus enabling systems-level and rational biological design for field use. 
There are several key challenges to incorporating safeguard systems at the design stage 
including: (1) lack of knowledge for how well safeguards operate across the broad set of 
environmental and physiological conditions that an organism experiences; (2) a need to 
integrate the safeguard with other cellular components so that it can sense and recognize 
specific signals from the intracellular or extracellular environment, and mediate a 
response; and (3) a need for rapid and reliable methods to engineer and optimize the 
biological components for safeguard construction and functional integration. To address 
these challenges, we propose to utilize recent advances in the fields of synthetic biology, 
artificial intelligence (AI), and automation, which together pave the way for a paradigm 
shift in our understanding of the ways that cellular function can be designed at the level of 
bacterial communities. 
 

The development of genetically engineered organisms necessitates the creation of secure and 
efficient biocontainment systems to safely contain such organisms and thus protect the 
environment, public health, and public perception of scientific research. Microbial safeguards 
based on controlled activation of a self-targeting CRISPR/Cas9 “self-destruct” mechanism are 
transferable between different organisms, cost-effective, and relatively easy to implement. 
However, the variability of CRISPR/Cas cleavage efficiency within a genome (and even within 
the same gene) [1, 2] represents a challenge in choosing efficient self-targeting guide RNAs 
(gRNAs) for self-destruction, particularly as gRNA efficiency also varies under different 
environmental conditions. We have developed a machine-learning prediction method, 
CRISPRAct, that predicts gRNA efficiency across different environmental conditions to assist in 
identifying candidate gRNAs for use in secure biosystems.  

We hypothesized that dynamic gene expression responses to varying physiological 
conditions would influence the cell-killing activity of the CRISPR/Cas9 system. To test this 
hypothesis, we screened the activity of a library of 180,000 gRNAs spanning the E. coli MG1655 
genome, and compared cell-killing activity to control sequences with no genomic matches 
(~20,000). We used the log2 fold change in cell population between time points as a proxy for 
gRNA cutting activity. To assess the influence of physiological conditions on gRNA cutting, 
screens were conducted as time courses in three growth conditions: rich media in exponential 
growth (LB-E); defined media in exponential growth (M9-E); and rich media in stationary phase 
(LB-S).  

In our initial library screens, we identified ~6,000 guides that were statistically 
overrepresented (via ANOVA testing) for physiology-specific functions. A small subset of 



gRNAs (174) were “outlier switches” that were statistical outliers in their outstanding killing 
activity in one or more physiological conditions, but were also statistical outliers in their lack of 
activity under the other physiological condition(s). Additionally, there is a marked difference in 
GC content between guides that efficiently kill in the M9 media versus the LB media: guides that 
have low activity in rich media (LB) but high activity in minimal media (M9) are GC rich, while 
guides that have high activity in rich media low activity in minimal media are very AT rich. 
Further, these “switch” guides tend to localize to specific areas in the genome – there are six 
regions that active rich media/inactive minimal media guides localize to, while inactive 
rich/active minimal media guides localize to three narrow regions and two broad swathes within 
the genome. We also identified a small but statistically significant correlation between the 
number of sites a gRNA can target in the genome, and the gRNA’s cutting efficiency, and 
correlations of varying strengths between the proximity of a gRNA target site to nucleoid-
associated protein binding motifs in the primary genomic sequence. Collectively, the initial 
round of 200k library screens generated an extensive dataset of more than 530,000 data points 
used to develop CRISPRAct.   

The CRISPRAct model is a two-part model that combines a natural language processing 
(NLP) model with a neural network (NN) model. The NLP model treats genomic sequences as a 
machine-interpretable “language”, while the NN model features now incorporate gRNA 
positional and physicochemical properties (including nucleoid-associated protein binding motif 
proximity) with environmental conditions. The outputs of these models are combined through 
polynomial regression to predict the percent fold change of guide prevalence after Cas9 
induction, as a proxy for the gRNA activity. CRISPRAct achieves a Mean Absolute Error of 0.39 
and Spearman Correlation Coefficient of 66.4%, beating the correlation from the previous state 
of the art (in a single environmental condition) by about 12%. Importantly, CRISPRAct 
exhibited a comparable Mean Absolute Error across physiological conditions- 0.51 in LB-E, 0.52 
in LB-S and 0.54 in M9-E. CRISPRAct is thus, to our knowledge, the first gRNA activity 
predictor capable of predicting behavior under different environmental conditions. We are 
currently assessing reproducibility of our screens. Empirically assessed correlations between 
screens varied by physiological condition, which informs our strategy to develop transfer 
learning. Ultimately, we anticipate that leveraging these physiological variations while training 
CRISPRAct will improve the robustness of our models and reduce costly retraining time as we 
move into novel genomic contexts.  
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Project Goals: The overarching research goals are to elucidate the reaction network responsible 
for the metabolic functionalities of the outer membrane vesicles (OMVs) in soil Pseudomonas 
species with demonstrated accelerated lignin catabolism and subsequently evaluate the metabolic 
relationship of OMVs in fueling lignin-derived carbon fluxes towards intracellular biosynthetic 
pathways.  

Abstract Text: The first objective of this project is to elucidate lignin deconstruction and carbon 
assimilation flux using whole-cell cultures. The working hypothesis is that the species optimized 
for coupled OMV-mediated lignin deconstruction and intracellular assimilation of lignin 
derivative will incorporate lignin carbons into cellular metabolites, whereas the species with only 
OMV-mediated lignin deconstruction will accumulate lignin derivatives in the spent media. In 
preliminary experiments, cells of different Pseudomonas species (P. putida KT2440, P. putida 
S12, and P. protegens Pf-5) are grown in nutrient solutions containing different lignin structures 
[lignosulfonate (LS) and lignin alkali (LA)] supplemented without or with glucose (a sugar) or 
acetate (a short-chain carboxylic acid). In addition to monitoring cell growth and carbon 
consumption from the lignin compounds, we are monitoring changes in the lignin structure. Thus 
far, we have used Fourier-transform infrared spectroscopy (FTIR) to track the vibrational peak 
(1585 cm-1) associated with the lignin aromatic skeleton, which disappeared in the LS structure 
after two-week exposure to all three species. These results imply the breakdown of the LS aromatic 
structure. We performed total organic carbon analysis to determine the extent to which LS-derived 
carbon was consumed. We plan to apply nuclear magnetic resonance spectroscopy and high-
resolution liquid chromatography-mass spectrometry analysis to identify modification in the LS 
structure and specific LS-derived breakdown products, respectively. We are also developing 
mixed isotope tracer experiments to capture the intracellular assimilation of lignin breakdown 
products.  
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 Project Goals: The Department of Energy Systems Biology Knowledgebase (KBase) is a 
 knowledge creation and discovery environment designed for both biologists and 
 bioinformaticians. KBase integrates a large variety of data and analysis tools, from DOE 
 and other public services, into an easy-to-use platform that leverages scalable computing 
 infrastructure to perform sophisticated systems biology analyses. KBase is a publicly 
 available and developer-extensible platform that enables scientists to analyze their own 
 data within the context of public data and share their findings across the system. 

 DOE is investing in multiple projects that attempt to understand the mechanistic processes of 
 environmental ecology. These large-scale projects typically have multiple field sites that are 
 gathering diverse forms of data including amplicons, metagenomes, extracted isolates, and 
 geochemistry across time and space. For example, the ENIGMA project has field sites at Oak 
 Ridge National Laboratory aimed at mechanistically understanding the microbial 
 biogeochemical processes within contaminated subsurface sediment and has collected data 
 across hundreds of wells and sediment cores resulting in over 4000 samples. ENIGMA and 
 similar projects cross correlate taxa and geochemistry to infer the taxa and genomic functions 
 that are constrained in their locational abundance and activity by environmental conditions and 
 which in turn transform those environments. This type of research generally involves teams 
 performing different measurements across the same samples collaboratively integrating and 
 analyzing the resultant data using a plethora of complex computational approaches. 

 Here, we illustrate how innovations within the KBase platform can help support projects like 
 ENIGMA. This analysis leverages new functionality delivered over the past year, including a 
 new representation of Samples (See poster  KBase:  Significant Improvements  ) with the ability to 
 upload complex organized sets of Samples with detailed sample attributes describing the 
 environment and sampling process. These attributes are validated and ontologically described to 
 facilitate data sharing, reuse and downstream analysis. For each sample, data representing 
 measurements of the Sample, like geochemistry, 16S amplicon reads, shotgun metagenome reads 

http://kbase.us/


 and isolates are directly linked, in system, to their corresponding sample. This allows us to 
 cross-correlate geochemistry, taxa, and gene function, as well as to evaluate relationships using 
 isolates prioritized in our analyses. Over the last year we have also added analytical functionality 
 for many of these data types that enable rich exploration of microbial ecological questions. 
 With the ENIGMA data we demonstrate how to: 1) capture and organize multiple forms of 
 measurement data linked to samples; 2) explore this data to identify ubiquitous taxa; 3) correlate 
 across amplicons and geochemistry to identify key taxa linked to biogeochemical processes of 
 interest; 4) leverage metagenomic data to understand the gene functions, genome organization 
 and composition of key taxa, and the identification of isolates of interest for follow-up in 
 laboratory experiments; and 5) build metabolic models of these isolates and MAGs that allow us 
 to test these relationships. Together, these operations drive towards a generalized ability to 
 mechanistically link environmental attributes to genes and genomes using a formal modeling 
 framework to generate and evaluate hypotheses. Furthermore, the use of KBase enables the 
 ENIGMA team to to share and collaborate on analysis, ensuring good stewardship of their 
 products. They can also publish their data, tools, analysis and final results and evaluation of these 
 results in a larger context of work done by the environmental microbiology community that is 
 shared on the KBase system and thus can be included in their analysis. 

 Samples collected from the ENIGMA project were organized by field campaign and uploaded 
 into KBase using the newly developed Samples framework. This capability allows KBase to 
 capture critical metadata associated with samples that can be used to make important inferences 
 in downstream analysis.  These samples have a variety of extracted measurement data that have 
 also been uploaded into KBase. Metagenomic reads and assemblies, metagenome assembled 
 genomes, geochemistry, and 16S amplicon data are linked in KBase to corresponding samples. 
 This allows users to easily see all of the measured data of a sample. Related Samples are grouped 
 together in Sample Sets. 

 We introduced new analysis tools in KBase to assign taxonomy to marker gene sequences, filter 
 and transform taxonomic abundance matrices, and correlate amplicon abundances with chemical 
 abundance measurements in environmental samples. An amplicon from the prevalent 
 Rhodanobacter genus was highly correlated with nitrous oxide concentration in ENIGMA 
 samples, prompting us to examine denitrification in Rhodanobacter and co-occurring microbes. 
 To further our understanding of these communities, we have assembled shotgun metagenomic 
 reads, extracted metagenome assembled genomes, and scanned their functional repertoires to 
 identify key lineages involved in nitrate reduction. 

 We constructed draft metabolic models of the identified key isolates and merged these models 
 into a compartmentalized community model to mechanistically explore the microbial community 
 dynamics. Model predictions are able to capture individual species’ contributions to dynamics in 
 nitrate reduction relating to energy biosynthesis and co-factor recycling with changes in the 
 abundance of nitrate in the environment. 

 This work is supported as part of the BER Genomic Science Program. The DOE Systems 
 Biology Knowledgebase (KBase) is funded by the U.S. Department of Energy, Office of Science, 
 Office of Biological and Environmental Research under Award Numbers DE-AC02-05CH11231, 
 DE-AC02-06CH11357, DE-AC05-00OR22725, and DE-AC02-98CH10886. 
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The Department of Energy Systems Biology Knowledgebase (KBase) is a knowledge
creation and discovery environment designed for both biologists and bioinformaticians.
KBase integrates a large variety of data and analysis tools, from DOE and other public
services, into an easy-to-use platform that leverages scalable computing infrastructure to
perform sophisticated systems biology analyses. KBase is a publicly available and
developer extensible platform that enables scientists to analyze their own data within the
context of public data and share their findings across the system.

The KBase user interface (UI) enables instructors to work with students to conduct hands-on data
science research and analysis without the need for programming skills or computational
resources. The KBase team works with instructors and researchers of varying skill and career
levels to ensure the transfer of domain knowledge is accompanied by an understanding of
bioinformatic tools and techniques. KBase has been supporting education in three main ways:
establishing the KBase Educators program, participating in the Environmental Molecular
Sciences Laboratory Summer School, and hosting a variety of topic-based workshops and
webinars. Each program supports a different cross-section of the BER research community, with
the overall goal of improving and expanding the next-generation of data analysis using KBase.

KBase Educators
The KBase Educators program (https://www.kbase.us/kbase-educators/) consists of biological
and data science instructors, ranging from High School to Graduate level, that have adapted the
KBase platform to their curriculum needs by developing modular, adaptable, and customizable
instructional units using KBase Narratives. These instructional modules contain teaching
resources, data, analysis tools, and mark-down utility to tailor instructions and learning goals.
Each module can be adapted for independent class concepts that involve Genomics,
Metagenomics, Phylogenetics, Pangenomics, and/or Metabolic Modeling. The KBase Educators
Organization provides access to resources in KBase, and a KBase Users Slack group provides
access to a community network of peers, supported by community-driven guidelines,

http://kbase.us
https://www.kbase.us/kbase-educators/


instructional templates, and KBase staff. Working groups are short-term commitments around
topics that the community identifies as important or relevant to their teaching goals. The aim
behind community working groups (https://www.kbase.us/educator-working-groups/) is to
enable educators using KBase to collaboratively build resources to add to the Educators Org,
while dividing the workload and providing accountability to deliver resources. The KBase team
helps facilitate working group formation and setting up the initial kick-off meeting to ensure
everyone is familiar with the scope and goal, providing support during development and release
of materials.

EMSL Summer School
KBase collaborates with and supports instruction for the Environmental Molecular Sciences
Laboratory (EMSL) Summer School for early career researchers. National laboratory and
academic researchers provide lectures on multidisciplinary research over the course of a week,
which are free and open to the public. In addition, post-doctoral researchers and Ph.D. students
attended tutorial classes, which provided hands-on instruction and learning. KBase contributes to
both lectures and hands-on training on the complex analysis of biological data. During the 2020
(https://www.kbase.us/multiscale-microbial-dynamics-modeling/) and 2021
(https://www.kbase.us/multi-omics-modeling-of-biochemical-pathways/) programs, KBase was
used for analysis and sharing data on diverse topics using bacterial and fungal data.

KBase Workshops and Webinars
For special topics and collaborations, KBase hosts workshops that address needs of research
groups, educators, and classes. Workshops target a smaller class size to better facilitate hands-on
tutorials with attendees and students. For the broader audience of all KBase Users, KBase holds
live webinars throughout the year with a live question & answer section, which introduce new
features and topics with speakers including community developers and subject matter experts.
Webinars are posted on the KBase YouTube channel (https://www.youtube.com/DOEKBase) for
anyone to revisit and view after the event and often include public Narratives for users to test out
new tools and workflows.

Through each of these approaches, KBase empowers skilled researchers and inspires the next
generation of biologists and data scientists by providing a platform that seamlessly enables users
to integrate conceptual knowledge with sophisticated systems biology investigative tools.

1. Dow EG, Wood-Charlson EM, Biller SJ, Paustian T, Schirmer A, Sheik CS, Whitham
JM, Krebs R, Goller CC, Allen B, Crockett Z and Arkin AP. Bioinformatic Teaching
Resources – For Educators, by Educators – Using KBase, a Free, User-Friendly, Open
Source Platform. Front. Educ. 2021; 6:711535. doi: 10.3389/feduc.2021.711535

This work is supported as part of the BER Genomic Science Program. The DOE Systems
Biology Knowledgebase (KBase) is funded by the U.S. Department of Energy, Office of Science,
Office of Biological and Environmental Research under Award Numbers DE-AC02-05CH11231,
DE-AC02-06CH11357, DE-AC05-00OR22725, and DE-AC02-98CH10886.
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Project Goals: The Department of Energy Systems Biology Knowledgebase (KBase) is a
knowledge creation and discovery environment designed for both biologists and
bioinformaticians. KBase integrates a large variety of data and analysis tools, from DOE
and other public services, into an easy-to-use platform that leverages scalable computing
infrastructure to perform sophisticated systems biology analyses. KBase is a publicly
available and developer extensible platform that enables scientists to analyze their own
data within the context of public data and share their findings across the system.

Over the last year, substantial new improvements were integrated into the KBase platform, with
the goal of empowering upload, integration, and analysis of large-scale multi-omics datasets
progressing toward a mechanistic understanding of environmental microbiomes. Given their
complexity and diversity, the study of environmental microbiomes may require the analysis of
hundreds of samples, often with multi-omics data (e.g., metagenome, amplicon, metabolomics,
etc.) collected for each sample. This creates multiple significant challenges in supporting the
analysis of such data on a platform like KBase.

First, hundreds of disparate data files must be loaded and integrated into the KBase data-model, a
task that was previously quite tedious as most upload tools in KBase operated on one file at a
time. A new bulk-upload pipeline has been established, enabling users to load hundreds of
objects at once. These tools are now being applied by the Genome Resolved Open Watersheds
(GROW) CSP and Ecosystems and Networks Integrated with Genes and Molecular Assemblies
(ENIGMA) SFA to load hundreds of metagenomes and thousands of MAGs.

A second challenge involves the association of distinct data types collected from common
experimental samples to: (1) allow for the organization of all data related to a complex
experiment and (2) organize the data in such a way as to enable sophisticated cross-analysis of
various data types. Toward this end, a Samples management system was integrated into KBase,
enabling users to load sample metadata into KBase and associate sample IDs with data objects

http://kbase.us


on system (e.g., linking together the metagenome, metabolome, and MAGs derived from a
common sample to facilitate integrated analysis). Tools are now being developed that exploit the
relationship amongst data created by these sample associations to permit complex statistical
analysis of data. We developed our Samples metadata, templates, and ID management systems in
close collaborations with our partners at EMSL, JGI, NMDC, and ESS-DIVE.

A third challenge is handling all the datatypes required for multi-omics microbiome analysis, and
to meet this challenge, this year KBase added deeper support and analysis pipelines for
metabolomic and amplicon data. Now users can upload these new datatypes and integrate them
with their broader microbiome data as well as reference data generally available on KBase (e.g.,
MGnify). Metabolomics and expression data can be visualized on rich metabolic maps, including
new genome-wide maps for plants and fungi. Amplicon data can be visualized, compared, used
to predict microbiome functional potential, and analyzed in the context of environmental data
related to samples.

A fourth challenge is the difficulty associated with annotating protein functions within
microbiomes.  To improve support for this activity, and in collaboration with our User Working
Groups, new tools have been added to KBase in the area of genome annotation. Users can now
upload and compare many alternative annotations using tools developed by the LLNL Biofuels
SFA; they can build models from those annotations and compare performance of competing
annotations on predicting phenotypes like Biolog growth profiles; and they can apply new
annotation algorithms like DRAM (integrated into KBase by the Wrighton lab) (1) and the
Exascale Analysis tool (integrated into KBase by the Jacobson lab). Tools for metabolic
reconstruction are improving dramatically for plants, fungi, and microbes, including new support
for visualizing and painting data on metabolic reconstructions. All of this culminates in KBase
offering a sophisticated set of tools to load, store, create, compare, test, and visualize
annotations.

While much still remains to be done, this new functionality has significantly lowered the barrier
for KBase users to develop a deeper, integrated, mechanistic understanding of complex
environmental microbiome data based on rich and diverse experimental datasets.
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Project Goals: The Department of Energy Systems Biology Knowledgebase (KBase) is a
knowledge creation and discovery environment designed for both biologists and
bioinformaticians. KBase integrates a large variety of data and analysis tools, from DOE
and other public services, into an easy-to-use platform that leverages scalable computing
infrastructure to perform sophisticated systems biology analyses. KBase is a publicly
available and developer extensible platform that enables scientists to analyze their own
data within the context of public data and share their findings across the system.

Science Focus Area (SFA) research occurs at the cutting edge of the Office of Science’s
Biological and Environmental Research (BER) strategic goals. However, dissemination of
knowledge and the tools capable of extending that knowledge to other biological systems beyond
traditional scientific publishing is still challenging. KBase, as a free, open source platform
designed to support broad biological systems-level analyses and sharing, provides a unique
opportunity for BER programs to expand their impact to the 20,000+ KBase users world-wide.

Here, we describe several SFA-KBase collaborative projects, ranging from efforts to explore
strain variation in microbes, protein-ligand binding, or quantitative Stable Isotope Probing
(qSIP); improving functional annotation or viral ecogenomics analyses; and engineering
microbial communities or community function(s) to support resilience in a time of change.
Completed projects will highlight contributions and impact, and newer collaborations will
showcase what is to come. SFA projects are also included as KBase Collaborations under the
KBase User Working Group website: https://www.kbase.us/research/user-working-groups/.

SFA-KBase Collaborative projects (alphabetical):

Bacterial-Fungal Interactions (LANL): Add novel taxonomic annotation tools for bacterial and
fungal sequences in KBase (released in KBase: GOTTCHA2, Centrifuge). More information:
https://www.kbase.us/research/chain-sfa/.

http://kbase.us
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Biofuels (LLNL): Improve on existing functional annotation tools by allowing for multiple
annotations to be uploaded, compared, and merged, in support of creating more robust metabolic
models (released in KBase: import, compare, and merge metabolic annotations). Coming soon:
probabilistic annotation and ensemble metabolic modeling. More information:
https://www.kbase.us/research/stuart-sfa/.

ENIGMA (LBNL): Establish reference-based metagenome workflow to enable detection and
annotation of strain variants (released in KBase: Meta-Decoder Call Variants, Strain Finder v1,
Fama Profiling). Coming soon: Long read assembly tools for microbial isolates and
metagenomes. More information: https://www.kbase.us/research/adams-sfa/.

Microbes Persist (LLNL): Integrate the tools that enable work on viruses (released in KBase:
vConTACT2, VirSorter, VirMatcher). Create functionality to detect and fix errors in assembled
contigs (in development). Coming soon: Workflow to analyze quantitative stable isotope probe
(qSIP) data and integration of microTrait to enable user-defined trait-matrix generation from a
set of target genomes present in the same environment for functional comparison. More
information: https://www.kbase.us/research/pett-ridge-sfa/.

Persistence Control (PNNL): Coming soon: Improved protein annotation using machine
learning, multi-omics data integration, and structural prediction. More information:
https://www.kbase.us/research/egbert-sfa/.

Plant Microbe Interfaces (ORNL): Coming soon: Design and omics exploration of synthetic
microbial communities. More information: https://www.kbase.us/research/doktycz-sfa/.

Protein Structure (ORNL): Establish the first protein structure importer and ligand-binding
tools in KBase (released in KBase: CCMPredPy Contact Mapping, AutoDock Vina
Protein-Ligand Docking, Import Protein Structure from PDB). More information:
https://www.kbase.us/research/mitchell-sfa/. To extend this SFA effort, KBase is collaborating
with PDB to further improve our protein structure workflows and datatypes in KBase. More
information: https://www.kbase.us/research/protein-data-bank/.

Soil Microbiome (PNNL): Coming soon: Omics-enabled global gapfilling (OMEGGA) for
phenotype-consistent metabolic network reconstruction of microorganisms and communities.
More information: https://www.kbase.us/research/hofmockel-sfa/.

KBase encourages new projects and collaborations! We provide information on the benefits of
collaborating with KBase, and outline how to get started.

This work is supported as part of the BER Genomic Science Program. The DOE Systems
Biology Knowledgebase (KBase) is funded by the U.S. Department of Energy, Office of Science,
Office of Biological and Environmental Research under Award Numbers DE-AC02-05CH11231,
DE-AC02-06CH11357, DE-AC05-00OR22725, and DE-AC02-98CH10886.
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Project Goals: The overall goal of this project is to develop optogenetic controls over the 
population dynamics and composition of microbial consortia. This includes unidirectional 
monochromatic controls of one strain in the consortia; bidirectional monochromatic controls of 
two strains; and multidirectional polychromatic controls of two or more strains. We will apply 
these new capabilities to optogenetically control various consortia for biofuel and chemical 
production, using systems that showcase different advantages of co-culture fermentations. We 
will show how varying light duty cycles can optimize microbial populations throughout co-
culture fermentations to maximize chemical  production. Thus, this work addresses the long-
standing challenge of stabilizing and optimizing the population composition of microbial 
consortia for chemical production.   

Abstract Text: Engineered microorganisms have enormous potential to produce biofuels, 
chemicals, and other valuable products from renewable substrates and waste. However, the 
genetic and metabolic burden that exogenous biosynthetic pathways impose on engineered 
strains negatively impact their robustness and productivity. In addition, containing a full 
biosynthetic pathway in a single strain (i.e., in a monoculture) prevents metabolic engineers from 
separately optimizing each of its components (or modules), forcing them instead to optimize the 
entire pathway in a single cell by making compromises that often limit productivity. This 
shortcoming is magnified when different modules compete with or inhibit each other. These 
factors greatly contribute to the insufficient productivities of most bioprocesses, and prevent 
them from being competitive with fossil fuels and non-sustainable manufacturing processes. 

Using co-cultures of more than one organism, instead of monocultures, has been proposed as a 
powerful  solution to address these challenges. This approach draws inspiration from natural 
microbial processes (e.g., biomass decay, or food digestion), which are almost always carried out 
by microbial communities. Splitting biosynthetic pathways across multiple microorganisms 
would reduce the burden on each individual member and prevent negative interactions between 
different metabolic modules. Furthermore, the efficiency of each module would be significantly 
improved by optimizing them separately in specialized strains (akin to the way different parts of 
a chemical process are optimized in separate reactors in a chemical plant). However, stabilizing 
the population composition of engineered microbial consortia has proven to be a formidable 
challenge, with the fastest growing members usually dominating the consortia and turning them 
into futile monocultures. Controlling inoculation ratios and engineering clever biological 



orthogonalities or synthetic symbioses between members have done much to improve co-culture 
operations, but these strategies have still been insufficient to advance engineered consortia to 
commercial processes. 

In this proof-of-principle study, we demonstrate that optogenetics is an effective strategy to 
dynamically control populations in microbial co-cultures. Using a new optogenetic circuit we 
call OptoTA, we regulate an endogenous toxin-antitoxin system, enabling tunability 
of Escherichia coli growth using only blue light. With this system we can control the population 
composition of co-cultures of E. coli and Saccharomyces cerevisiae. When introducing in each 
strain different metabolic modules of biosynthetic pathways for isobutyl acetate or naringenin, 
we found that the productivity of co-cultures increases by adjusting the population ratios with 
specific light duty cycles. This study shows the feasibility of using optogenetics to control 
microbial consortia populations and the advantages of using light to control their chemical 
production. 

References/Publications 
1. Lalwani MA, Kawabe H, Mays RL, Hoffman SM, Avalos JL. Optogenetic control of 
microbial consortia populations for chemical production. ACS Synthetic Biology 10 (8), 
2015-2029 (2021).   
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Project Goals: This project aims to leverage Setaria viridis as a model system to develop 
novel technologies and methodologies to redesign the bioenergy feedstock Sorghum bicolor to 
enhance water use and photosynthetic efficiencies.  

Improving Sorghum bicolor as a biofuel crop requires methods to manipulate gene expression in 
ways that alter important agronomic traits. To achieve precise control over gene expression, we 
are building synthetic genetic circuits. These circuits enable precise spatial and magnitudinal 
control over gene expression and offer an exciting means to reprogram plant development and 
control growth. To build circuits, we’ve generated libraries of transcriptional regulators 
composed of bacterial DNA binding proteins or catalytically inactive dCas9 fused to 
transcriptional activation or repression domains. We tested thirty-six plant transcription factors in 
Arabidopsis and Setaria protoplasts for their ability to activate both reporters and native plant 
genes. A subset of the best performing transcriptional activators were introduced as transgenes 
into Arabidopsis and shown to activate expression of native genes. The best synthetic 
transcription factors were also used to construct circuits that perform Boolean logic operations. 
These circuits can regulate spatial patterns of gene expression across root tissues and, as a proof 
of concept, we used them to selectively modify branching in Arabidopsis roots. In parallel, 
synthetic transcription factors are being deployed in an innovative strategy for biocontainment of 
transgenes. We are identifying genes (target genes) that compromise the viability of Sorghum 
bicolor when overexpressed. We plan to introduce mutations into the target gene so that it is no 
longer recognized by a programmable transcription factor, then we will transform the mutant 
Sorghum bicolor with a synthetic circuit that leads to overexpression of the lethal gene, such that 
when the plant is outcrossed, its progeny are inviable. Taken together, these data show how 
synthetic genetic circuits can be built and used to successfully modify important plant traits.  

This research was supported by the DOE Office of Science, Office of Biological and 
Environmental Research (BER), grant no. DE-SC0018277. 
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Project Goals: This project aims to leverage Setaria viridis as a model system to develop 
novel technologies and methodologies to redesign the bioenergy feedstock Sorghum bicolor to 
enhance water use and photosynthetic efficiencies.  

Abstract: The yields of C4 bioenergy crops are increasing through breeding and improved 
agronomy but the amount of biomass produced for a given amount of water use (water use 
efficiency) remains unchanged. Therefore, our research focuses on three major control points of 
water-limited production, with a systems-approach to biodesign: (1) greater photosynthetic carbon 
assimilation; (2) reduced water use through greater stomatal resistance to water loss; and (3) 
enhanced acquisition of available water by roots.  

Plant cell wall structural polymers (e.g., cellulose, hemicelluloses, and lignins) influence biofuel 
digestibility as well as CO2 and water movement within the leaf.  For example, both CO2 and water 
conductance are influenced by cell wall thickness and porosity. We will present data testing the 
hypothesis that changes in the chemical properties of mesophyll and bundle sheath cell walls will 
influence CO2 and water conductance within the leaf, and therefore photosynthetic and whole plant 
water use efficiency.  We have conducted experiments with grasses genetically modified for cell 
walls with differences in glucuronoarabinoxylan composition and mixed-linkage glucans. This 
research will improve our understanding of how cell wall modifications needed for cellulosic 
biofuel production influence photosynthetic water use efficiency in important C4 crops. 

Recent increases in atmospheric [CO2] means that C4 crops increasingly have greater CO2 supply 
than is needed to saturated photosynthesis. Therefore, reducing stomatal conductance by reducing 
the number or size of stomata can increase intrinsic water use efficiency without necessarily 
suffering a trade-off of reduced photosynthetic CO2 fixation. We are testing a series of orthologs 
of Arabidopsis stomatal developmental genes to determine the best solution for reducing stomatal 
conductance without unwanted pleiotropic effects that can alter stem or reproductive development. 
In addition, we have performed transcriptomic profiling of developing leaves to identify the 
network of genes controlling differentiation of epidermal cells. 



Roots represent the supply side of plant-water relations. Root architecture, which is the branching 
pattern of the root system in soil, determines the efficiency that water and nutrients are accessed, 
but also represent a cost to the plant in terms of carbon. Previous work by our group has shown 
that grasses exhibit a suppression of crown root development under drought and a dramatic 
induction of their growth upon rewatering. Our current work is focused on identifying the genes 
necessary for these responses and the design of a synthetic biology approach to finely tune root 
branching.  Work that will be presented includes the cloning of a novel locus controlling the 
initiation of Setaria root development under well-watered conditions and the establishment of a 
synthetic biology toolkit that enables two-input logic gates to be constructed in plants that create 
predictable changes in gene expression and modify root architecture. 

Funding statement: This work was supported by the Office of Biological and Environmental 
Research in the DOE Office of Science (DE-SC SC0018277). 
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Project Goals: This project aims to leverage Setaria viridis as a model system to develop
novel technologies and methodologies to redesign the bioenergy feedstock Sorghum bicolor to
enhance water use and photosynthetic efficiencies.  Through the advancement of phenotyping
platforms we are developing a quantitative and integrative understanding of how multiple shoot
and root traits vary genetically and in response to water-deficit.

Abstract Text: Crop yields are frequently limited by the availability of water during the growing
season; however, efforts to improve the acquisition and efficient use of water by crops have been
challenged by the difficulty of rapidly phenotyping traits that control these processes.We have
established a comprehensive portfolio of tools, methodologies and phenotyping platforms that
are enabling new levels of insight into root, photosynthetic and stomatal traits. The resulting
knowledge of associations between genotype, phenotype and environment are informing our
efforts to engineer greater water use efficiency.

We have leveraged automated imaging, weighing and watering to monitor biomass, water use
and other growth parameters over time.  We have combined these approaches with biochemical
profiling (transcriptomic, metabolomic, elements and isotopic ratios) and pan-genome variation
analyses to get an in depth understanding of how plants respond to water deficit.

Advances in phenotyping leaf morphological and physiological traits important to water use
efficiency and drought stress of field-grown sorghum and setaria have been achieved by
leveraging a suite of imaging technologies. Stomatal patterning on the leaf epidermis has been
phenotyped by optical tomography combined with an AI-enabled automated analysis pipeline.
Leaf specific leaf area and nitrogen content have been phenotyped by leaf hyperspectral
reflectance. Leaf rolling in response to drought and plant productivity has been phenotyped by
hemispherical photography below the canopy. Canopy water use and the rate of stomatal closure
has been phenotyped by thermal imaging at two different scales. In each case, (1) the fidelity of
the rapid phenotyping method has been demonstrated against traditional gold-standard methods
and (2) the resulting trait data has been applied to understanding the genetic architecture of the
traits in setaria and /or sorghum. GWAS coupled with analysis of pan-genomic sequence

mailto:dinneny@stanford.edu


variation in putative candidate genes has revealed new sets of candidate genes and loci as targets
for engineering enhanced water use efficiency and drought response in C4 bioenergy crops. It is
also revealing how interactions among traits create opportunities and constraints for crop
improvement.

The characterization of root system architecture has been an obsession for plant physiologists
and developmental biologists.  Recent work across several labs have established a wide range of
different methods that bring with them strengths and weaknesses related to throughput,
physiological relevance, resolution, and amenable species.  The GLO-Roots method has been a
successful entree to this portfolio due to the non-sterile soil-like media that is used to grow the
root systems, the span of the plant life cycle that can be explored, and the ease of applying this
approach to the model genetic systems such as Setaria, Brachypodium and Arabidopsis.
Bottlenecks in the GLO-Roots imaging pipeline have been addressed recently, and as a
consequence, we have been able to generate data of a magnitude that is several fold greater than
was envisioned before.  In LaRue and Lindner et al. we present the GLO-Bot I robotics platform,
which enabled the first characterization of species-level differences in root system architecture in
a soil-like growth environment beyond the seedling stage. We established a platform for
automated plant root growth, imaging and image analysis that involved innovations in plant
growth systems, robotics and computer vision approaches.  This integrated solution to root
phenotyping provides a stunning model for future studies and will influence the field of plant
phenomics. We identify the major contributors to variation in the spatiotemporal control of root
system architecture.  New traits we define, such as average lateral root angle per day, show
significant correlations to climate variables and suggest potential adaptive advantages for plants
having shallow root systems when temperature variation is high in a location. Through continued
funding from DOE-BER we have established the GLO-Bot II system, which is constructed with
industry-standard robotics components and promises a new level of reliability and throughput
compared to its predecessor.

References/Publications
1. LaRue T, Lindner H, Srinivas A, Exposito-Alonso M, Lobet G, Dinneny JR (2021)
Uncovering natural variation in root system architecture and growth dynamics using a
robotics-assisted phenomics platform. bioRxiv preprint doi:
https://doi.org/10.1101/2021.11.13.468476
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Project Goals: This project aims to leverage Setaria viridis as a model system to develop 
novel technologies and methodologies to redesign the bioenergy feedstock Sorghum bicolor to 
enhance water use and photosynthetic efficiencies.  

The development of a genome-level knowledge base linking genes to phenotypes in sorghum for 
bioenergy goals through the use of genome editing and stable plant transformation technology is 
critical to understanding fundamental physiological functions and important to crop 
improvement.  We contribute the central hub capability to create, test and cultivate transgenic 
and genome edited plants with the various laboratories involved with this project. We have 
established reliable protocols for the Agrobacterium-mediated introduction of experimental 
genetic constructs into Sorghum cv BTx430, and collaborate to generate the viable transgenics 
required for the ongoing investigations on this project. These experiments include:; (1) sorghum 
RNAi constructs for knockdowns such as for voltage-gated chloride channel proteins, alpha 
carbonic anhydrase 7 (CA) and nine-cis-epoxycarotenoid dioxygenase 4, and myb domain 
protein 60; (2) constructs to test the fidelity of phosphoenol pyruvate carboxylase (PEPC) 
promoter expression, CA overexpression and PEPC with altered kinetics; (3) additional versions 
of  CA overexpression aimed to test a range of increased mesophyll CA activity; (4) Ta Cas 9, 
dTa Cas9, and, dCas9 transcriptional activator for improved editing, and; (5) constructs to 
evaluate improvements to the transgenic process with the intent to increase transformation 
frequencies and shorten the time to T1 seed.  These lines are currently in various stages of the 
transgenic process. The recent developments using morphogenic regulator-mediated 
transformation (MRMT) is a breakthrough toward enabling rapid transformation and genome 
editing.  We report the development of an improved rapid transformation method using MMRT 
technology with the potential to increase through-put and decrease time for our projects.  
Working with the Voytas lab, we have evaluated a public version of the MRMT vectors.  The 
Voytas lab is also testing novel methods for delivering genome editing reagents, specifically the 
use of RNA viral vectors to deliver gRNAs through infection. Heritable gene editing through 
infection has been achieved in several dicot species, and we are working to implement the 
technology in Setaria and sorghum.   

This research was supported by the DOE Office of Science, Office of Biological and 
Environmental Research (BER), grant no. DE-SC0018277. 



Title: Leveraging multi-omics data and pan-genomic sequence variation in Setaria viridis and 
Sorghum bicolor for candidate gene discovery and nomination for crop improvement. 
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Project Goals: This project aims to leverage Setaria viridis as a model system to develop 
novel technologies and methodologies to redesign the bioenergy feedstock Sorghum bicolor to 
enhance water use and photosynthetic efficiencies. Through the advancement of candidate gene 
discovery platforms and leveraging multi-omics datasets including analyses of pan-genomic 
sequence variation, we are identifying candidate genes for crop improvement efforts. These 
candidate genes are implicated in key traits of interest including water use and photosynthetic 
efficiencies and responses to drought stress. 

Abstract Text: Bioenergy crop yields are likely to be limited by the availability of water during 
the growing season. Historically, efforts to improve water and photosynthetic use efficiencies 
and resilience to abiotic stresses such as drought have been limited by the challenge of efficiently 
identifying and harnessing genes that underly these traits. We have established a suite of 
genomic and transcriptomic datasets, tools, and approaches that enable elucidation of new 
insights into pathways and genes involved in water use and photosynthetic efficiencies and 
responses to drought stress. Integration of these datasets, tools, and approaches provides insights 
into associations between genotype, phenotype and environment that inform our efforts to 
improve bioenergy sorghum through breeding and engineering. We have leveraged whole-
genome re-sequencing datasets, de novo reference grade genome assemblies, multi-omics 
profiling (e.g., transcriptomic, metabolomic, elemental, and isotopic ratios), pan-genomic 
sequence variation analyses, GWAS, and multi-model phenotyping datasets. We have combined 
these datasets and approaches to understand the genetic architecture of how plants respond to 
water deficit and to reveal and nominate new sets of candidate genes and loci as targets for 
engineering enhanced water use efficiency and drought response in C4 bioenergy crops. 

Funding Statement: This work was supported by the Office of Biological and Environmental 
Research in the DOE Office of Science (DE-SC SC0018277). 



 
 
Title: Systems analysis of the beneficial associations of sorghum with arbuscular mycorrhizal 
fungi studied with genetics, genomics, imaging and microbiomics 
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Project Goals: Arbuscular mycorrhizal fungi (AMF) are obligate symbionts/biotrophs that can 
enhance the disease resistance, nutrient access and/or drought tolerance of their plant host 
through their interactions with roots, but may also serve as negative contributors to plant yield 
depending on the agricultural environment. The primary goals of this project are to identify the 
plant genes that attract specific AMF interactions, to determine the possible benefits or costs of 
this interaction to the biofuel crop sorghum under varied field conditions, and to generate a 
systems analysis to assist plant breeders and agronomists to use endogenous AMF to improve 
sorghum productivity. 

Abstract Text: In the first year of this project to determine the nature of AMF interactions and 
contributions to sorghum biomass production, we have developed the field and laboratory assays 
necessary for the full completion of this five-year project. Identical fields were planted in Georgia and 
Arizona that contained a small subset of the Genome Wide Association Study (GWAS) sorghum biomass 
panel that will be comprehensively analyzed in subsequent years. The root system microbiomes were 
analyzed over a time course to find the best (i.e., least variable) time(s) to sample for robust results in 
subsequent seasons. These plants were also assayed for mineral content and aboveground biomass yield, 
and scored for disease incidence and plant developmental stage. Dramatic differences between the fields 
in Georgia and Arizona were noted, with very high levels of insects, weeds and pathogenic fungi in 
Georgia. Initial investigation of some of the observed diseases by our collaborator, Dr. Bochra Bahri at 
the University of Georgia, uncovered the organisms responsible for these diseases, including some that 
had not been reported previously as causing disease on sorghum in Georgia or, in some cases, anywhere 
in the world.  DNA analyses of the root microbiome are ongoing, with precise values now established for 
the time, cost and personnel required for this science at this scale. High throughput imaging of AMF in 
these roots has also been advanced tremendously and is described in another poster from our project in 
this conference. Additional projects are underway to, first, define the best methods for RNA purification 
and analysis and, second, to test the effects of seed and foliage fungicide treatments on the root 
microbiome that is investigated in this project. Efforts to isolate and genome sequence specific AMF 
ecotypes are underway as well, in order to provide richer AMF sequence datasets to scan for homology to 
the RNA and DNA sequences we will find in the studied microbiomes. A linear model has been 
developed and fitted successfully to a subset of 79 BAP lines in the initial GWAS study as a first step in 
developing a structural equation model for the entire GWAS study. 
 
. 
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Project Goals: Arbuscular Mycorrhizal Fungi or AMF are obligate root symbionts, associating 
with at least 80% of terrestrial plant families. The overarching project goal is to understand the 
AMF symbiosis in sorghum with a systems biology approach.  Our particular components of the 
project are to identify a systems diagram for the network of AMF-sorghum interactions and 
imaging of AMF structures in the roots.  

Abstract Text: Arbuscular Mycorrhizal Fungi (AMF) are obligate root symbionts, associating with at 
least 80% of terrestrial plant families and about which little is known. In return for plant assimilated 
carbon, these fungi provide nutrients, such as nitrogen and phosphorus, to their host plants. A systems 
biology approach is being used to understand this symbiosis in sorghum. To identify sorghum 
genotypes and genes that influence AMF abundance and plant biomass performance, a multi-year 
Genome Wide Association Study (GWAS) of AMF in sorghum on Wellbrook Farm in Watkinsville, GA is 
underway. Year 1 of the GWAS involves 79 accessions from the Bioenergy Accession Panel (BAP).  The 
field was planted in early June, 2021 in 3 blocks with 79 rows and 9 seedlings of the same accession per 
row for a total of 2200 seedlings. 3 plants were harvested per row before and after flowering at three 
time points and measured for dry canopy weight and fresh and dry root weight. A high-throughput 
protocol for imaging symbiotic structures was developed using ink and vinegar staining. A total of 576 
images of root intersections are being captured per plant for a total of 800 plants (88+288+424). 
Machine learning methods are being used to segment and classify AM fungal structures from the 
images for GWAS mapping to the sorghum genetic map.  The results from GWAS, host biomass, 
microbiome, morphological, microscopic and transcriptome studies will feed into systems models, 
including structural equation models to predict sorghum genotypes that will maximize production (i.e., 
plant health) knowing indigenous AMF in the field under different field conditions. 

. 
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The goal of this project is to combine autotrophs and heterotrophs as a novel synergistic and 
symbiotic platform for the production of sustainable biofuel precursors. Photosynthetic 
microorganisms fix sunlight and CO2 and provide organic carbon source and oxygen to the 
heterotrophs that are prolific producers of complex metabolites. Synthetic microbial 
communities of cyanobacterium-fungus have been studied through genome-scale metabolic 
modeling and 13C metabolic flux analysis. Our current focus is to evaluate the metabolic 
response of the cyanobacterium Synechococcus elongatus PCC 7942 to osmotic stress and 
sucrose secretion. 

 

The capability of cyanobacteria to produce sucrose from CO2 and light has significant societal and 
biotechnological impact since sucrose can serve as a carbon and energy source for a variety of 
heterotrophic organisms. Efforts on strain development and process optimization have taken place 
since a decade ago, and technology has been advanced significantly. However, most efforts have 
focused on understanding local pathway alterations that drive sucrose biosynthesis and secretion 
rather than global flux re-routing that occurs following induction of sucrose production by NaCl 
treatment. Therefore, we investigated global metabolic flux alterations in a sucrose-secreting 
(cscB+) strain versus the wild-type Synechococcus elongatus 7942. We used 13C metabolic flux 
analysis (MFA) and Genome-Scale Modeling (GSM) as complementary approaches to elucidate 
differences in intracellular resource allocation by quantifying metabolic fluxes between these 
strains. We performed 13C-MFA and GSM for three cyanobacterial cultures – wild-type S. 
elongatus 7942 grown in BG11 minimal culture medium (WT), wild-type S. elongatus 7942 grown 
in BG11 supplemented with additional 100 mM NaCl (WT/NaCl), and S. elongatus cscB+ strain 
grown in BG11 medium supplemented with additional 100 mM NaCl (cscB+/NaCl) – all under 
photoautotrophic conditions. We quantitatively described the dramatic rewiring of metabolic 
fluxes in WT/NaCl and cscB+/NaCl relative to that of the WT culture, and identified a potential 
metabolic bottleneck limiting carbon fixation and sucrose biosynthesis in the engineered cscB+ 
strain. Our study also demonstrates that combining two complementary approaches, namely 13C-
MFA and GSM, is a useful strategy to both extend the coverage of MFA beyond central 
metabolism and to improve the accuracy of flux predictions using GSM. 



This project is supported by Biological and Environmental Research, Department of Energy, 
through grant DE-SC0019388: Creating Multifunctional Synthetic Lichen Platforms for 
Sustainable Biosynthesis of Biofuel Precursors. 
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Project Goals: We aim to determine the role of plant and soil resources in shaping 
interactions between coniferous plants, symbiotic ectomycorrhizal fungi, and free living 
saprotrophs, and the impact on plant and soil biogeochemistry.  
 
Ectomycorrhizal fungi (EMF) are the main tree roots symbionts in temperate and boreal forests 
and can mine soil for nitrogen (N), increase trees carbon (C) allocation belowground, and 
interact with free-living saprotrophic microbes (SAPs) that decompose soil C. We hypothesized 
that plant-EMF-SAP interactions and their controls over ecosystem biogeochemistry are context-
dependent but predictable, based on resource (C and N) availability to both SAPs and EMF. In a 
greenhouse-based synthetic ecosystem experiment, we grew Pinus taeda seedlings with and 
without a highly specific EMF symbiont (Suillus cothurnatus), under high and low levels of soil 
C, soil N, and plant C (ambient vs. elevated carbon dioxide -CO2). To assess soil microbial 
activity, we measured soil CO2 release under the different conditions. We also measured plant 
biomass and EMF root colonization. We found that when more plant C was available, EMF 
suppressed soil CO2 release under low soil C but had no effect under high soil C. By contrast, 
when less plant C was available, EMF promoted CO2 release under high soil C conditions. 
Elevated soil N had a tendency to suppress the EMF effect on soil C-derived CO2 release, 
although the result was not significant. Biomass was higher for those plants growing with EMF, 
regardless of soil C. Plants inoculated with EMF doubled the biomass of non-inoculated plants 
under high CO2 conditions. EMF root colonization of inoculated plants was similar between 
treatments. Together, our results show that the direction of EMF-SAP interactions depends on 
soil C availability, potentially reversing according to plant C allocation belowground. 
 
Funding statement: The authors acknowledge DOE BER awards DE-SC0020403, AN_360581, 
and JGI/EMSL FICUS 51536.  
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Project Goals: The Quantitative Plant Science Initiative (QPSI) is a capability that aims to 
bridge the knowledge gap between genes and their functions. A central aspect of our strategy 
is combining genome-wide experimentation and comparative genomics with molecular-level 
experimentation. In this way, we leverage the scalability of ‘omics data and bioinformatic 
approaches to capture system-level information, while generating sequence-specific 
understanding of gene and protein function. By incorporating molecular-level 
experimentation in our workflow, we are addressing the question of how a protein functions 
and establishing mechanistic insight into how sequence variation impacts phenotype. This 
knowledge serves as a touchstone for accurate genome-based computational propagation 
across sequenced genomes and forms the foundation for robust predictive modeling of plant 
productivity in diverse environments. 

 

Trace metal nutrients are of growing importance in maximizing bioenergy/bioproduction crop 
yield in marginal soil. Bioavailability in the soil is dynamic and variable, and yield-impacting 
deficiency can suddenly appear. Because these elements are essential for the proper assimilation 
and metabolism of macronutrients such as nitrogen, poor macronutrient availability can be 
exacerbated by metal deficiency. To support the development of bioenergy crops with improved 
micronutrient stress resilience, our goal is to develop a genome-based, molecular-level and system-
level understanding for the two most abundant trace metal nutrients in plants: zinc and iron. 
Focusing on the bioenergy crops poplar and sorghum, we have completed a large-scale, 
hydroponics-based, transcriptomics timecourse to understand how these plants respond to and 
acclimate to different concentrations of metals in their environment. This data will be used to 



construct gene-regulatory networks and a computational simulation of cofactor availability in the 
chloroplast, the major metal sink and site of carbon fixation and energy generation. We are also 
employing an interdisciplinary approach to provide a layer of experimentally grounded sequence-
specific understanding of molecular-level functions for major players involved in metal 
homeostasis. Comparative genomics provides an in-silico platform to generate protein function 
hypotheses. Hypotheses are tested with reverse genetics in model organisms and biochemical 
assays of protein family members. Structure-function studies supply mechanistic insight into how 
sequence space translates into molecular function. These studies will improve our model of 
micronutrient dynamics in bioenergy crops and provide a sequence-based foundation for 
establishing how metal scarcity and excess affect plant health and biomass.   

This research was supported by the DOE Office of Science, Office of Biological and 
Environmental Research (BER). 
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Project Goals: The Quantitative Plant Science Initiative (QPSI) is a capability that aims to 
bridge the knowledge gap between genes and their encoded function. A central aspect of our 
strategy is combining genome-wide experimentation and comparative genomics with 
molecular-level methodologies. Our program leverages the scale of ‘omics data and 
bioinformatic approaches to capture system-level information, while generating sequence-
specific understanding of gene and protein function. By incorporating molecular-level 
experimentation in our workflow, we are addressing the question of how a protein functions 
and establishing mechanistic insight into how sequence variation impacts phenotype. This 
knowledge serves as a touchstone for accurate genome-based computational propagation 
across sequenced genomes and forms the foundation for robust predictive modeling of plant 
productivity in nutrient-limited environments. 

https://genomicscience.energy.gov/research/sfas/bnlqpsi.shtml  
 
Up to 90% of the iron found in leaves is in the chloroplasts, where every membrane-spanning 
photosynthetic complex has an absolute requirement for iron cofactors, such as heme. To ensure 
fidelity of cofactor synthesis and limit potential oxidative stress caused by free heme, specialized 
biogenesis pathways exist. A few pathways involved in heme trafficking and insertion were 
previously described for cytochrome b- and c-type hemoproteins. However, the existence of a 
generalized heme chaperone that can interact with the labile heme pool in photosynthetic 
organisms to protect and deliver heme has yet to be identified. We used a phylogenomic based 
approach to identify a large protein family consisting of uncharacterized and putative heme-
binding proteins. Through this analysis we distinguished three distinct subfamilies of phototroph-
specific homologs that we hypothesize have evolved discrete functions: i) heme-biosynthesis 
regulators, ii) heme oxidases, and iii) heme chaperones.  
 
To test our computationally derived hypotheses, we purified protein homologs from green algae, 
cyanobacteria, and bioenergy feedstocks. We demonstrate that the algal and land plant proteins 
can bind and degrade heme in vitro, suggesting that these chloroplast-localized proteins represent 
a new family of plant heme oxidases. However, by combining in vitro and in vivo experiments in 
cyanobacteria, we hypothesize that the cyanobacteria-specific subfamily may function as either 
regulators or heme chaperones.  
 



Crystal structures of the cyanobacterial homolog in the presence of heme revealed unprecedented 
features. The protein forms a dimer where the heme is saddled by two zinc ions. By analogy with 
the protective axial histidine ligands found in a bacterial heme transporter, we propose that the 
zinc saddle protects heme from oxidation. By homology modelling, this structure is aiding in 
understanding the structure-function relationship of plant homologs where the heme binding 
residues are not conserved. In vivo, mutation of key amino acids results in a similar phenotype as 
for gene deletion (knock-out), which supports their essential role and the relevance of this structure 
in vivo. To decipher biological function, we identified a specific interaction of this heme-binding 
protein, dependent on these key residues, with a subunit of the succinate dehydrogenase. Together 
with detailed biochemical and genetic analysis, our results suggest that the heme-binding protein 
may regulate electron transport. The discovery of this family of novel heme oxidases and putative 
heme regulators or chaperones provides new key molecular and genomic insights into the 
evolution of heme regulation in photosynthetic organisms. 
 
This research was supported by the DOE Office of Science, Office of Biological and 
Environmental Research (BER) as part of the Quantitative Plant Science Initiative (QPSI) SFA. 
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Project Goals: To improve zinc-stress resilience of bioenergy crops, an understanding of how 
they have evolved to deal with deficient or excess metal bioavailability is needed to support 
gene selection, breeding and biosystem design strategies. The goal of this project is to 
perform structural and functional characterization of zinc uptake transporters to 
understand the zinc transport process across membranes. The gained knowledge will be used 
to develop strategies that will promote growth of bioenergy crops in acclimation to zinc 
availability.   

Abstract Text: Zinc is an essential micronutrient and supports all living organisms through 
regulating biological processes such as gene regulation, structure stability, enzymatic metabolism, 
immune response, cell division and cell growth. Deficiency of zinc is detrimental to crop yield and 
bioproduct quality. In US, about sixty percent of farmland is zinc deficient. To understand the 
physical basis of the zinc uptake process, we have determined a cryo-EM structure of a zinc uptake 
transporter at 3.1 Å resolution in an inward facing closed conformation. The transporter forms a 
homodimer, each containing nine transmembrane helices and three zinc ions. Two zinc ions are in 
the middle of the transporter and form a binuclear pore structure, and the third zinc is located at 
the transporter’s egress site facing cytoplasm. The egress site is covered up by a histidine-rich two-
stranded β-sheet which blocks the release of the zinc into cytosol. Two histidine residues on the β-
sheet interact to the egress-site zinc and regulate its release. Cell-based functional characterization 
of the wild-type protein and structure-inspired mutants provide further insights into the 
understanding of the zinc uptake process.  

 
Funding Statement:  
This research was supported by the DOE Office of Science, Office of Biological and 
Environmental Research (BER). 
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Project Goals: The Quantitative Plant Science Initiative (QPSI) is a capability that aims to bridge the 
knowledge gap between genes and their functions. A central aspect of our strategy is combining genome-
wide experimentation and comparative genomics with molecular-level experimentation. In this way, we 
leverage the scalability of ‘omics data and bioinformatic approaches to capture system-level information, 
while generating sequence-specific understanding of gene and protein function. By incorporating 
molecular-level experimentation in our workflow, we are addressing the question of how a protein functions 
and establishing mechanistic insight into how sequence variation impacts phenotype. This knowledge 
serves as a touchstone for accurate genome-based computational propagation across sequenced genomes 
and forms the foundation for robust predictive modeling of plant productivity in diverse environments. 
  
Abstract 
Iron (Fe) and zinc (Zn) are indispensable cofactors for critical aspects of plant growth including numerous 
metabolic pathways, post-translational modifications, cell-wall biosynthesis, and carbon/nitrogen 
assimilation. Regulation of function makes a significant contribution to the phenotypic variation observed 
among different plant species and genotypes. Identification of co-expressed gene modules can provide 
functional inferences for proteins contained within a defined module, while conserved function of a protein 
between two or more species can be supported by conserved regulation. We developed hydroponic growth 
chambers at Brookhaven National Laboratory for time course Fe and Zn deficiency and excess experiments 
using the Populus trichocarpa Nisqually-1 and Sorghum bicolor cv. BTx623 genotypes. In both species, 
we found root and leaf level accumulation of Fe or Zn reflected the excess or deficiency treatments 
compared with controls. We also used fluorometer and reflectance spectroscopy to estimate leaf responses 
to Fe or Zn deficiency and found chlorophyll, photosynthesis, and nitrogen estimates were significantly 
affected by Fe and Zn stress. Time-series analysis of transcriptional responses (using RNA-seq) induced by 
Fe and Zn stress allowed us to examine both short-term and long-term differential gene expression over a 
three-week period (7 time points). We are conducting co-expression analysis to characterize the temporal 
dynamics of gene regulatory networks (GRN’s) and we will quantify the extent to which the GRN’s are 
conserved between these two physiologically divergent bioenergy crop species. These large-scale 
transcriptome datasets will provide a valuable resource for functional genomics studies to identify the roles 
of proteins involved in resilience to marginal soils and increased biomass production.  
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Transcriptional regulatory mechanisms linking secondary cell wall biosynthesis and iron 
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Project Goals: The Quantitative Plant Science Initiative (QPSI) is a capability that aims to 
bridge the knowledge gap between genes and their functions. A central aspect of our strategy 
is combining genome-wide experimentation and comparative genomics with molecular-level 
experimentation. In this way, we leverage the scalability of ‘omics data and bioinformatic 
approaches to capture system-level information, while generating sequence-specific 
understanding of gene and protein function. By incorporating molecular-level 
experimentation in our workflow, we are addressing the question of how a protein functions 
and establishing mechanistic insight into how sequence variation impacts phenotype. This 
knowledge serves as a touchstone for accurate genome-based computational propagation 
across sequenced genomes and forms the foundation for robust predictive modeling of plant 
productivity in diverse environments. 

Populus is one of DOE’s “flagship” plants and is of special interest as a lignocellulosic biomass 
feedstock. In Populus, the major source of lignocellulosic biomass is secondary cell walls, which 
are mainly composed of cellulose, hemicellulose, and lignin. Iron (Fe) is an essential micronutrient 
indispensable for photosynthesis and plant growth. Plants have evolved homeostatic mechanisms 
in Fe uptake, transportation, utilization, and storage to maintain optimal Fe concentration for 
normal growth. The availability of some nutrients (e.g., nitrogen) has been found to impact plant 
secondary cell wall biosynthesis. However, the link between secondary cell wall biosynthesis and 
Fe bioavailability remains poorly studied. Using the hydroponic growth system in the greenhouse, 
we discovered that Fe deficiency reduces lignin and secondary cell wall biosynthesis in Populus 
stems. Consistently, our transcriptomic study unveiled significant Fe deficiency-induced gene 
expression changes of transcription factors and biosynthetic genes involved in secondary cell wall 
formation. BASIC HELIX-LOOP-HELIX (bHLH) transcription factors play key roles in 
activating Fe homeostatic mechanisms under Fe deficiency in Arabidopsis. By performing 
chromatin immunoprecipitation-seq (ChIP-seq) analysis in Populus protoplast transient expression 
system, we found that the Populus orthologs of bHLH038 and bHLH121 target master regulators 
and biosynthetic genes of secondary cell walls, as well as genes involved in Fe homeostasis. It’s 
interesting to observe that the two XYLEM NAC DOMAIN1 (XND1) orthologs in Populus are 
targets of bHLH038 and bHLH121. XND1 is a well-known transcription factor that negatively 
controls lignin and secondary cell wall biosynthesis. The two XND1 orthologs have one amino 
acid difference in the C-terminal protein-protein interaction domain and exhibited opposite 
expression patterns under Fe deficiency, suggesting potentially divergent functions. By screening 
their interacting proteins using the TurboID-based proximity labeling approach in Populus 



protoplast transient expression system, we demonstrated that the two XND1 orthologs have 
different protein-interacting preferences. Both secondary cell wall biosynthesis and Fe 
homeostasis are tightly controlled by transcriptional regulatory networks. Our results suggest that 
their regulatory networks have crosstalk to coordinate these two essential biological processes. 

This research was supported by the DOE Office of Science, Office of Biological and 
Environmental Research (BER) as part of the Quantitative Plant Science Initiative (QPSI) SFA. 
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Project Goals: Short statement of goals. (Limit to 1000 characters)
The Quantitative Plant Science Initiative (QPSI) is a capability that aims to bridge the
knowledge gap between genes and their functions. A central aspect of our strategy is
combining genome-wide experimentation and comparative genomics with molecular-level
experimentation. In this way, we leverage the scalability of ‘omics data and bioinformatic
approaches to capture system-level information, while generating sequence-specific
understanding of gene and protein function. By incorporating molecular-level
experimentation in our workflow, we are addressing the question of how a protein
functions and establishing mechanistic insight into how sequence variation impacts
phenotype. This knowledge serves as a touchstone for accurate genome-based
computational propagation across sequenced genomes and forms the foundation for robust
predictive modeling of plant productivity in diverse environments.

Transition metals occupy numerous and often essential positions within the biochemical
framework of plant metabolism. As protein cofactors, these elements have expanded the breadth
of protein-catalyzed reactions and enabled pivotal energy-intensive reactions. To use metal ions
as catalysts, the cell must balance a fundamental dichotomy: nutrient and toxin. Metal
homeostasis has evolved to tightly modulate the availability of metals within the cell, avoiding
cytotoxic interactions due to excess and protein inactivity due to deficiency. Even in the presence
of homeostasis processes, however, low bioavailability of these essential metal nutrients in soils
can negatively impact crop health and yield. While research has largely focused on how plants
assimilate metals, acclimation to metal-limited environments, such as marginal soils, requires a
suite of strategies that are not necessarily involved in metal transport. The identification of these
assimilation-independent mechanisms provides an opportunity to improve metal-use efficiency
and optimize feedstock yield in low nutrient soils without supplementing with expensive and
environmentally damaging fertilizers.

Zinc is a vital micronutrient for plants. It is a constituent of approximately 2400 Arabidopsis
proteins and an essential cofactor of enzymes and many regulatory proteins [1]. However, how
zinc-dependent proteins are loaded with zinc was previously unknown. By leveraging
phylogenomic and data-mining analyses combined with an inter-disciplinary experimental
approach, we have discovered a novel metal chaperone that delivers zinc to an essential
zinc-dependent enzyme during zinc deficiency. We provide evidence that this function is
universally conserved from fungi to plants. In plants, we propose that duplication has resulted in
analogous zinc-trafficking pathways in the cytosol and chloroplast. In Arabidopsis, there is one
zinc chaperone (ZNG1) in the cytoplasm, and two paralogous chaperones (GMC2A1 and
GMC2A2) localized to chloroplast. We have obtained and characterized corresponding mutants
for ZNG1, GMC2A1, GMC2A2, MAPs (the target zinc-dependent proteins) and made several



crosses among these mutants. Here we present preliminary data of the characterization of plant
ZNG1.Using Yeast two-hybrid (Y2H) and bimolecular fluorescence complementation (BiFc)
studies, we show that ZNG1 can interact with the cytosolic target, methionine aminopeptidase,
MAP1A, as we have found in yeast. Our hypothesis is that Plant ZNG1 is an activator of
cytosolic MAP1, and cytosolic MAP2 can function as a back-up enzyme when cytosolic MAP1
activity is compromised.
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1.  Clemens S, 2019. Zn-a versatile player in plant cell biology. In: Cell Biology of Metals and
Nutrients. Springer, Berlin, Heidelberg, pp.281-298.
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Project Goals: The main goal of the SyPro project is the development of transgenic trees 
with sustained photosynthetic activity and increased biomass production under the 
simultaneous occurrence of water deficit, increased soil salinity, and elevated temperatures. 
To achieve that, we intend to identify stress-responsive genes and proteins in specific cell 
types of poplar leaves and roots. 
 

Plant responses to abiotic stresses have been primarily studied at the whole plant and 
tissue levels1, subjected mainly to a single stress condition. However, these studies provide 
insufficient information about specific cellular regulations2 in response to multi-environmental 
stresses, a scenario that plants naturally cope with. Therefore, it is critical to identify the key 
stress-responsive regulators at cellular levels to better understand the molecular mechanisms of 
plant responses to individual and combined abiotic stresses. 

 
 In the SyPro project, clones of Populus tremula x alba (INRA 717 1-B4) were rooted for 

at least 25 days, grown in the greenhouse for 45 days, and the plant response(s) to individual 
stresses (salinity, heat, and water deficit) and a combination of two or three stresses were 
monitored. Leaf and root tissues were collected at different time points, fixed, and embedded for 
cell-type-specific omics analyses. We targeted distinct poplar cell types and tissues using cryo-
sectioning and laser-capture microdissection (LCM) techniques.  

 
Identifying stress-responsive regulatory proteins suffers from technical limitations 

associated with protein recovery from a low number of isolated cells and mass spectrometry 
sensitivity. In this work, we employed a novel microfluidic nanodroplet-based sample 
preparation (nanoPOTS)3, coupled with laser capture microdissection and ultrasensitive liquid 
chromatography-mass spectrometry for highly sensitive proteome profiling of a small number of 
plant cells in a cell-type-specific fashion. We first demonstrated the power of this technology for 
plant cell-type-specific proteomics by identifying unique poplar leaf- (palisades and vascular) 
and root- (cortex and vascular) specific proteins in plants grown under normal condition4. We 
then proceeded with the stress-treated samples, in which we examined poplar leaf cell types 
exposed to individual and combined water deficit, salinity, and heat stresses. Out of 6,172 
proteins significantly altered under single and triple stress conditions, 14.2% (palisade) and 
33.3% (vascular) of identified proteins were unique to leaf cell types, while 52.4% were 
abundant in both palisade and vascular cells. Moreover, our biological pathway enrichment 
analysis revealed triple stress-specific proteins (compared to single stresses) for each cell type. 

mailto:vimalkumar.balasubramanian@pnnl.gov


  

For example, we identified jasmonic acid biosynthesis and serotonin/melatonin biosynthesis as 
the most enriched pathways in palisade cells under triple stresses, while acetyl Co-A biosynthesis 
and chitin degradation pathways were the most active biological processes in leaf vascular cells. 

 
Moreover, a low-input RNA sequencing approach was employed to resolve the plant 

spatial complexity under the single and simultaneous occurrence of abiotic stresses. Focusing on 
leaf tissue exposed to individual heat and salinity and a combination of both stresses (salt+heat), 
56.3% (palisade) and 26.7% (vascular) of total differentially expressed genes (DEGs) (5899 
genes) were regulated in a cell type-specific manner, while 16.9% of total DEGs were active in 
both cell types. Our functional enrichment analysis identified three categories specifically 
associated with palisade cells under salt+heat treatment (compared to individual stresses), 
including photosynthesis, L-methionine, and L-glutamine biosynthesis, while the most enriched 
biological processes for vascular cells were polysaccharide, glycan, and amino acid metabolism. 

 
The integrative analysis of transcriptomic and proteomic data identified novel cell type-

specific stress-responsive regulators highly induced at both transcriptional and translational 
levels. However, we observed a transcript/protein discordance in specific pathways in both leaf 
palisade and vascular cell types under heat and triple stress conditions representing a critical 
layer of cell-type-specific regulatory processes at the post-transcriptional level.  
 

Overall, our findings effectively reveal the underlying molecular mechanisms regulating 
spatial plasticity under single and multiple stresses, allow future attempts in mapping molecular 
machinery to the cellular domain, and contribute to the design of poplar trees with enhanced 
tolerance to abiotic stress combination. 
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Project Goals: Sypro Poplar: Improving poplar biomass production under abiotic stress 

conditions: an integrated omics, bioinformatics, synthetic biology and genetic engineering 

approach. 

The project goal is to attain robust biomass of trees under abiotic environmental stress conditions 

via genetic engineering.  Abiotic stress-resistance genes, especially those for water deficit, salt, 

and temperature stress, should optimally be under inducible regulatory control.  We are 

designing, constructing, and testing stress-inducible synthetic plant promoters to drive resistance 

genes. Omics data are used to discover cis-regulatory DNA motifs used to construct synthetic 

promoters.  The synthetic promoters are then tested under appropriate stimuli in engineered 

plants to use toward the development of environmentally resilient poplar.  

 

Abstract text: Abiotic stress can cause significant damage to plants, which is crucial to 

avoid if production of bioenergy tree crops is to be sustainable. Promoter engineering 

has been proposed as a promising solution to overcome the challenges caused by 



various abiotic stressors: they can be useful to control the expression of stress resistance 

transgenes. Through previous studies, we synthesized 9 promoters (SD9-1, 9-2, 9-3, 13-

1, 18-1, 18-3, SS16-1, 16-2, and 16-3) from poplar transcriptome data using a de novo 

DNA-motif-detecting algorithm. Their stress inducibility was identified in water-deficit 

and salt treatment assays using poplar leaf mesophyll protoplast transformation and 

agroinfiltration of Nicotiana benthamiana leaves. In this study, these 9 synthetic 

promoters were stably transformed into Populus tremula  ´ Populus alba hybrid poplar, 

by which GFP inducibility was screened under osmotic stress conditions. Of 9 

transgenic poplar lines each harboring a different synthetic promoter, SD18-1, SD9-2, 

SD9-3, and SS16-1, there was significantly induced GFP expression in both salt and PEG 

treatments.   

Tissue-specific native and synthetic promoters were also designed from RNA-seq 

datasets from laser micro-dissected poplar leaf tissue after water-deficit or salt stress 

treatment. Three native promoters from water-deficit transcriptome data were 

separately fused with a GUS reporter gene and used to generate transgenic poplar. All 

three native promoters induced specific GUS expression in early developmental leaf 

stages of transgenic poplar. Specifically, the native promoter Potri.003G072800 was 

induced in leaf blades, but not in vascular tissue. Synthetic promoters were also 

designed for leaf-tissue-specific induction by constructing heptameric repeats of 10 

bases from conserved sequence of native promoters. Additionally, the tissue-specific 

inducibility of synthetic promoters fused with a GFP reporter was screened in leaf 

mesophyll protoplasts, and two GFP inducible synthetic promoters were identified for 

leaf tissue expression.   

The tested promoters will be utilized to develop stress-responsive and tissue-

specifically-controlled bioenergy tree crops in the future.  
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The frequency and intensity of environmental fluctuations play an important role in shaping 
microbial community composition, trait-distribution, and adaptive capacity. We hypothesize here 
that a communities’ climate history dictates it’s metabolic response to future perturbation under 
a changing climate. Such a response is significant as changes in microbial metabolism can, in 
turn, feedback onto metabolite exudation, the chemical structure of necromass, and the 
formation and stability of soil organic matter. Here we use laboratory and field experiments to 
examine the metabolic pathways invoked under osmotic and matric stress within semi-arid and 
tropical soils. For example, using non-destructive, synchrotron-based Fourier-transform infrared 
spectromicroscopy we profiled the stress response of phylogenetically similar bacteria isolated 
from soils with contrasting climate histories subjected to both matric and osmotic stress. We 
note a strong carbohydrate-based, metabolic response of tropical microbes that is entirely 
absent in semi-arid organisms. At the field scale, we use metagenomic sequencing and 
metabolite analysis to demonstrate how four different sites established across a 1 m 
precipitation gradient from the Caribbean coast to the interior of Panama respond to a 50 % 
reduction in throughfall. The precipitation gradient permits the development of distinct 
communities at each site that show clearly divergent response to imposed hydrological 
perturbation. Our contribution here will discuss how communities adapted to different 
precipitation regimes respond metabolically to drought conditions, and how these change 
feedback onto the structure and stability of soil organic matter.     
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Project Goals:  

The overall research objective is to develop an experimentally validated multi-paradigm multi-
scale modeling framework that will enable the most advanced and predictive metabolic modeling 
of diurnally grown photosynthetic organisms to date. The genome-scale metabolic model of C. 
zofingiensis will be embedded into an agent-based modeling framework to allow modeling of 
diurnal growth; the model will also be able to simulate intracellular fluxes, cell-to-cell interactions, 
cell-to-environment interactions, metabolite diffusion, and spatial distribution. This modeling 
approach will allow us to simulate metabolic shifts that occur due to diel cycles and generate 
rational engineering strategies to design production strains that are not impacted negatively by this 
natural phenomenon.  
 

Abstract Text:  

Economical algae production requires growth under outdoor light, but the diel nature of sunlight 
complicates modeling efforts. This poster documents a solution for that: a fully functional three-
dimensional agent-based model, capable of simulating algal growth under diurnal conditions. By 
rendering light rays on a sub-micron scale, this model captures the self-shading effects of cell 
density and culture depth. It also includes diffusion, gas transport, and the carbonate equilibrium, 
making it straightforward to see the impacts of increasing gas-phase carbon dioxide 
concentrations. The agents themselves use diurnal transcriptomic data to dynamically adjust their 
individual metabolic constraints, an approach which successfully predicts phenotype from 
genotype. A typical simulation involves thousands of individual agents, each of which tracks its 
own metabolism over the length of the simulation. The combination of these advances results in a 
model capable of simulating physically relevant culture densities of cells, embedded in a water 
column of physically relevant length and under economically relevant light regimes. 

One significant finding of this research is that commonly used culture densities are extremely 
effective at absorbing light over surprisingly short path lengths. Even under full sunlight, algal 
ponds need to strike a balance between culture density and functional volume; attempting to 
increase productivity of a given pond by making it deeper will only produce benefits at very low 
cell densities. Given that a deeper pond also requires more energy to aerate and mix, it is likely 
that very shallow ponds can produce algae more effectively. 

This phenomena occurs because of the self-shading aspect of photosynthetic growth. Because total 
light energy scales off area, any given frontal area has a maximum quantity of energy associated 
with it. The cells nearest the surface receive the largest share of the light, and the energetic 
availability decreases with depth, as the remaining light is progressively absorbed by cells further 
down. At a critical depth, the average cell will encounter only a small fraction of the original light 
– sufficient to keep itself alive, but not enough to grow larger. Increasing the depth below that 
point is therefore counter-productive; the cells occupying that additional volume don’t contribute 
any additional biomass growth to the culture, and indeed may actually decrease it. 



It is worth noting that this critical depth is a function of both algal density and total light. The more 
dense the culture is, the shallower the depth will be, as the increased quantity of cells will absorb 
more light. However, the stronger the light is, the deeper the critical depth will be; more energy 
will be available at every depth, even if the fractions of total energy remain the same. By rendering 
light rays and simulating their intersections with individual cells, this model is able to identify the 
energetic availability as a function of depth for any given culture density and light condition.  

Since it is built off a metabolic model, this simulation can also be used to model the impacts of all 
features normally associated with constraint based metabolic models, but on a physically relevant 
scale. For instance, it can project the total nutrient needs of an algal pond, by summing uptake 
amounts across all cells – or, it could be used to compare productivity differences between reactor 
configurations. Adjusting the simulation parameters allows for changes in density, depth, light 
amount, light composition, and genotype. Finally, the model is – if the data is available – species 
agnostic; any constraint based model of a similar algal species with the same set of species-specific 
data can be used. 
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Project Goals: The Vision of the RCSB PDB is to enable open access to the accumulating 
knowledge of 3D structure, function, and evolution of biological macromolecules, expanding the 
frontiers of fundamental biology, biomedicine, and biotechnology. 

Abstract  

Protein Data Bank (PDB) was established as the 1st open access digital data resource in biology 
and medicine in 1971. Today, the PDB is one of two global resources for experimental data central 
to biological science as a public good (the other key Primary Data Archive being the International 
Nucleotide Sequence Database Collaboration). PDB currently houses >185,000 atomic level 
biomolecular structures determined by macromolecule crystallography, NMR spectroscopy, and 
3D electron microscopy. It is managed by the Worldwide Protein Data Bank partnership (wwPDB; 
wwpdb.org) according to the FAIR principles (i.e., Findability, Accessibility, Interoperability, and 
Reusability). 

Through an internet information portal and downloadable data archive, researchers and educators 
can access 3D structure data for large biological molecules, such as proteins, DNA, and RNA. 
These are the molecules of life, found in all organisms on the planet. Knowing the 3D structure or 
shape of a biological macromolecule is essential for understanding the role the molecule plays in 
health and disease of humans, animals, and plants, food and energy production, and other topics 
of concern to global prosperity and sustainability.  

The RCSB PDB (rcsb.org) operates the US data center for the wwPDB, serves as Archive Keeper 
for the global PDB Core Archive, and makes PDB data available at no charge to all data consumers 
worldwide with no limitations on usage.  Studies of website usage, bibliometrics, and economics 
demonstrate the powerful impact of the PDB data on basic and applied research, clinical medicine, 
education, and the US economy.  

During calendar 2021, >1,320 million structure data files were downloaded from the RCSB PDB 
by Data Consumers working worldwide. During this same period, the RCSB PDB processed 
>5,680 new atomic level biomolecular structures plus experimental data and metadata coming into 
the archive from Data Depositors working in the Americas and Oceania. In addition, RCSB PDB 
served many millions RCSB.org users worldwide with PDB data integrated with >50 external data 



resources providing rich structural views of fundamental biology, biomedicine, and energy 
sciences, and supported >690,000 PDB101.rcsb.org educational website users around the globe.  

RCSB PDB provides a rich collection application programmable interfaces (APIs) that enable 
searching of and access to PDB archival data content. These APIs enable search by key citation, 
biological and structural features, and retrieval of individual PDB structure entries, reports, and 
chemical and molecular reference data.  Building on this functionality in 2022, RCSB PDB will 
deploy new API services that enable parallel delivery of both experimental structures and 
computed structure models (coming from AlphaFold2, RoseTTAFold, ModelArchive) fully 
integrated with sequence information and functional annotations spanning all features of the 
RCSB.org research focused web portal. Considerable emphasis will be placed on delivering 
computed structure models across entire proteomes of interest to the US Department of Energy. 
3D structure data (both experimental from the PDB and computed structure models from 
AlphaFold2, RoseTTAFold, ModelArchive) will also be made available for delivery through the 
KBase portal (KBase.us). 

Access to PDB data and services contribute to patent applications, drug discovery and 
development, publication of scientific studies, innovations that can lead to new product 
development and company formation, and STEM education. 
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Project Goals: This early career research project is dedicated to achieving transformative 
molecular-level insights into microbial lignocellulose deconstruction through the comprehensive 
and informative view of underlying biological pathways provided by the integration of 
spatiotemporal multi-omic measurements (i.e., proteomics, metabolomics, and lipidomics). A 
focus of this project is to uncover the mechanisms that drive cooperative fungal-bacterial 
interactions that result in the degradation of lignocellulosic plant material in the leafcutter ant 
fungal garden ecosystem. This approach will provide the knowledge needed for a predictive 
systems-level understanding of the fungal-bacterial metabolic and signaling interactions that 
occur during cellulose deconstruction in an efficient, natural ecosystem. 

 

Abstract Text: Predicting the impact of perturbation on microbial communities relies on a 
mechanistic understanding of how the community members interact with each other and with the 
environment. Biological samples, however, are often complex and heterogeneous; thus, it is 
challenging to detect the variation in community composition and activities across spatial and 
temporal space. Here, we used a naturally evolved leafcutter ant fungal garden consortium 
carrying out lignocellulose degradation [1] that was gradually infected by a pathogenic fungus, 
Escovopsis, as a dynamic system to study. Across the vertical gradient of infection, we applied 
multi-omics (metaproteomics, lipidomics, metabolomics) with an integration of microscale 
imaging to capture and map shifts in microbial community members and detected activities. 

We first curated a reference database from 50 million proteins of known members in the 
consortium, which were grouped into >24 million clusters based on sequence similarity, to 
annotate the high-resolution tandem mass spectrometry (MS) spectra with stringent matching 
criteria. These measurements leveraged a Thermo Fisher Orbitrap Eclipse Tribrid mass 
spectrometer equipped with a front-end High Field Asymmetric Waveform Ion Mobility 
Spectrometry (FAIMS) interface to enhance peptide selectivity and sensitivity. A total of 40,119 
clusters were detected in the metaproteome data, which unveiled a complex community with 
relatively high representations of fungal, bacterial, and plant proteins. This was followed by 
archaeal, and insect proteins. The fungal cultivar, Leucoagaricus, has naturally co-evolved with 
the garden consortium to play a dominant role in breaking down lignocellulose. As the 
pathogenic fungus, Escovopsis, proliferated, the normalized spectral counts of Leucoagaricus 
proteins decreased. Additionally, that of bacterial members were generally increased, suggesting 
an active community response and potential interkingdom interactions under the impact of fungal 
infection. Among the most dominant protein clusters, a cluster of Escovopsis-specific fatty acid 
synthase was detected and increased with the infection. A principal component analysis of the 



global lipidomic data further indicated that an Escovopsis infection could shape the lipid profile 
of the consortium. Across lipid subclasses, including phosphatic acids (PA), 
diacylglycerophosphocholines (PC), diacylglycerophosphoethanolamines (PE), and 
diacylglycerophosphoglycerol (PG), significant trends (adjusted p-value < 0.05) were observed 
due to infection based on individual fatty acid composition. Plant alpha-linolenic acid (18:3) 
containing lipids, which we previously found to be molecular indicators of lignocellulose 
degradation [1], were associated with healthy fungal garden consortium. Conversely, oleic acid 
(18:1) containing lipids (i.e., PA(18:1/18:1), PC(18:1/18:1), PE(18:1/18:1)) and bacterial odd-
chain fatty acid containing lipids (i.e., PC(19:1/19:1), PG(19:1/19:1)) increased with infection. 
Our metabolomic data captured the depletion of myo-inositol, an essential nutrient for fungi, in 
regions where Escovopsis was highly proliferative [2]. Phosphoric acid with antimicrobial 
activity against bacteria and fungi was one of the most abundant metabolites detected and 
gradually increased with the fungal infection. This indicated potential interactions among 
bacteria and healthy and pathogenic fungi. Leveraging our capabilities in microscale imaging 
and spatial multi-omics (metabolome and metaproteome), we delineated the spatial distribution 
of the community members and further mapped the detected activities to those that were co-
localized within micron-scale regions. 

These spatial temporal multi-omics measurements provided an integrated road map to efficiently 
harness microbiome data for a better understanding of microbial interactions and community 
response to a perturbation. In addition, it provided a predictive systems-level understanding of 
how symbiotic fungal-bacterial metabolic and signaling interactions enable the leafcutter ant 
fungal garden ecosystem to thrive and degrade lignocellulose in dynamic environments. 
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Project Goals: The goal of this bioimaging project is to develop new technologies to image changes 
in chemistry occurring in the rhizosphere in living biosystems. A major hurdle in existing 
bioimaging technologies is the lack of broad chemical coverage and specificity in enormously 
complex chemical environments like the rhizosphere. To tackle this challenge, we developed a non-
destructive liquid extraction-based mass spectrometric method that enables in situ measure of 
exogeneous chemical components in a rhizosphere-on-a-chip habitat populated with a Populus 
cutting. We demonstrate empirical measure of the distribution and heterogeneity of several amino 
acids along the whole of the Populus root structure within this environment.  

 

The rhizosphere is an incredibly complex environment, containing thousands of unique exogenous 
chemical species oriented in a complex spatial network. Such compounds are known to affect plant-
microbe organization, interactions and, ultimately, growth and survivability. Due to its importance, the 
role of exogenous compounds in the rhizosphere is under much investigation, specifically the relation 
between plant physiology and the spatiotemporal distribution of molecular components. However, 
measure of the spatial distribution of exogenous compounds in the rhizosphere is challenging given the 
complex and dynamic nature of the environment. Compounds include, among others, organic acids, 
polysaccharides, proteins, and amino acids (AAs) which can exhibit a variety of roles in the rhizosphere 
including acting as a nutrient source for microbial colonization or a deterrent against pathogenic species. 
The exudation of AAs is one of the biggest components of plant carbon loss, which when released into 
carbon-deficient soil can lead to significantly enhanced hot-spots of microbial growth. Therefore, 
methods capable of directly measuring exudates, including AAs, are necessitated to understand 
rhizospheric phenomena. 

Direct measurement of AA distribution within the rhizosphere is challenging due to the complex and 
dynamic nature of the environment and the limited accessibility of the rhizosphere for analysis. Nearly 
every AA can be found within the rhizosphere in a complex chemical cocktail of salts, proteins, and other 
compounds which present difficulties for chemical differentiation though existing imaging modalities. In 
addition, most biological pathways are spatiotemporally regulated, which suggests the distribution of 
exudates and AAs will vary in space and time. However, even for abundant molecules, like AAs, little is 
known of how they are spatially distributed along plant roots, how their distribution changes over time 
and how their distribution affects microbial composition and, ultimately, plant health. 

Here we show the application of liquid microjuction-surface sampling probe mass spectrometry (LMJ-
SSP-MS) for the direct measure of AA distribution within a rhizosphere-on-a-chip habitat populated with 
a Populus trichocarpa cutting. Uniquely, this newly developed imaging technology enables mass 
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spectrometric imaging of over a dozen AAs across the root structure in situ, without destructively 
impacting Populus root growth and development. Our data shows the spatial relationship of AA relative 
to root structure and finds that AAs exhibit significant heterogenous spatial and compositional structure 
across the root system. Additionally, differences in AA composition across the root imply heterogenous 
release of AAs based on their identity, whether by direct exudation or other processes (e.g., cell lysis and 
sloughing). 

 

Oak Ridge National Laboratory is managed by UT-Battelle, LLC for the U.S. Department of Energy 
under contract no. DE-AC05-00OR22725. This project was sponsored by the U.S. Department of Energy, 
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Project Goals: The goals of this project is to elucidate fundamental principles of species 
interactions using hybrid machine learning/simulation models of fungal-bacterial interactions 
and dynamics. These hybrid data-analytic/simulation models are being used to carry out virtual 
experiments and develop fundamental understanding of the interactions between fungi and 
bacteria, specifically the mycorrhizal fungus Laccaria bicolor and the helper bacteria closely 
related to Pseudomonas fluorescens. At the same time, we carry out experiments aimed at 
developing and testing quantitative assays to measure the same interactions, and whose data will 
inform the our view of biology. We are:  
• Evaluating the impacts of (1) thiamine and phenazines and (2) trehalose, produced 

respectively by P. fluorescens and L. bicolor on the metabolisms of each other. Metabolic 
exchange is an emerging theme in bacterial-fungal and bacterial-bacterial interactions.  

• Characterizing L. bicolor -stimulated chemotaxis of pseudomonas by coupling trehalose 
signaling and metabolism to chemotaxis of pseudomonads.  

• Experimentally investigating (1) pseudomonas chemotaxis in response to L. bicolor produced 
metabolites, and growth of L. bicolor in response to metabolites secreted by pseudomonads.  

Abstract: The exchange of metabolites between microbes is an emergent property that evolves 
because the exchanged metabolites allow for increased growth of both species by reducing the 
thermodynamic cost of growth. Instead of each species producing every metabolite needed, 
metabolite exchange allows each microbe to specialize and efficiently produce a metabolite, such 
as trehalose, in exchange for one that it cannot produce as cheaply, such as thiamine. In economics 
this is known as Ricardo's principle of comparative advantage [1].  In order to evaluate the benefits 
of such microbial trade, physics-based models are needed that are capable of modeling the 
thermodynamic costs and benefits. The long-term goal is to understand fundamental principles of 
fungal-bacterial interactions through physics-based models of metabolism, protein expression and 
gene expression and to couple these models to the mycelial growth and bacterial chemotaxis.  
The parameters for the ordinary differential equations (ODEs) needed to model the dynamics of 
metabolism are obtained by exploiting the natural selection principle that organisms that have the 
highest entropy production rates as a group will outcompete species with lower entropy 
production rates. Because we are using detailed models, entropy production includes growth, 
maintenance and catabolism. Another way of stating the entropy production principle is that the 
organisms that grow the fastest and most efficient will out compete others with slower and less 
efficient metabolisms. This perspective of metabolism subsumes many ecological concepts such 
as the red queen hypothesis and the black queen hypothesis. The maximum entropy production 
principle has a form that can be explicitly derived at the scale of metabolism. 
Our Laccaria bicolor metabolic model currently includes all reactions of central metabolism, 
synthesis of all 20 proteogenic amino-acids, synthesis of cofactors, synthesis of ATP, GTP, UTP, 
CTP and TTP and all deoxy-nucleic acid forms, synthesis of generic proteins, synthesis of fatty 
acids, sterols, synthesis of generic DNA and RNA strands and growth on minimal media of 



glucose, ammonia, sulfate, and phosphate. Regulation of the metabolic activity is carried out by a 
method that combines reinforcement learning of control with statistical thermodynamics and 
metabolic control analysis, a branch of control theory [2].  
A picture is emerging of natural oscillations within metabolism that are related to the cell cycle 
and circadian rhythms. In this picture, the NADPH/NADP ratio oscillates between high and low 
values, driving alternately DNA and fatty acid synthesis (high NADPH/NADP) and protein and 
RNA synthesis (low NADPH/NADP). Throughout the cycle, cell wall material is constantly 
produced, leading to an ever growing mycelium.  
Concurrently, we are developing structural models of the 
fungal mycelial growth. The mycelial models (right) take in 
glucose (top right), convert the glucose to cell wall 
precursors which are actively transported through the 
fungal hyphae (middle right), and produce chemo-
attractants which are exported and diffuse away in the 
external environment (bottom right). The internal 
metabolism of each hyphal segment currently uses a system 
of coupled Michealis-Menten systems along with equations 
for diffusive and active transport across hyphal septa. In the 
coming year, we expect to replace the Michaelis-Menten 
models with full metabolic models discussed above, 
allowing us to study the details of the thermodynamic 
benefits of metabolic exchanges with soil bacteria.  

Also concurrently, we are 
developing models of 
chemotactic Pseudomonas 
species  that interact with the 
fungal mycelia described 
above (left). The bacteria 
consist of subcellular element 
models to describe the 
structure. The bacteria run, 

flick and then reverse directions in order to navigate toward 
nutrition sources.  The frequency of reversing the direction 
of motion is controlled by an internal clock. The bacteria 
have difficulty moving in solid media such as agar (or 
dehydrated soil) but the water excreted by the fungi due to 
metabolic activity provides a highway for the bacteria.  
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Project Goals: The vast taxonomic diversity and the complexity of interactions within the soil 
microbiome present many challenges. Many of the interactions between soil-dwelling bacteria 
and fungi are not yet well-understood, and a more comprehensive understanding of these 
relationships and their response to environmental pressures would lead to substantial agricultural, 
environmental, and energy-focused advancements. These potential developments align with the 
foci of the DOE, and would influence multiple scientific disciplines. The aim of this Science 
Focus Area (SFA) is to better understand the diverse and abundant interactions within the soil 
rhizosphere, specifically between fungi and bacteria, and decipher the mechanisms behind their 
communication. 

Abstract Text: Bacteria and fungi are dominant microorganisms in soil and terrestrial systems 
and are responsible for an array of ecological functions. Recent research by our group 
demonstrated that interactions between bacteria and fungi are more widespread and diverse than 
previously anticipated1. Bacterial associations with fungi are largely discovered through 
sequencing-based approaches, either amplification of 16S sequences directly from fungal isolates 
or the capture of bacterial sequences during sequencing of fungal genomes. Currently, there exist 
no standardized bioinformatic pipelines or tools to identify or classify potential BFI from diverse 
fungal sequencing datasets. In this presentation we will outline our efforts to develop a 
bioinformatic pipeline to detect and analyze potential bacterial associations from genomic and 
transcriptomic fungal sequencing datasets. Additionally, we will describe our efforts to expand 
the capability of this pipeline to identify other organisms and components which comprise the 
microbiomes of fungal isolates, such as viruses, archaea and even other fungi. After taxonomic 
classification, binned sequences will also undergo assembly and annotation through sub-
pipelines that are optimized for each individual kingdom. The outputs of this pipeline include 
concise summarizies of the diversity of potential associations detected in the datasets, relevant 
statistics and metrics of detection and access to all sequences assembled or annotated during the 
pipeline. While this pipeline can be used to examine data from a single or small number of 
fungal sequencing projects, we have utilized it to screen all publicly available fungal genomic 
and transcriptomic datasets available through the NCBI SRA database. This resulted in 
optimization of the pipeline to allow for examination of large datasets in a reasonable time and 
manner. Furthermore, we have also developed the first comprehensive database of previously 
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described or observed BFI, which will be integrated with the pipeline to allow users to compare 
their results to previous knowledge and allow for the curated addition of newly discovered 
associations. Both the pipeline and database were designed in a manner that allows for smooth 
integration to platforms frequently used for microbial and microbiome research such as KBase 
and the NMDC. We believe this pipeline will provide a valuable resource not only for 
researchers in the BFI field, but for the larger fields of microbiology and microbial ecology 
through the provided means to assess potential impacts of microbial interactions in future or 
previously obtained datasets. 
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Project Goals 

Biological networks in soils are important ecosystem drivers, however little is known about how 
taxonomic diversity and the complexity of interactions influences biogeochemical processes. 
Among the two dominant soil-welling microorganisms, bacteria and fungi, their interactions with 
abiotic and biotic environmental factors remain poorly understood. Increasing our knowledge of 
these interactions and their responses to environmental pressures would provide substantial 
advancements in agricultural, environmental, and sustainable energy alternatives, which are in 
alignment with several DOE priorities. The overarching goal of this SFA program is to improve 
our understanding of bacterial-fungal interactions (BFI) in soil rhizospheres and their roles in 
carbon cycling and plant productivity. 

Abstract 

Optimizing plant health and resiliency to natural and anthropogenically induced stress plays a 
critical role in our ability to meet the growing needs for food and sustainable energy alternatives. 
Plants benefit from interactions with root-associated microorganisms, such as increased pathogen 
resistance, nutrient acquisition, resilience to abiotic stressors, as well as improved plant growth 
yields. Root-associated microbiomes have garnered increased attention as a tool to optimize 
plant health, however characterization and quantification of these microbial populations and the 
molecular mechanisms associated with plant health remain underexplored. This work aims to 
further develop blue grama as a model plant and understand the BFI that contribute to its heat 
and drought tolerance. Towards this goal, a model microbial consortia representative of the core
bacteria and fungi associated with blue grama roots is being developed. Additionally, this work 
demonstrates the feasibility of utilizing blue grama in EcoFABs; a step forward in furthering 
blue grama as a model for studying bacterial-fungal-plant interactions.

This work was supported by the U.S. Department of Energy, Office of Science, 
Biological and Environmental Research Division, under award number LANLF59T 
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Project Goals: The goal of this SFA is to obtain mechanistic insights into Bacterial-Fungal 
Interactions to inform predictive models of their function in soil and their responses to 
environmental perturbations, such as changing climate and agricultural practices. 
 
Abstract Text: The fungal genus Morchella is an iconic fungal group with great ecological 
and economic importance. Because of their widespread consumption, they represent some of 
the most emblematic fungal groups known to humankind. In this study the bacterial 
communities associated with different types of tissues (fruiting bodies, mycelium, and 
sclerotia) in a diverse collection of morels (including wild individuals) were investigated. The 
fungi collected included representatives of the black and yellow morel clades. Regardless of 
the species investigated, Pseudomonas spp. were detected as the most prevalent associate 
bacterium in mycelium and sclerotia. Together with Ralstonia spp. (mycelium and sclerotia) 
and Methylobacterium spp. (sclerotia), they represented the core associated bacterial 
community. In contrast, a highly diverse bacterial community was found associated with 
fruiting bodies, with representatives of Pedobacter spp., Deviosa spp. and Bradyrhizobium 
spp. constituting the core bacterial community. Multiple strains from Pseudomonas spp. were 
isolated from mycelia during the cultivation process. Confrontation assays with Morchella 
spp. for these Pseudomonas spp. resulted in multiple types of positive or negative 
interactions. The sequencing of the genomes of these Pseudomonas spp. allowed the 
identification of gene clusters relevant to promote positive interactions with morels, including 
secretion systems and toxin-antitoxin systems. This study offers the first in-vivo evidence 
linking observations from soils and confrontation studies suggesting the relevance of 
Pseudomonas spp. on the physiology and development of morels. 
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Project Goals: The goal of this SFA is to obtain mechanistic insights into Bacterial-Fungal 
Interactions to inform predictive models of their function in soil and their responses to 
environmental perturbations, such as changing climate and agricultural practices.  
 
Abstract Text: Diverse members of the early-diverging Mucoromycota including arbuscular 
mycorrhizal fungi and soil fungi in the Mortierellaceae are capable of harboring both Gram-
positive Mollicutes-related endobacteria (MRE) and Gram-negative Burkholderia related 
endobacteria (BRE). Previous work has shown that MRE are dependent on their fungal host and 
their genomes are thought to be severely reduced in size. Given this, it has been hypothesized 
that MRE bacterial endosymbionts were acquired early, prior to the diversification of 
Mucoromycota. Alternatively, these myco-symbionts could have been acquired after the 
divergence of these lineages and spread horizontally between lineages. To address these 
hypotheses, we obtained four complete MRE genomes from two genera in the Mortierellaceae: 
Linnemannia (LMRE) and Benniella (BMRE). The size of these genomes ranged from 326 to 
615 Kbp and includes the smallest known complete bacterial genomes of myco-symbionts. 
Comparative analyses of these genomes revealed unique content and organization with respect to 
each MRE lineage and provides insight as to how bacterial genomes may adapt to a particular 
fungal host. Homology based comparisons of predicted proteins revealed differences in genome 
reduction as a result of the endosymbiosis. Additionally, MRE protein lengths were significantly 
shorter on average compared to closely related Mycoplasma and Sprioplasma relatives. 
Multigene phylogenetic analysis also indicated that the MRE genomes within Benniella were 
more closely related to MRE from Glomeromycotina compared to MRE in more closely related 
Linnemannia. These results indicate that Linnemannia and Benniella isolates may have acquired 
their MRE after divergence from a common ancestor. The outcomes of this work expand upon 
foundational knowledge of the evolutionary impacts of bacterial-fungal interactions, towards the 
goal of continued investigations of evolution and impacts of these interactions on host and 
endosymbiont. 
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Project Goals: In support of the Department of Energy’s mission towards energy security 
and reducing foreign energy dependence, the objective of this Science Focus Area (SFA) is 
to harness the soil microbiome as a means to achieve ecosystem steering and increase 
productivity in biofuel crop production. This SFA will focus on acquiring mechanistic 
insights into bacterial-fungal interactions in response to environmental perturbations to 
better understand soil dynamics. The challenge will be approached along a concerted effort 
across length scales from bioinformatics and metagenomic sequencing, to cell-cell 
interactions and molecular level validations. The insights acquired from these studies will 
inform predictive models that will work towards managing environmental conditions of soil 
to impact plant productivity especially for marginal land use.  
 
The complexity of interactions occurring between the diverse taxa found within the soil 
microbiome makes elucidating fundamental mechanisms for soil functioning a daunting task. 
Genomic, metagenomic, and metatranscriptomic sequencing efforts of soil microbes have 
provided a foundation for identifying key elements to focus experimental efforts and resolve 
complex mechanisms. Interkingdom interactions such as those shared between bacteria and fungi 
are especially interesting as these relationships are being understood to be quite cosmopolitan in 
nature. Ensemble multi-omic and other investigative tools are being explored to dissect these 
interactions to provide a holistic view of soil microbe behavior. However, there is a strong 
spatiotemporal contribution that dictates the influence of these behaviors. Here we are 
investigating the relationships of bacteria and fungi using advanced fluorescence microscopy 
techniques on cell-to-cell length scales to understand the heterogeneity of molecular responses 
between microbes that are separated spatially in soil microbiomes. Appreciating the spatial 
variation of molecular activity among soil microbes and even within single organisms, will provide 
better contexts to the distribution and diversity found soil environments.  
 
This work was supported by the U.S. Department of Energy, Office of Science, Biological and 
Environmental Research Division, under award number LANLF59T and in part the Center of 
Integrated Nanotechnologies, a DOE Office of Science user facility. 
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The goal of this project is to understand the complex metabolic interactions between
bacterial and fungal partners in mixed culture environments that mimic natural soil
microbiomes. Our team is developing a metabolomics pipeline and methods to identify
metabolite targets to understand these interactions. These tools are currently being applied
to compare the metabolism of multiple different co-culture pairs and identify the impact of
growing conditions on their interactions using both targeted and untargeted GC-MS,
LC-MS, and NMR methods.

We aim to solve two significant problems using our metabolomics pipeline. First, our
pipeline analyzes metabolites detected using GC-MS and LC-MS to produce high-quality
tentative compound identifications. Second, our pipeline helps to generate biological
interpretations from the compounds we tentatively identify. Our custom metabolomics data
processing software performs relative quantification on these compounds and links the
identification output to external databases like KEGG for further analysis. The software
highlights conserved metabolites by cross-referencing potential targets against related KEGG
metabolomes. This approach streamlines the data analysis workflow by prioritizing biologically
relevant identifications and annotating the possible functions of these metabolites in relevant
organisms, thus allowing us to visualize trends in pathway activation. By developing new
software tools and experimental pipelines, we expect to better understand the microbial
metabolic processes in fungal:bacterial co-cultures.

We also aim to identify specific metabolite targets of interest found in co-cultures. One
such target is a red pigment produced by certain fungi in our culture collection when grown in
co-culture with other fungi, thereby inhibiting their growth. Based on the gene clusters present,
we hypothesized that the red pigment was bikaverin. We were able to purify the pigment and
analyze its structure with NMR spectroscopy, which confirmed the identity of the pigment as
bikaverin. We found that bikaverin is only produced in specific co-cultures, leading us to
hypothesize that bikaverin could be produced as a defense mechanism to inhibit the growth of
competing fungi.
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Project Goals: A better understanding of plant genomes and metabolism is necessary to 
discover valuable plant-based compounds, design abiotic and biotic stress-tolerant crops, 
and improve plant productivity. The difficulties in metabolite identification and associated 
gene discovery limit the progress to achieve these goals. We developed an approach to 
address these challenges by integrating the Pathway of Origin Determination in Untargeted 
Metabolomics (PODIUM) and metabolic genome-wide association studies (mGWAS). The 
combination of these tools provides origin information for metabolites and identifies 
metabolite-gene associations. In this project, metabolites generated from amino acids and 
the genes required for their synthesis or regulation will be identified in Arabidopsis and 
sorghum.  

Tryptophan is a precursor for valuable compounds that play critical roles in plant growth and 
defense. Melatonin, a tryptophan-derived compound, is best known for its association with sleep-
wake cycle control in mammals. In plants, melatonin has physiological effects on plant growth, 
photosynthesis, and responses to biotic and abiotic stressors. The biosynthetic route from 
tryptophan to melatonin in plants remains unclear. Arabidopsis produces other tryptophan-
derived defense compounds to deal with herbivore attacks or pathogens, such as indole 
glucosinolates (IGs), camalexin, and indole-3-carboxylic acid (ICA). The biosynthesis of these 
compounds is relatively well characterized, but its regulation remains to be fully elucidated. 
Given the critical functions of these tryptophan-derived metabolites, we explored their 
biosynthesis and regulation by applying the PODIUM/mGWAS strategy on mutants disrupted in 
tryptophan metabolism. Differentially accumulated metabolite features (DAFs) generated from 
tryptophan were identified that may be intermediates in melatonin biosynthesis. By aligning 
tryptophan-derived DAFs with our mGWAS data, novel indole glucosinolate-gene associations 
were identified. 
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We are establishing a computational workflow for the phenotypic analysis, design, 
and engineering of genomically recoded organisms. This workflow connects genome 
sequences to cellular phenotypes with improved nucleotide resolution by relying on a set of 
identified genome design rules. For this purpose, we have developed deep learning models 
connecting sequence-to-function of genetic features; extended genome-scale models of 
metabolism, expression, and regulation that predict cellular fitness from genome sequences; 
and methods for the analysis of recoding mutations. 

Genomically recoded organisms are tightly biocontained and biosolated (e.g., virus 
resistant) and allow the efficient incorporation of multiple non-standard amino acids, making them 
attractive platform technologies for biotechnological, industrial, and biomedical applications1–4. In 
the process of recoding, we substitute a set of selected codons by synonymous ones throughout the 
entire genome2,5. Although protein sequences are maintained, we and others have observed 
considerable fitness reductions upon recoding2,3,6,7. To design viable genomically recoded 
organisms, we need computational methods that can connect genome sequences to cellular 
phenotypes with enhanced resolution than available methods.  

Here, we present a workflow for the rational analysis, design, and engineering of 
genomically recoded organisms. First, we have developed deep learning models connecting 
sequence-to-function of genetic features that are mechanistically intractable.  Second, we have 
constructed extended genome-scale models for the integrative analysis of metabolism, expression, 
and regulation. These models can predict cellular fitness from recoded genome sequences and can 
integrate large and disparate omics data sets. Finally, we have defined optimization-based methods 
for the computational analysis of recoding mutations. With this workflow, we can predict at a 
systems-level the combinatorial effect of recoding mutations on fitness, and we identify sets of 
mutational bottlenecks constraining growth. 

We are applying this workflow to identify fitness-decreasing mutations in a 57-codon 
Escherichia coli genome6. In parallel, the models developed together with newly obtained RNA-
seq data for strains containing segments of a 57-codon Escherichia coli genome are helping 
characterize the metabolic function arising from synthetic genome segments.  

http://arep.med.harvard.edu/


In the future, this workflow will serve to design genomically recoded organisms with 
minimal growth reduction and will provide a better understanding of genotype-to-phenotype 
relationships at a cellular level. 
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Project Goals: Conditionally fluorescent, or fluorogenic amino acids (FgAAs), can 
dramatically increase their fluorescence when ‘trapped’ within macromolecules, for 
example at the antigen-antibody binding interface. Eventually, we intend to leverage this 
sensing ability to establish a machine-learning guided and fluorescent in situ sequencing-
powered evolution pipeline towards de novo discovery of new binders that will also 
function immediately as instant biosensors. Toward this goal we begin exploring the 
molecular rules by which FgAAs can transform protein binders into instant sensors for 
their targets. We expect these optical biosensors to have immediately useful applications in 
basic biology research in synergy with the Aim 5 in our renewal grant. 

Modification of existing protein binders with fluorogenic probes can effectively transform the 
binder into an optical biosensor for its target, generating an easily detectable fluorescence change 
upon target binding. Variety of robust technologies can quickly evolve new and specific protein 
binders against virtually any target. However, the transformation of protein binders into 
fluorogenic sensors has been slow and generally limited to small signal changes. This is likely 
because current approaches rely on low-throughput screens that are not compatible with many 
probes, which greatly constrains the space. Such approaches are also not compatible with 
employment of a molecular evolution pipeline because the protein binder sequence cannot easily 
be fine-tuned once the fluorogenic residue matures, i.e., after the probe conjugation. 

Here we present a two-stage biosensor engineering platform. The first, ‘transformation’, stage 
relies on the modular, and simple derivatization of protein binders with many new classes of 
fluorogenic probes. This also enables cost-effective and scalable (>25 mg from 1 L E. coli 
culture) biosensor manufacturing. The multiplexed exploration of hundreds of optimal probe, 
linker, and position combinations in parallel streamlines biosensor discovery to ~3 weeks from 
conception. We demonstrate the generalizable applicability of the platform via construction of 
multiple biosensors to distinct proof-of-principle antigens with ratiometric, nearly instant 
readouts. The second, ‘evolution’, stage relies on a new, highly efficient tRNA charging 
chemistry which enables streamlined engineering of the biosensor toward further optimization of 
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residues around the mature fluorogenic residue via compensatory mutations. Together, this 
platform will allow rapid conversion and fine-tuning of a wealth of available protein binders into 
optical biosensors that can serve as valuable tools for basic research. 
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Project Goals:  Functionally mature tRNAs across all domains of life have a conserved 
terminal 3’-CCA trinucleotide in their acceptor arm. In-vitro, it has been shown that tRNAs 
with modified 3’-acceptor termini can engage in orthogonal interactions with the ribosome 
paving the way for two orthogonal genetic codes to operate in parallel. To lay the foundations 
of an orthogonal genetic code in-vivo, we have developed a tRNA-seq approach to profile 
tRNA 3’-termini and quantitatively determine amino-acylation levels in E.coli strains with 
engineered tRNA processing pathways. Additionally, we are developing assays using a T-box 
riboswitch-based sensor that can report on the amino-acylation levels of target tRNAs. 
 
The 3’-CCA terminus of the tRNA engages in highly-conserved interactions with components of 
the translational machinery (Ribosome, EF-Tu and amino-acyl tRNA synthetases) and with the 3’-
end processing and repair machineries (RnaseT, CCA-adding enzyme, RNAse BN, PNPase) [1].  
As the 3’-CCA tRNA is a privileged scaffold, mutations in the 3’-CCA region tend to be the subject 
of surveillance and repair by E.coli tRNA processing pathways. Motivated by an in-vitro 
demonstration that ribosomes which carry compensatory mutations in their peptidyl-transferase 
centre (PTC) interact with variant 3’-tRNA acceptor arms, we are installing an orthogonal genetic 
code in-vivo [2] [3]. 
 
We have developed a tRNA sequencing approach that enables us to quantitatively assess 3’-tRNA 
end processing in genetically engineered E.coli strains. This led us to identify E.coli genotypes 
that obviate 3’-tRNA surveillance and repair. Additionally, we utilized the oxidative potential of 
sodium periodate to quantify the amino-acylation levels of tRNAs with variant 3’-acceptor ends. 
This method relies on selectively oxidizing 2’-3’ cis diols of an uncharged tRNA, whereas the 3’ 
end of charged tRNA remains protected from oxidation. We systematically tested various 
promoters, ribozyme designs and tRNA mini-helix designs to express multiple tRNAs with 
precisely processed 5’ and 3’-termini in-vivo. 
 
To further aid our efforts in incorporating 3’-tRNAs with variant acceptor arms into an orthogonal 
genetic code, we are harnessing a family of riboswitches called the T-box riboswitches[4]. T-box 
riboswitches are natural RNA sequences found in numerous prokaryotes that control the 
transcription or translation of downstream genes and have evolved to report on the aminoacylation 
state of tRNAs. Most importantly, the defining feature of T-box riboswitches is that they directly 
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base pair to the anticodon and 3’-acceptor end of tRNA, thus sensing the charged state of the 3’- 
tRNA acceptor end. 
 
Together with the deep-sequencing and an engineered riboswitch based approach, we are 
operationalizing a fully orthogonal genetic code in E.coli. 
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Project Goals: We are finalizing the construction of a fully recoded 3.97 Mb Escherichia 
coli genome that relies on the use of only 57 codons. For this aim, the genome was 
previously computationally designed, synthesized, and assembled into 87 segments. In the 
final steps of genome construction, we combine and optimize these segments in vivo to 
assemble the fully recoded, viable genome.  
 

We present the construction of a fully recoded, 57-codon Escherichia coli genome, in 
which seven codons are replaced with synonymous alternatives in all protein-coding genes. For 
this aim, the entirely synthetic recoded genome was assembled as 87 50-kb episomal segments, 
individually tested for functionality, and then integrated into the genome. Developing a 
specialized integration system and optimizing our workflow enhanced integration efficiency to 
100% and resulted in an order of magnitude increase in construction speed. We are now 
combining recoded clusters with a novel technology that builds on our latest developments in 
recombineering and CRISPR-associated nucleases1,2. 

In parallel with genome construction, we developed novel experimental methods to 
identify fitness-decreasing changes and troubleshoot these cases. Leveraging massively parallel 
genome editing and accelerated laboratory evolution3 allowed us to correct partially recoded 
strains’ fitness within days.  

As we approach the final assembly of a virus-resistant E. coli genome, we also implement 
dependency on non-standard amino acids and encoding modules for stringent biocontainment 
and enhanced virus resistance. 

In sum, our work will soon I.) demonstrate the first 57-codon organism, II.) 
establish a tightly biocontained and virus-resistant chassis for new-to-nature protein 
production, and III.) open a new avenue for the bottom-up synthesis and refactoring of 
microbial genomes, both computationally and experimentally. 
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Project Goals: Expand recombineering techniques into model cyanobacteria, and explore 
recoding and pooled screening using these techniques. Explore new photosynthetic 
microbial systems and work to characterize new genetic tools.  

Tremendous genetic variation both exists in nature and is designed by genome refactoring 
and recoding efforts, but our ability to create and characterize genetic variants in vivo remains far 
more limited in scale. Facile genetic editing along with pooled screening approaches enable 
characterization of millions of genetic loci1, but have yet to be applied more broadly outside of 
our best-characterized prokaryotic hosts. One focus of our efforts to deploy these tools more 
broadly are photosynthetic microbes, which serve both as capable models for understanding 
photosynthesis, and as a photosynthetic bioenergy chassis. 

To explore recombineering approaches in photosynthetic organisms, we are focusing on 
UTEX2973 as a fast-growing and well-characterized host organism2. By searching both curated 
protein databases and metagenome datasets, we are able to locate phage recombination systems 
(similar to the canonical lambda-RED used in E. coli) within phage predicted to infect 
cyanobacteria, overcoming the host-range limitations of these systems3-5. We are testing these 
recombination systems in UTEX2973 to improve the efficacy of genome engineering and enable 
ssDNA recombineering approaches in cyanobacteria for the first time. 

In tandem, we were inspired by other work isolating novel, fast-growing cyanobacterial 
models6-8 to prospect for new photosynthetic microbes growing quickly in lab conditions. We 
have isolated several such new organisms and are further characterizing their genomes and 
phenotypes. This work can synergize with more detailed exploration of existing isolates, and to 
this end we are working with the Pakrasi and Wangikar labs to identify elements of interest in 
fast-growing cyanobacterial isolates, including novel retrons and episomes. 

This work aims to pave the way for pooled screening in phototrophs, recoding efforts in 
phototrophs, and to inform future efforts to bring recombineering techniques into new 
prokaryotic hosts. 
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Project Goals: This project aims to investigate the role of microbial dissimilatory phosphite 
oxidation (DPO) in the global phosphorus and carbon biogeochemical cycles. We are examining 
the prevalence of DPO and phosphite (HPO32–) in a broad range of geochemical environments, 
and to examine fundamental physiological and biochemical aspects of DPO. To achieve this goal 
we test three specific hypotheses: 

1. DPO is an environmentally prevalent metabolism that co-occurs with global 
phosphite reserves. 

2. DPO metabolism is universally conferred by the conserved ptx-ptd operon. 
3. DPO is universally associated with CO2 fixation 

 

Phosphite is the most energetically favorable chemotrophic electron donor known, with a 
half-cell redox potential (Eo′) of −650 mV for the PO43−/PO33− couple. Dissimilatory phosphite 
oxidizing microorganisms (DPOM) can harness the free energy from phosphite oxidation for 
cellular growth and concomitantly use that energy to fix CO2. At the time of this work, the 
prevalence of this unique metabolism remained largely uncharacterized since its discovery in 
2000, as only two DPOM species had been identified in three discrete locations. A false notion 
of rarity consequently limited our understanding of the diversity, environmental distribution, and 
biogeochemical impact of DPOM. However, phosphite has been detected in several 
environments at concentrations that suggest a contemporary P redox cycle that might sustain a 
greater diversity of DPOM than is currently recognized. 

To survey the prevalence and diversity of DPOM, selective enrichments were inoculated 
with wastewater sludge from six different wastewater facilities around the San Francisco Bay 
area. Ion chromatography was used to monitor metabolic activity and identify active DPO 
enrichments, and metagenomic sequencing of active enrichments allowed for the identification 
of 21 DPOM. These DPOMs span six classes of bacteria, including the Negativicutes, 
Desulfotomaculia, Synergistia, Syntrophia, Desulfobacteria, and Desulfomonilia_A. 
Evolutionary analyses of all binned DPOM genomes suggest that modern DPOM are relics of an 
ancient ancestor whose capacity to perform DPO originated ~3.2 Gya.  We compared the DPO 



marker genes from these enriched genomes with over 17,000 publicly available metagenomes 
and found that DPO metabolism exists globally in diverse anoxic environments, including 
wastewaters, sediments, and subsurface aquifers. We subsequently tested for this metagenomic 
diversity in an expanded sampling regime that included the Sacramento River, San Francisco 
Delta watershed, San Francisco Bay, and coastal Pacific Ocean. We found that DPO activity was 
stimulated in 30% of environmental samples and that the 16S rRNA gene taxonomy mirrored the 
diversity that was identified in the original wastewater metagenomes. Relatives of 
Phosphitivorax anaerolimi Phox-21 dominated most sampled environments, but we hypothesize 
that divergent environmental conditions are likely to select for phylogenetically diverse DPOM.  

We performed metabolic analyses of metagenome-assembled genomes and found that most 
DPOM are specialists that use phosphite as their sole electron donor and CO2 as their preferred 
electron acceptor. This metabolic niche would poise DPOM to be primary producers while 
providing nutritional phosphate to their local microbial community, signifying that DPO can 
sustain geographically isolated microbial communities using exclusively phosphite and CO2 to 
generate energy and fixed carbon. However, we find that this pivotal role may be mutually 
dependent on the activity of the local microbial community, as physiological data suggests that 
DPOM require symbiotic nutrient exchange to support growth.  We explore the potential microbial 
interactions that could support DPOM activity and find that DPOM enrichments generate diverse 
corrinoids. One of those corrinoids is novel, and its characterization may lead to crucial insights 
about DPO activity. 
Funding Statement: This research was supported by the DOE Office of Science, Office of 
Biological and Environmental Research (BER), grant no. DE‐SC0020156 
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Authors: Margot Bezrutczyk1, Danielle Goudeau1, Rex Malmstrom1, Benjamin Cole1* 

Institutions: 1DOE-Joint Genome Institute, Lawrence Berkeley National Laboratory, Berkeley, 
CA 

Project Goals: This Early Career Research Project aims to build comprehensive single-cell 
resources for bioenergy grasses, characterizing sorghum, switchgrass, and Brachypodium cell 
types at unprecedented scale and resolution. These resources will be used to investigate cell type-
specific environmental stress responses under agriculturally relevant conditions. In addition, we 
aim to understand how microorganism influence these responses. These efforts will ultimately 
lead to enhanced understanding of the multifaceted ways that plants react to changing conditions.  

Abstract Text: Biomass from plants is an important resource that enhances energy 
independence and promotes good environmental stewardship. Poor growing conditions (such as 
drought or low soil nutrient composition) hinders optimal performance of these bioenergy crops. 
Therefore, the development of new strategies to improve plant biomass production will require a 
better understanding of how plants respond to (and cope with) stress imposed by the 
environment. Plant responses to drought are complex and involve the coordinated action of many 
different types of cells with specialized functions (cell types). For example, cells that compose 
stomata (pores in the leaf that open and close to exchange carbon dioxide and oxygen, potentially 
leading to water loss) will respond very differently to drought than cells of the plant vasculature. 

This project aims to use cutting-edge single-cell characterization technologies to measure how 
individual cells and cell types respond to drought and nutrient limitation in two prominent 
bioenergy crops, sorghum and switchgrass. This will require the construction of large curated 
datasets detailing the regulation of genes in hundreds of thousands of individual plant cells. In 
addition, we will quantify how genes are turned on or off under drought and nutrient stress when 
grown under conditions very similar to those in agricultural plots using sophisticated plant 
growth chambers. Lastly, the we will investigate the impact of beneficial microorganisms in the 
soil to plant growth under stress. The results of this project will significantly advance our 
foundational knowledge of how plants coordinate responses to environmental stress, and will 
ultimately enable us to target genes in specific cell types for crop improvement. Here, we will 
present our experimental design, expected outcomes, and preliminary data from our single-cell 
atlas construction efforts. 

Funding Statement: The work conducted by the U.S. Department of Energy Joint Genome 
Institute, a DOE Office of Science User Facility, is supported under Contract No. DE-AC02-
05CH11231. This program is supported by the U. S. Department of Energy, Office of Science, 
through the Genomic Science Program, Office of Biological and Environmental Research, under 
FWP ERKP123. 
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Project Goals: The overarching goal of this project is to develop sustainable, multipurpose 
bioeconomies whereby globally important feedstocks can be produced while simultaneously 
maximizing soil health and mitigating adverse impacts of climatic change. In this project, I will 
leverage the unique ability of Populus sp. to associate with both ecto- and arbuscular mycorrhizal 
fungi to examine how variation in these associations alters plant productivity, abiotic stress 
response, and belowground soil carbon cycling.  

Abstract text: Within the myriad of possible plant–microbe interactions occurring belowground, 
plant–mycorrhizal associations are widespread with the two most common mycorrhizal types 
being ectomycorrhizae (ECM) and arbuscular mycorrhizae (AM). Belowground plant interactions 
with these fungi have been shown to increase water uptake and nutrient acquisition and alter soil 
carbon storage. It is unclear how these two dominant mycorrhizal fungal types differ in their 
abilities to offer benefits to the plant and change belowground carbon and nutrient cycling. Most 
plants associate with one type of mycorrhizal fungi, and individual plant species are less likely to 
associate with both AM and ECM fungal species. Contrary to this, Populus sp. uniquely associate 
with AM and ECM simultaneously in natural settings, thus providing an ideal experimental system 
in which I will examine how mycorrhizal fungal types confer benefits to their host. Using high-
throughput plant phenotyping, neutron imaging, greenhouse and field experiments I will first 
characterize how variation in Populus – mycorrhizal associations alter the plant response to 
drought, which I will then use to inform plant–mycorrhizal interaction manipulation experiments 
to ultimately influence plant productivity, increase plant drought tolerance, and enhance soil 
health. 

Funding statement: Oak Ridge National Laboratory is managed by UT-Battelle, LLC for the 
U.S. Department of Energy under contract no. DE-AC05-00OR45678. This research is supported 
by the U.S. Department of Energy Office of Science, through the Office of Biological and 
Environmental Research (BER) Early Career Research Program. Preliminary data was collected 
through the BioEnergy Science Center and Center for Bioenergy Innovation, Bioenergy 
Research Centers funded by BER. 
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Abstract Text: 
 
Sugarcane aphid [Melanaphis sacchari (Zehntner)] is a destructive pest of sorghum [Sorghum 

bicolor (L.) Moench] worldwide. Since 2013, sugarcane aphids (SCA) began to infect grain 

sorghum in south Texas, spread across North America and has become a significant pest in all 

sorghum growing areas of the continent. The economic impact on the sorghum industry have led 

to multiple research efforts directed at identifying different resistance sources and the most 

adequate strategy to control the pest. Today, a limited number of resistance sources have been 

identified in sorghum germplasm adapted to temperate regions. In this study, a recombinant 

inbred line (RILs) population derived from crossing the sugarcane aphid (SCA) resistant line 

SC112-14 with the susceptible line PI609251 were evaluated for their SCA resistance response 

in Georgia during two consecutive years. The resistance response was determined based on the 

aphid population size (APS) and plant damage (APD). Each RIL plot was rated twice each year 

before flowering, approximately two weeks apart, to generate two APS (APS_1 and APS_2) and 

APD (APD_1 and APD_2) scores. Segregation for SCA resistance was observed for the first 

APS and both APD scores, and the broad-sense heritability estimate ranged from 0.71 to 0.76, 

respectively. A genome scan using a high-density linkage map of 3,838 SNPs detected an 81 kb 

genomic region in chromosome 6 with 2.5 cM of length (Figure 1). This locus explained 50 - 

55% of the phenotypic variation and includes seven genes including two (Sobic06G.015200 and 

Sobic06G.015250) that have protein kinase and leucine rich repeats domains, both features are 

common among R-genes. Comparative mapping analysis found that the resistance source in 

SC112-14 is new and is located 8 and 10 cM downstream of the Henong 16 (RMES-1) and 

Tx2783 resistance loci, respectively (Figure 2). Previous studies found that the SC112-14 

anthracnose resistance response was controlled by a locus in chromosome 5, therefore, this line 

is becoming an important germplasm that can be immediately used in breeding programs for the 

development of new sorghum hybrids and varieties with resistant to anthracnose and sugarcane 

aphid.  

 



Figure 1. Genome scan for sugarcane aphid (SCA) resistance response in recombinant inbred 
lines derived from the cross of SC112-14 and PI609251 evaluated in Tifton, Georgia, U.S. in 
2018 and 2019. Inclusive composite interval mapping (ICIM) using the logarithm value of the 
first SCA population size and two scores of plant damage. The first and second score were taken 
two weeks apart.  

 
 

Figure 2 Genomic regions associated with the sugarcane aphid (SCA) resistance response in 
sorghum line SC112-14. Candidate genes and genomic regions associated with the SCA 
resistance response observed in sorghum line Henong 16 (RMES-1; Wang et al. 2013), 407B 
(Zhang et al. 2020) and Tx2783 (Wang et al. 2021) are delimited within the associated region.  
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Project Goals: The development of renewable biofuels is a key mission of the DOE 
Genomic Science program. Lignocellulosic biomass has the potential to be an abundant, 
renewable source material for production of biofuels and other bioproducts. The use of 
organic solvents to optimize biomass pretreatment has shown considerable promise, but 
their disruption of microbial membranes is key to toxic effects limiting fermentation titers. 
The Oak Ridge National Laboratory (ORNL) Scientific Focus Area (SFA) Biofuels 
Program utilizes multi-length scale imaging with neutron scattering complemented by high 
performance computer simulations, NMR, biochemistry and targeted deuteration to 
provide fundamental knowledge about the molecular forces that drive solvent disruption of 
the critical assemblies of that comprise plant cell walls and microbial biomembranes. 

Amphiphilic co-solvents have a significant impact on the structure, organization, and physical 
properties of lipid bilayers. The cell membrane is defined by its transverse structure, an 
approximately five nanometer thick selectively semi-permeable lipid membrane; but it is so 
much more. Compositionally complex, dynamic, and organized in both the transverse and lateral 
dimensions, understanding the cell membrane structure – and the role that structure plays in 
cellular function, communication, and environmental sensing is an active scientific effort. 
Describing the mutual impact of partitioning and induced structure changes is therefore a crucial 
consideration in bioenergy research for microbial solvent tolerance in the production of biofuels 
and other fermentation products where molecules such as ethanol, butanol, or acetic acid might 
be generated by fermenting microbes; or when residual solvents such tetrahydrofuran (THF) are 
present from cellulose extraction procedures. Small angle neutron scattering (SANS) is a key 
method for studying lipid and polymer bilayer structures, with many models for extracting 
bilayer structure (thickness, area per lipid, etc.) from scattering data in use. However, the 
molecular details of co-solvent partitioning are conflated with induced changes to bilayer 
structure, making interpretation and modeling of the scattering curves a challenge. To address 
this issue, we present a model of bilayer structure which includes a two-term partition constant 
accounting for the localization of the co-solvent within the bilayer. We validate this model using 

https://cmb.ornl.gov/dynamic-visualization-of-lignocellulose/


a series of SANS measurements of 
lipid vesicles in the presence of the co-
solvent THF, showing several 
strategies of how to deploy the two-
parameter partition coefficient model 
to describe scattering data and extract 
both structure and partitioning 
information from the data. The 
associated code will be publicly 
deposited pending publication. 
Molecular dynamics (MD) simulations 
are used to both evaluate underlying 
assumptions of the new data fitting 
model and illustrate its complementary 
approach to the data fitting procedure 
for our model membrane standard 
(phosphatidylcholine lipids) and a lipid 
mixture mimicking the B. subtilis cell membrane extract. We subsequently demonstrate the use 
of MD derived estimates of solvent partitioning to refine our SANS modeling. The new 
structure/partitioning model has been applied to solvent partitioning in the cell membrane of 
Bacillus subtilis. An updated and improved method of isotopic labelling has been developed. 
Previously, we have devised a novel isotopic labelling approach to enable direct in vivo 
structural study of the cell membrane of the gram-positive organism, B. subtilis, using neutron 
scattering. This was accomplished through a genetic inhibition of fatty acid degradation (yusL) 
and a chemical inhibition of fatty acid biosynthesis through cerulenin. Here, we improve upon 
the previous system by introducing a dCas9/sgRNA-fabF complex that blocks transcription of 
the essential fabF gene when under xylose induction. This leads to greater sensitivity to 
cerulenin and more robust cell growth when supplementary fatty acids are introduced. A subtle 
change in fatty acid uptake is noted which manifests as an increase in the membrane thickness 
determined via neutron scattering. This enables improved investigations of cellular uptake and 
utilization of fatty acids, cell membrane structure and organization as a phenotypic response to 
metabolic and environmental changes. SANS observations of live cells and lipid extracts in the 
presence of co-solvents reveal bilayer thinning and estimates of partitioning of the co-solvent. 
These are currently being analysed using the new model. Initial analysis of complementary MD 
simulations compares favorably to both structure (thinning) and solvent partitioning from SANS. 

Funding Statement:  
This research is supported by the U. S. Department of Energy, Office of Science, through the 
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Figure 1. The two-parameter partition constant model presented for the case of 
a lipid bilayer (DMPC) in water with THF as a co-solvent. The bilayer structure is 
approximated as a three-slab model: the hydrophobic core containing a portion 
of the lipid and co-solvent – central symmetric outer layers containing a portion 
of the lipid, water, and co-solvent – and the bulk solvent containing water and 
co-solvent. Given a knowledge of the bilayer chemistry, atomic scattering length 
and molecular volumes, these relationships can define the partitioning of the co-
solvent and bilayer structure using the area per lipid (𝐴𝑃𝐿), number of water 
molecules per lipid headgroup (𝑁𝑤 ), the partition constant (𝐾𝑝) and the co-
solvent localization constant (𝑃𝑠). 
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Project Goals: The development of renewable biofuels is a key mission of the DOE 
Genomic Science program. Lignocellulosic biomass has the potential to be an abundant, 
renewable source material for production of biofuels and other bioproducts. The use of 
organic solvents to optimize biomass pretreatment has shown considerable promise, but 
their disruption of microbial membranes is key to toxic effects limiting fermentation titers. 
The Oak Ridge National Laboratory (ORNL) Scientific Focus Area (SFA) Biofuels 
Program utilizes multi-length scale imaging with neutron scattering complemented by high 
performance computer simulations, NMR, biochemistry and targeted deuteration to 
provide fundamental knowledge about the molecular forces that drive solvent disruption of 
the critical assemblies of biomolecules that comprise plant cell walls and microbial 
biomembranes. 

Plant cell wall structure of biomass is an intricate design of several carbohydrate polymers encased in the 
hydrophobic lignin polymer to protect against degradation. Production of second-generation bioethanol 
from lignocellulosic biomass requires thermochemical pretreatment to open this complex plant cell wall 
structure and consequently improve enzyme access. However, the recalcitrant nature of lignin negatively 
affects efficient enzymatic access. Several different thermochemical pretreatments have been extensively 
developed and employed, but the exact nature of plant cell wall recalcitrance and the most efficient and 
economical approach to alter plant cell wall structure via pretreatment remains elusive. To understand the 
role of noncellulosic switchgrass polymers on the overall efficiency of pretreatment, the structural 
evolution of the noncellulosic polymers of the plant cell wall was investigated during dilute acid 
pretreatment (DAP) by employing in-situ small-angle neutron scattering (in-situ SANS). In this study, we 
observed real-time structural changes not possible to observe by any other technique. To deconvolute the 
structural evolution of lignin and hemicellulose polymers during DAP, native switchgrass (NATV), and 
isolated holocellulose (HOLO) and cellulose (CELL) fractions from NATV were studied. Our results 
show that aggregate particles first appear around 80 °C for NATV and HOLO samples. Due to the low 
temperature and pretreatment severity condition, these particles are likely derived from hemicellulose. 
The formations of much larger aggregate particles, only observed in the NATV sample, were attributed to 
lignin. For the HOLO sample, as the temperature and pretreatment severity condition increased, 
hemicellulose-derived aggregate particle sizes increased, suggesting this process was the nucleation and 
early stage formation of pseudolignin particles. Consistent with our interpretation of structural evolutions 
in NATV and HOLO samples, no formation of aggregate particles was observed in CELL samples for the 

https://cmb.ornl.gov/dynamic-visualization-of-lignocellulose/


entire duration of the pretreatment. These results suggest that not only lignin but also hemicellulose can 
form aggregate particles within plant cell walls during pretreatment. 
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Project Goals: The development of renewable biofuels is a key mission of the DOE 
Genomic Science program. Lignocellulosic biomass has the potential to be an abundant, 
renewable source material for production of biofuels and other bioproducts. The use of 
organic solvents to optimize biomass pretreatment has shown considerable promise, but 
their disruption of microbial membranes is key to toxic effects limiting fermentation titers. 
The Oak Ridge National Laboratory (ORNL) Scientific Focus Area (SFA) Biofuels 
Program utilizes multi-length scale imaging with neutron scattering complemented by high 
performance computer simulations, NMR, biochemistry and targeted deuteration to 
provide fundamental knowledge about the molecular forces that drive solvent disruption of 
the critical assemblies of biomolecules that comprise plant cell walls and microbial 
biomembranes. 

Organic solvent is widely acknowledged as a major determinant of product titer limitations of 
fermentations due to its disruption and induced destabilization of microbial cellular membranes. 
Amphiphilic solvents disrupt the molecular packing and organization of lipid membranes, 
causing fluidity alteration and reducing structural integrity. In this study, solid state nuclear 
magnetic resonance (NMR) was employed to investigate the effects of organic solvents on phase 
and dynamics of lipid membranes. Model lipid 1-palmitoyl-2-oleoylglycerophosphoglycerol 
(POPG) was used to prepare a multilamellar lipid vesicle (MLV) and two organic solvents, i.e., 
n-butanol and tetrahydrofuran (THF), were used. High resolution  solid state 1H, 31P and 13C 
NMR experiments with various pulse sequences including cross-polarization (CP), direct-
polarization (DP), and insensitive nuclei enhancement by polarization transfer (INEPT) under 
magic-angle spinning (MAS) were used to investigate the phase behavior of membrane in the 
presence of solvents. The interaction of POPG with the solvent molecules was examined by 
using two-dimensional nuclear Overhauser effect spectroscopy (NOESY) spectra. The static 
solid state 31P NMR spectra showed that the phospholipids had a combination of phases with 
powder distribution and isotropic peaks. The lipid membrane was also observed to adapt to 
various orientations depending on the solvents. For example, butanol addition caused the lipid 
molecules to orient both parallel and perpendicular to the magnetic field, while the presence of 
THF changed the orientation of the lipid molecules to be primarily perpendicular to the magnetic 
field. In this work, we are extending the use of Solid state NMR to provide fundamental insights 
on solvent-membrane interaction and dynamics and phase behavior of membranes. 
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Project Goals: The development of renewable biofuels is a key mission of the DOE 
Genomic Science program. Lignocellulosic biomass has the potential to be an abundant, 
renewable source material for production of biofuels and other bioproducts. The use of 
organic solvents to optimize biomass pretreatment has shown considerable promise, but 
their disruption of microbial membranes is key to toxic effects limiting fermentation titers. 
The Oak Ridge National Laboratory (ORNL) Scientific Focus Area (SFA) Biofuels 
Program utilizes multi-length scale imaging with neutron scattering complemented by high 
performance computer simulations, NMR, biochemistry and targeted deuteration to 
provide fundamental knowledge about the molecular forces that drive solvent disruption of 
the critical assemblies of biomolecules that comprise plant cell walls and microbial 
biomembranes. 

To satisfy sustainability criteria for the biorefinery, the “closed-loop” biorefinery process using 
biomass-derived solvents has been proposed as a new concept for the realization of profitable 
liquid fuels and bioproducts produced from lignocellulosic biomass. A cellulose derived green 
solvent, Cyrene, has shown high potential in poplar biomass pretreatment. However, due to its 
high dynamic viscosity, at high concentrations Cyrene could cause negative effects on the sugar 
release of the pretreated biomass as well as driving up the operational cost of the lignin recovery. 
Using a combination of molecular simulations and experimental optimization, we examined 
impact of Cyrene concentration on lignin release. Simulations of lignin pretreated in neat Cyrene, 
80:20 Cyrene:water, and 70:30 ethanol:water mixtures indicate that while lignin aggregate 
disruption does occur under all Cyrene containing conditions, in a manner similar to traditional 
organosolv (ethanol-water) pretreatments, long relaxation times associated with Cyrene 
reorganization substantially slows this release process compared to ethanol-water controls. 
Additionally, simulations do indicate that the addition of water does decrease these reorganization 
times. Subsequently, experimental studies of Cyrene pretreatment with three different Cyrene 
concentration were performed on switchgrass in dilute acidic aqueous under mild conditions. 
Results indicated that loss of pretreatment efficacy caused by low Cyrene concentration could be 
compensated by prolonged pretreatment time and high catalyst dosage. The switchgrass lignin 
extracted by Cyrene pretreatment possessed high preservation of −O−4 ether inter-unit linkage, 
which could provide versatility in the integration of downstream lignin valorization into the 
modern biorefinery industries. 
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Project Goals: We are developing tools for the DOE Systems Biology Knowledgebase (KBase) 
to give users a principled way to weight multiple sources of functional annotation against each 
other, enable better metabolic modeling of hard-to-annotate organisms and pathways, allow 
analysis of uncertainty in the resulting models network structure or behavior, and provide an 
infrastructure on which to build more sophisticated machine learning techniques in KBase. 

Abstract Text:  

Our µBiospheres SFA investigates metabolic interactions in bioenergy-relevant microbial 
communities. A critical part of this research is development of genome-scale models of 
metabolism, which requires well-annotated genomes. We have found that combining annotations 
from multiple sources results in a more complete metabolic network reconstruction, greatly 
reducing the effort required to curate quality metabolic models (1). In a previous round of plus-
up funding from DOE, we implemented a set of KBase Apps that allow users to upload 
metabolic annotations from multiple functional annotation tools, compare and merge these 
annotations, and to use them for model building and gapfilling to achieve significantly improved 
metabolic models. These Apps have proven to be very useful and are currently in daily use in our 
own SFA and several other research groups using KBase. 

However, it is quite common for functional annotation tools to disagree on the function that 
should be assigned to certain genes, and this uncertainty can have significant consequences on 
the resulting metabolic networks and the behavior they predict for the organism. We are 
developing a set of KBase apps – and the underlying infrastructure to enable them – to allow the 
user to take advantage of these multiple inputs and explore the uncertainty and incompleteness of 
the functional annotations in their organism of interest in a probabilistic modeling framework. 
We will provide Apps to import annotation probabilities where available, implement Bayesian 
methods for merging annotation probabilities, generate an ensemble of models by sampling from 
the underlying probability distribution, sample alternative gapfilling solutions using the Medusa 
COBRApy package by Medlock and Papin (2), and then analyze the results of ensemble 
modeling. This ensemble approach will allow us to leverage all the existing KBase tools for 
importing and merging metabolic annotations, metabolic modeling, and gapfilling. 



This work will provide our SFA and other KBase users a principled way to weight annotation 
sources against each other, enable better metabolic modeling of hard-to-annotate organisms and 
pathways, allow analysis of uncertainty in the resulting models network structure or behavior, 
and provide an infrastructure on which to build more sophisticated machine learning techniques 
in KBase. 

These Apps will be broadly applicable to a wide range of users interested in model building 
using multiple annotation sources in KBase, as well as groups working on modeling challenging 
organisms and pathways, and those who would like to have access to state-of-the-art ensemble 
modeling tools. 
 

 

Proposed workflow diagram, starting from imported annotation probabilities or probability estimates generated by our Merge app. 
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Project Goals:  

Objective 1: Discover how extremophytes and stress sensitive species differ in the cell-type 
functions of roots and those triggered downstream of ABA. 
Objective 2: Define how changes in the wiring of gene regulatory networks produce innovations 
in transcriptional regulation in extremophytes and how bioenergy crops have diverged. 
Objective 3: Establish a data driven, predictive framework for accelerating functional testing of 
stress resilience genes using Arabidopsis and Camelina as a chassis for engineering. 

Abstract Text:  

 Wild relatives of crops, especially “extremophytes” naturally adapted to harsh 
environments, harbor traits that may have been lost during crop domestication, as well as novel 
innovations that enabled survival and growth under stresses. Two extremophyte oil crop-
relatives, Schrenkiella parvula and Eutrema salsugineum in Brassicaceae, offer models to define 
gene functions contributing to physiological mechanisms that enable survival and growth under 
salt stresses and sub-optimal nutrient conditions. We used a comparative analysis of stress-
responsive transcriptomes, ionomes, metabolomes, and the gene regulatory networks (GRN) 
between the extremophyte models and their stress-sensitive relatives, including Arabidopsis 
thaliana, to identify innovations in stress response strategies and genetic variations behind them.  

 We found that, while achieving the similar level of salt tolerance, S. parvula and E. 
salsugineum take distinct strategies 1.  While S. parvula allows tissue Na+ accumulation similar 
to A. thaliana upon salt stresses, E. salsugineum appeared to limit the net Na+ entry. Still, both 
extremophytes maintained ion nutrient levels including K+, which A. thaliana failed to do so.  
Both extremophytes accumulate metabolites that can serve as osmo-protectants and antioxidants 
in response to salt treatment by following different trajectories. E. salsugineum metabolome 
showed stress readiness and pre-adaptation, coupled with its overall basal-level growth rates 
compared to both A. thaliana and S. parvula. On the other hand, S. parvula metabolome was 
characterized with rapid response to salt treatment, dynamically moving from pre-stress state 
more similar to that of A. thaliana to a state converging to that of E. salsugineum upon salt 
treatment.  Transcriptomic responses in S. parvula supported the observed growth uninterrupted 
by salt treatment 2, seemingly governed by genes associated with auxin and ABA pathways. 
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 To elucidate the innovations in stress-associated gene function in extremophyte lineages, 
we compared the GRNs responsive to the stress hormone ABA between the two extremophytes 
and two stress-sensitive relatives, A. thaliana and Sisymbrium irio 3. S. parvula, mirroring its 
uniquely low disturbance of primary growth in the presence of salt 1, 2, showed an enhanced root 
growth upon ABA treatment, in contrast to the inhibition of growth in the other three species. 
We characterized the genomic landscape of transcription factor (TF)-binding for a key stress-
response TF family, ABA-RESPONSIVE ELEMENT BINDING FACTORS (AREB/ABF), by 
performing DNA Affinity Purification followed by sequencing (DAP-Seq) for all ABF orthologs 
in the four target species, as well as comparative RNA-seq analyses of ABA-responses in both 
root and shoot tissues. By performing Phylogenetically informed Profiling (PiP) and comparative 
GRN analysis, we found prevalent modifications in both transcriptome ABA responses as well as 
the AREB/ABF-binding landscapes in the S. parvula lineage. For example, expression of 
orthologs related to translation machinery showed strong attenuation as an early response to 
ABA in roots, but this response was strikingly absent in S. parvula.  While the core ABA 
signaling GRN was relatively conserved, GRNs associated with the growth hormone auxin were 
highly divergent especially between S. parvula and the other species through gain-and-loss of 
AREB/ABF-binding. We identified TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 
1 (TAA1) as a key candidate whose ortholog in S. parvula showed a modification in ABA-
responsive GRN, which may be at least partially responsible for the distinct growth response to 
ABA treatment.  We are currently expanding the comparative analyses to ten Brassicaceae 
species including the oil crop Camelina sativa, and developing pipelines that enable GRN 
comparisons across multiple species with polyploidy and lineage(s)-specific gene duplications.  
Our study will provide both genetic resources and strategies for developing more stress-resilient 
oil crops, as well as identify gene functions that cannot be explored in stress-sensitive model 
plants.     
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Project Goals:  
Objective 1: Discover how extremophytes and stress sensitive species differ in the cell-type functions of 
roots and those triggered downstream of ABA. (Following abstract is focused on this objective) 
Objective 2: Define how changes in the wiring of gene regulatory networks produce innovations in 
transcriptional regulation in extremophytes and how bioenergy crops have diverged. 
Objective 3: Establish a data driven, predictive framework for accelerating functional testing of stress 
resilience genes using Arabidopsis and Camelina as a chassis for engineering. 
 
Abstract:  
Environmental stress tolerance is a complex trait that involves spatio-temporal regulation of large gene 
networks. Our current understanding of how plants regulate gene expression to achieve stress tolerance is 
largely limited to model plants and crops that are highly sensitive to environmental stresses. Wild plants 
adapted to harsh environments developed as extremophyte models offer a unique molecular genetic 
resource to investigate how millions of years of natural selection has resulted in innovative ways of 
achieving stress resilient growth. With ongoing environmental challenges to biofuel focused agriculture 
often compounded by climate change, new designs of smart crops are critically needed. Improved insight 
into genetic mechanisms regulating stress responsive gene networks for multiple abiotic stresses is needed 
as input for such smart crop designs to optimize balance between plant growth and stress survival. The 
core abiotic stress responsive networks operating at the cell-type level have been determined for 
Arabidopsis thaliana [1, 2]. However, these networks are limited in explaining how stress tolerance limits 
can be expanded to levels we observe in stress-adapted plants in the wild. Therefore, in our current 
research, we have used a comparative platform to explore and deduce flexible gene regulatory networks 
that respond to abiotic stresses across closely related Brassicaceae genomes that includes both 
extremophytes and their closely related stress-sensitive species [3, 4].  
 
We have selected the extremophyte models, Eutrema salsugineum and Schrenkiella parvula compared to 
the stress-sensitive models, Arabidopsis thaliana and Sisymbrium irio to study single cell transcript 
profiles of root tissues in response to ABA and salt treatments. We have generated scRNAseq datasets for 
~15,000 cells per condition from each species. Individual cells were assigned to ten defined root cell 
types separated into clusters based on their similarity to reference transcriptome profiles, presence of cell-
type marker genes, and their alignment with published root scRNAseq profiles. Differential expression 
profiles within the same cell type across the species at control conditions allowed us to identify cell type 
specific basal expression level differences between extremophytes and their stress-sensitive models, 
undetected with bulk RNAseq data. Surprisingly, orthologs of many well-established A. thaliana cell type 
marker genes did not show the expected preferential expression in specific cell types in the other species. 
We identified new cell type markers that were shared among all target species previously not documented 
as marker genes in A. thaliana as well as markers that were preferentially expressed in selected cell types 
only at a species specific level. Ortholog expression between closely related species within an in-group in 
a clade generally showed higher similarity compared to those outside the clade. However, a significant 
proportion (~30 - 40%) of ortholog expression profiles did not match the phylogenetic signal supported 
by the transcript sequence similarity of a common ancestor. Clustering of transcripts into expression 
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modules across all cell types, conditions, and species revealed that cell identity was better predicted by 
both positive and negative contributors of expression instead of clusters of expressed marker genes alone. 
These expression modules that distinguished cell types could be supported by enriched cell-type specific 
functions such as xylem or endodermis development and highlighted developmental processes that 
differed among the species and further diverged when examined under stress treatments. These results 
collectively provide insights into spatio-temporal regulation of stress responsive genes at a single cell 
resolution unexplored before using extremophytes in a comparative study. 
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 
 
The plant-microbe interface is a region where microbes respond to and interact with their plant 
hosts. Plants secrete root exudates that shape the microbiome, yet it is poorly understood how 
microbiome functions change with respect to space and time across plant roots. Methodologies 
that facilitate spatio-temporal metaproteomic studies of root-associated microbiomes are yet to be 
realized. To address these challenges, we developed a novel extraction method that facilitates 
spatial characterization of microbiomes with bottom-up proteomics using a plant-agar culture 
system under controlled laboratory conditions. Spatially defined agar ‘plugs’ of interest near or 
distant from the plant roots were excised and subsequently processed using a novel peptide 
extraction method that uses magnetic microparticle beads for agar removal from the samples 
allowing for metaproteomic measurements. As a proof-of-principle, a previously studied 10-
member bacterial community constructed from a Populus root system was grown in an agar-plate 
with a 3-week-old P. trichocarpa plant. High-resolution metaproteomic measurements that are 
used to infer both bacterial community composition and function were obtained across two time 
points (24-h and 48-h) for three distinct agar plugs collected at the root base, root tip, and a region 
distant from the root. The spatial resolution of these measurements provide evidence that the root-
associated microbiome structure and proteome expression changes across the plant root interface. 
Interrogation of the individual bacterial proteomes revealed functional profiles related to their 
behavioral associations with the plant root, in which chemotaxis and augmented metabolism likely 
supported predominance of the most abundant member. Obtaining spatio-temporally resolved 
microbial communities along different regions of the plant root was enabled using this novel 
peptide extraction method, which is a critical step towards understanding how plants select for or 



against specific microbes. More broadly, we anticipate this novel extraction approach will benefit 
other soft-agar plate studies that study nutrient exchange among microbes. 
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 
Our understanding of the plant microbiome is clouded by the fact that the majority of studies on 
the plant microbiome represent “snapshots”, as they present data from a single time point. It is 
well known, however, that microbiomes are temporally-dynamic resulting from external forcing 
factors and intra-community interactions. Hence, a predictive understanding of the relationship 
between the plant and its microbiome, and the ways these events manifest themselves across the 
various temporal scales relevant to natural systems, is a challenge that requires long-term 
fundamental research. Using amplicon and metagenomic sequencing of the plant microbiome in 
combination with metabolomic measurements, we are characterizing how the Populus microbiome 
changes over time in three projects. Studying temporal changes in the microbiome of a long-lived 
plant species, such as Populus, can give us unique insights into the ecological processes shaping 
microbiomes when compared to annual plant species (e.g., Arabidopsis, Maize, etc.) that often 
serve as models plant-microbe interaction studies. 
The first project leverages a multi-year common garden experiment planted with 10 genotypes of 
P. deltoides and P. trichocarpa with varying degrees of disease resistance. In 2018 and 2019, we 
collected soils, roots, and leaves from these genotype four times each year representing the major 
seasons to determine intra- and inter-annual variations in in the Populus microbiome. We found 
that in the rhizosphere, the microbial community changed both seasonally and annually, suggesting 
a non-cyclical pattern of rhizosphere microbiome composition. However, while the taxonomic 
composition of ectomycorrhizal (EM) fungi (important plant symbionts) changed, the relative 
abundance of fungi followed a cyclical pattern and was highest in the spring. Functionally, there 
was a greater genetic potential for nitrate and nitrite assimilation over time regardless of the season 
in the rhizosphere, suggesting that these microbial populations are rapidly growing. Analysis for 
of leaf and root microbiomes is currently underway. We hypothesize that these endospheric 
microbiomes will vary with time, but to a lesser extent than the rhizosphere due to relatively 
stronger plant genetic effects. 



The second project further characterizes how the broader Populus holobiome is moderated 
following infection by Sphaerulina musiva, a well-characterized fungal pathogen, which infects 
P. trichocarpa and P. trichocarpa x deltoides hybrids. For this project, we investigate the 
microbiome and metabolome of Populus leaves and roots and the microbiome of their associated 
surfaces (to understand the impact S. musiva abundance (quantified by qPCR) and infection 
systematically in the same common garden field setting as above. We found that S. musiva is 
present in all trees and tissues, but S. musiva abundance as measured by qPCR was unrelated to 
stem canker onset and development. We also find that the leaf and root metabolomes significantly 
differ between the two Populus species and that certain leaf metabolites, particularly the phenolic 
glycosides salirepin and salireposide, are diminished in canker-infected P. trichocarpa trees 
compared to their uninfected counterparts. Furthermore, we found significant associations between 
the metabolome, S. musiva abundance, and microbiome composition, particularly in P. 
trichocarpa leaves. This suggests that the effects of S. musiva on P. trichocarpa trees are 
widespread and not confined to the site of canker infection. 
The third project extends the temporal scale of our previous work to the lifespan of a tree. To 
accomplish this, we are taking advantage of the availability of large (10s to 100s of acres) clonal 
stands of P. tremuloides in the intermountain west, including the grove nicknamed “Pando”, which 
is one of the largest organisms on earth. By using defined chronosequences within these clonal 
stands, we are able to isolate the effects of tree (ramet) age, from the soil and genotypic factors 
that we know from previous work also exert large controls on microbiome composition. During 
the summer of 2021, we collected leaf, stem and root tissues as well as associated soils from 140 
trees/ramets representing four aspen clones, including Pando, ranging in age from 1 to 140 years 
old. Microbiome and metabolomic analysis is currently underway. We hypothesize that differences 
in the microbiome with tree age will attenuate in older trees in concert with changes in the 
metabolome. Furthermore, we hypothesize that microbiome and metabolomic differences will be 
greater in older tissues (e.g., heartwood) compared to younger tissues that regenerate each year 
(e.g., leaves). 
By integrating these three projects we are gaining an understanding of the temporal dynamics in 
the Populus microbiome from seasons to centuries (Figure 1).  

 
Figure 1: Temporal scales of the Populus microbiome. 
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 
 
Trees interact with complex microbial communities that contribute to their extended phenotype. 
How early fungal and bacterial root colonization occur and how these interactions take place 
remain poorly understood. The woody perennial model Populus has the ability to interact with 
distinct trophic guilds, such as endophytes and mycorrhizal fungi, and can help decipher the 
organization of the early establishment of microbial root communities. We determined that the 
early establishment of the fungal and bacterial root communities of axenic Populus tremula x alba 
transplanted in environmental soil is dynamic in time and space over 50 days of culture. This 
microbial colonization involves three successional waves of colonization, for both bacterial and 
fungal community structures, harboring distinct trophic abilities. Even though bacterial 
community structures were more stable in time than the fungal community structures, the early 
colonizers were saprotrophs, fast-growing species that were progressively replaced by endophytes 
and mycorrhizal fungi. The composition of root exudates and host-based selection through distinct 
hormonal and metabolic profiles could explain the evolution of these microbial communities. To 
test these hypothesis, transgenic poplar trees altered in ethylene perception and biosynthesis were 
grown in sterile condition, transplanted into environmental soil and grown for 30 days in natural 
soil. We examined fungal root colonization using confocal laser scanning microscopy and 
combined this analysis with metabarcoding and metabolomics of roots and their exudates. 
Microbial enzymatic activities associated with rhizospheric soil differed depending on the poplar 
transgenic and wild type lines. Taken together, these results support the importance of plant 
genotype in the structuring of microbial communities and their importance in soil functional traits.   
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 

The interactions between plants and their constituent microbiomes are complex. Thus, it is 
important to delineate potential host factors that may shape the composition of the microbiome to 
bring us one step closer to understanding this complex set of interactions. Here, we investigate the 
relationship between microbial relative abundance and host genomic variation within Populus 
trichocarpa for both leaf and xylem tissues. Leveraging a kmer-based pipeline to extract putative 
taxa from bulk total-RNA samples, we identified hundreds of taxa.  We focused on four leaf and 
four xylem genera-level taxa that overlap with the PMI culture collection. We observed 
Acinetobacter, Bradyrhizobium, Enterobacter, and Pantoea in xylem tissue; and Bacillus, 
Chryseobacterium, Paenibacillus, and Streptomyces in leaf tissue. The relative abundance of each 
of these taxa were then used as phenotypes in a genome wide association study (GWAS). 
Significant single nucleotide polymorphism associations are annotated with nearby genes. 
Utilizing novel network integration approaches that leverage extant knowledge from multiple 
‘omic data sources, called random walk with restart filter (RWR-filter) and random walk with 
restart lines of evidence (RWR-LOE), we refine the GWAS gene set to obtain a set of high 
confidence genes with biological context for each respective phenotype. We used gene annotation 
and network topological context around the respective genes to create a set of conceptual models 
that provide hypotheses to explore for future CRISPR/Cas9 experiments. In xylem, by integrating 
the annotations of the gene sets for each taxa to identify associations present in two or more 
phenotypes, we find a putative signal transduction cascade. In particular, we find associations to 
members of various transcription factor families, genes involved in signaling, transport, cell-



division, cell-wall cellulose synthesis, the abscisic acid phytohormone pathway, and post-
translational modification involving ubiquitin protein degradation.  In addition, our analysis allows 
for investigation of the host-factors associated with individual phenotypes. For the 
Chryseobacterium found in leaf tissue, for example, we find associations to genes involved in the 
auxin and salicylic-acid phytohormone pathways, abiotic stress, flavonoid biosynthesis, nitrogen 
metabolism, and protein degradation.  Together our approach allows for a thorough investigation 
of the host-microbial interactions, and thereby, identifies target host genes that may play an 
important role in shaping the microbial community.                      
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 
 
Plants affect the composition of the rhizosphere microbiome through the secretion of 
biomolecules. For example, Populus trees produce high levels of salicylic acid conjugates that are 
thought to play a role in structuring its microbiome, inhibiting the growth of some microbes, while 
serving as a carbon source to others. However, rhizosphere microbes are continually evolving to 
maximize their own fitness, perhaps changing the growth effects of compounds like salicylates. 
Horizontal gene transfer (HGT) is one of the main drivers of prokaryotic diversity and is 
hypothesized to play a significant role in how microbes compete in the rhizosphere and evade host 
controls. In turn, mutations in the plant host can change the abundance and composition of secreted 
small molecules. The functional consequences of these dynamic evolutionary interactions are key 
to understanding and predicting the stability of plant-microbe interactions in the rhizosphere. 
 
To assess the potential consequences of successful HGT events in the Populus rhizosphere, 
Pseudomonas isolates from Populus were engineered to express a pathway to metabolize salicyl 
alcohol. These modified strains successfully used salicyl alcohol and salicylic acid as the sole 
carbon and energy source. Global proteomic measurements showed minimal disruption to the 
native physiology after pathway acquisition, suggesting few barriers to pathway transfer in the 
rhizosphere. To test the effects on abundance and localization in the rhizosphere, genomically 
barcoded populations of wild-type and engineered strains from one isolate, Pseudomonas sp. 
GM17, were inoculated onto otherwise sterile plant roots. In the absence of synergistic strains and 
on roots of unaltered P. trichocarpa BESC819, DNA barcode sequencing revealed no discernable 
effect of acquiring the salicyl alcohol catabolic pathway.  
 



However, concentrations of salicyl alcohol and salicylic acid are low in native Populus roots since 
these aromatic compounds are generally secreted as glycosylated salicylates. Therefore, we tested 
whether the fitness effects of salicyl alcohol catabolism depend on epistatic interactions with the 
host or with other members of the rhizosphere microbiome. Experiments were conducted with 
Rahnella sp. OV744, a species that increases availability of salicyl alcohol by deglycosylating 
salicin, and with a genetically-modified Populus variant overexpressing XBAT35. The roots of 
the XBAT35 line contain high concentrations of salicylic acid-related conjugates, including a 5- 
to 15-fold increase in tremuloidin and a 3- to 7-fold increase in salicin. We expect that the effect 
of catabolic pathway acquisition will be increased when its substrate is more prevalent. These 
experiments will aid in understanding how plant-microbe-community interactions modulate 
microbial composition, localization, and ultimately function. 
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 
 
The rhizosphere is a dynamic and heterogeneous environment and the behavior of organisms 
within the rhizosphere depends on local environmental conditions and spatial organization. 
Developing methods to monitor community organization and map local chemical and physical 
environments and to correlate these data with microbial responses are necessary to understand, 
and ultimately predict, microbiome function. To this end, we have visualized the dynamics of 
plant-microbe interactions using engineered habitats and found that many plant-associated bacteria 
show reproducible root colonization patterns. We hypothesize that differing chemical profiles 
around the root contribute to the recruitment and growth of bacteria at these preferred sites.  To 
better understand how the chemical environment around the root influences microbial responses 
and behavior, we examined proteome profiles of poplar-associated bacterial strains grown in the 
presence of a poplar cutting.  For these studies, we examined the proteome profiles of individual 
bacterial strains grown in the presence of a plant compared to the proteome profiles when all ten 
strains were grown as a synthetic community in the presence of the plant.  Common to all strains 
were significant changes in the proteome profiles involving proteins predicted to be involved in 
nutrient transport and metabolism, sensing, and motility.  Current efforts are underway to test 
hypotheses derived from these proteomic experiments in Pantoea sp. YR343 using mutant strains, 
growth assays, and plant colonization experiments.  
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 
 
Interactions between salicylic acid (SA) and jasmonic acid-ethylene (JA/ET) signaling pathways 
have been found to be important to activate the correct defense responses to biotrophic and 
necrotrophic pathogens. The understanding of the molecular regulation of SA and ET/JA signaling 
interactions is essential to rationally improve plant responses against different pathogens or in 
recruitment of beneficial microbes. Molecular studies focusing on the crosstalk between SA and 
ET/JA signaling have demonstrated the critical regulatory role of transcriptional mechanisms, 
however the exact mechanism remains poorly understood. Using Arabidopsis knockout and 
overexpression mutants, we showed that one nuclear protein TYROSYL-DNA 
PHOSPHODIESTERASE 1 (TDP1) physically interacts with ANGUSTIFOLIA C-terminus 
Binding Protein (AN)  and enhances the nuclear accumulation of AN. In addition, AN was found 
to directly target and repress the transcription of MYB46, which encodes a master regulator of the 
phenylpropanoid pathway. Moreover, AN displayed the capability of releasing transcriptional 
repression on WRKY33 by altering chromatin association of TDP1, which negatively affects 
WRKY33 expression. The transcriptional effects of AN on the expression of MYB46, WRKY33, 
and their downstream genes were validated in an knockout mutant and AN overexpression plants. 
The antagonistic transcriptional regulation of MYB46 and WRKY33 by AN suggests a 
transcriptional co-regulation mechanism of SA and ET/JA signaling. Consistent with this notion, 
the alteration of AN expression in transgenic plants was shown to oppositely affect defenses against 
the biotrophic pathogen Pseudomonas syringae and the necrotrophic pathogen Botrytis cinerea. 
Our results demonstrate a transcriptional co-regulatory mechanism of the crosstalk of SA and 
ET/JA signaling and suggest that it may play a key role in the coordination of defense responses 
towards biotrophic and necrotrophic pathogens. Importantly, changes observed in defense 
responses also affected biomass accumulation suggesting a trait-tradeoff between defense and 



growth. Work has now been initiated to establish the implication of these genetic modifications on 
microbial community dynamics.  
 
Oak Ridge National Laboratory is managed by UT-Battelle, LLC for the U.S. Department of 
Energy under contract no. DE-AC05-00OR22725.  The Plant-Microbe Interfaces Scientific 
Focus Area is sponsored by the Genomic Science Program, U.S Department of Energy, Office of 
Science, Biological and Environmental Research under FWP ERKP730. 
 



Plant-microbe interfaces: Interrogating poplar fungal microbiome interactions using meta-
transcriptomics and constructed communities 

Jake Nash2* (jan58@duke.edu), Keaton Tremble,4 Bryn Dentinger,4 Brian Looney,2 Corbin 
Bryan,2 Khalid Hameed,2 Yi-Hong Ke,2 Lotus Lofgren,2 Melissa Cregger,1 Nicholas Dove,1 
Christopher Schadt,1 Tomás Rush,1 Igor Grigoriev,3 Vivian Ng,3 Deborah Wendt,3 Francis 
Martin,5 Claire Veneault-Fourrey,5  and Rytas Vilgalys3 

1Biosciences Division, Oak Ridge National Laboratory, Oak Ridge, TN; 2Duke University, 
Durham, NC; 3JGI, Berkeley, CA; 4Univ. of Utah, Salt Lake City, UT; and 5INRAE IAM, 
Nancy, Champenoux, France 

http://pmiweb.ornl.gov/ 

Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 

Poplar trees (genus Populus) are host to diverse root fungal microbiomes that include 
ectomycorrhizal, arbuscular mycorrhizal, and endophytic fungi. These fungi perform services for 
the plant host including growth promotion, nutrient acquisition, protection from pathogens, and 
conferral of abiotic stress tolerance. Meta-transcriptomics can provide large amounts of data on 
the function and taxonomic composition of the poplar root fungal microbiome. We developed an 
RNA-seq method using a synthetic spike-in standard curve that allows for the calculation of 
absolute abundances of fungal transcripts on poplar roots. We implemented a bioinformatics 
workflow that provides taxonomic and functional annotations of assembled fungal contigs from 
meta-transcriptomic data. These methods were applied to an ecosystem-scale, time-series field 
experiment to document taxonomic and functional shifts of the poplar fungal microbiome in 
response to a historic drought in the semi-arid American West during the summer of 2021. We 
identified transcripts from a previously isolated dark septate endophyte in the genus Hyaloscypha 
as a highly active root colonizer across our field sites. Dark septate endophytes are a functionally 
diverse group of root associates that have been described as either mutualists, commensalists, or 
latent pathogens. We conducted further work to understand the characteristics of the Populus-
Hyaloscypha association. In vitro inoculations with this fungus demonstrated compatibility with 
both Pinus and Populus, suggesting that it engages in antagonistic interactions with arbuscular 
mycorrhizal fungi during plant host colonization. We were also able to establish simplified 
constructed communities with this fungus and three common ectomycorrhizal fungi, ranging in 
diversity from one to four species. These constructed communities will allow us to identify 
interactions between fungi during root colonization and evaluate the effects of fungal diversity on 
plant performance and nutrient uptake. Future work will also 1) dissect the molecular mechanisms 
of the antagonistic interaction with arbuscular mycorrhizal fungi, 2) evaluate the ability of this 
fungus to confer drought tolerance to Populus, and 3) identify common and unique symbiosis-
induced genes when colonizing different plant hosts.  
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems. Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales. To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance.  

Poplar species (Populus spp.) associate with a diverse array of bacteria that are selected from the 
environment. However, the molecular mechanisms by which poplars recognize and establish 
symbioses with these microbes are largely unknown. To determine how these plants respond to 
colonization with bacteria, we inoculated germ-free P. trichocarpa root tissue with select bacterial 
strains isolated from field-collected roots and quantified plant gene expression using RNAseq. 
Colony forming units (CFU) were quantified for each bacterial strain and ranged over three orders 
of magnitude, demonstrating wide variation in the ability to colonize Populus root tissues. The 
number of differentially expressed poplar genes also varied among treatments but did not correlate 
with CFU count. Plant transcriptomic responses were largely strain-specific with no single gene 
induced or repressed among all treatments. Across all genes that showed differential expression 
relative to control tissues, those induced were enriched for biological processes including cell wall 
biosynthesis, vesicle trafficking, and root development while those repressed were enriched for 
processes including stress response and carbon metabolism. Comparisons between plants 
inoculated with pathogenic (Pseudomonas syringae isolate NP28-5) and non-pathogenic strains 
(including Pseudomonas fluorescens isolate GM79) revealed potential mechanisms by which 
poplar defends against pathogens, including the induction of genes coding for anti-microbial 
peptides and pathogen-associated microbial pattern (PAMP) receptors. Inoculation with P. 
fluorescens isolate GM79 compared to a knock-out strain missing the microbial gene pipA, 
involved in bacterial recognition of a plant-derived effector molecule, elicited the induction of ten 
poplar genes largely involved in transmembrane transport and signal transduction. Together, these 
data provide insight into the molecular mechanisms involved in the establishment of symbiosis 
between Populus and its microbiome. Future directions include qPCR validation of candidate loci 



and leveraging metabolomic, proteomic, and network-based approaches to further interrogate 
poplar response to select bacteria. 
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 
 
The mechanisms by which plants, bacteria, fungi and other microorganisms negotiate spatial 
networks defined by the soil to ultimately shape and define interactions in the rhizosphere are 
multifaceted and complex.  It is clear that a combination of physical and chemical interactions 
affect movement through such networks, but their relative importance and the molecular signals 
that dominate such behaviors are yet to be elucidated.  Microfluidics, as engineered habitats, 
provide a path for experimentally teasing apart the answers to such questions, and provide a means 
by which scientists can carefully explore the impact of environmental structure and composition 
on multi-kingdom interactions, niche establishment, and complex community dynamics.  In effect, 
tractable systems that combine known quantities of community members in well-defined initial 
conditions, can be observed and quantified over extended periods of time to track the position and 
activity of different biological species, while simultaneously mapping the chemical composition 
of the environment in which they are interacting. In this study, we have begun to map and image 
the chemical environment of Populus cuttings grown over extended periods of time within 
engineered habitats that mimic soil structure in two dimensions.  These rhizosphere-on-a-chip 
platforms provide optical access to capture fine morphological changes and growth in living plant 
and microbial systems. This enables local and global assessments of structure and chemical 
composition.  In complementary efforts, we have refined methodology and completed the baseline 
assessment of fungal growth and hyphal elongation rates in microfluidic networks with varied 
levels of confinement and network complexity.  Distinct differences in growth rates, branching, 



penetration potential, and exploration motifs were evident across the species that were examined 
and quantified.  
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems. Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 

Lipochitooligosaccharides (LCOs) are signaling molecules produced by rhizobial bacteria and 
fungi. The molecular mechanisms of perception of LCOs by host plants are fairly well 
characterized in their role as symbiotic molecules. Lysin motif receptor-like kinases (LysM-RLKs) 
are identified as the LCO-receptors in various plants, and this interaction elicits phenotypes like 
oscillations in nuclear calcium, and promote root hair branching, or curling in legumes. LCOs are 
produced by most fungi, including plant and opportunistic human pathogens. However, the role of 
LCOs outside of symbiosis with plants remains unknown. We test for alternative roles of LCOs to 
address this question. We examined two species of fungi, namely, Aspergillus fumigatus¸ a 
soilborne fungus that can be an opportunistic human pathogen, and Laccaria bicolor, a symbiont 
of poplar. We determined significant changes in fungal behavior in response to exogenous 
applications of various types of LCOs, including changes in fungal physiology, metabolomics 
output, and differential regulation of genes and proteins. Both fungi displayed fewer hyphae 
branching formation, increased sexual propagation, and delayed growth, indicating that LCOs 
could be fungistatic compounds. Moreover, upon exposure to LCOs, early transcriptomic and 



proteomic changes are observed, as well as the regulation of secreted metabolites that can inhibit 
or promote the growth of specific bacteria known to inhabit the poplar rhizosphere.  Lastly, 
structural modeling and analysis identified fungal LysM proteins that carry key structural features 
of known plant LCO-receptors. We describe a molecular dynamics and machine learning-based 
workflow to predict the relative binding affinity of LysM-LCO complexes. We demonstrate its 
remarkably high accuracy using validation sets, and therefore, its promising application to identify 
LysM proteins that can effectively bind to LCOs in fungi and other organisms.  Overall, we 
propose that LCOs are fungistatic compounds produced and used by fungi to organize microbial 
communities. We hypothesize that these signaling molecules produced by some microbes may be 
sensed by multiple organisms via membrane-attached LysM proteins. Therefore, the role of LCOs 
seems to greatly surpass microbe-host plant symbiosis as a trans-kingdom communication signal.    
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Project Goals: The Bio-Scales project focuses on understanding how genes influence traits 
and ecosystem-level processes. Our initial use case examines specific combinations of host 
and microbial traits that influence nitrogen transformation patterns and fluxes across the 
coupled plant-soil-microbial system and consists of two objectives. In our first objective, we 
are sampling a subset of Populus genotypes with differential phenotypes related to N 
transformation and biomass production, characterizing their associated microbiomes using 
multi-omic approaches (in collaboration with the Joint Genome Institute), and collecting 
extensive environmental metadata. An important second objective is to prepare data and 
metadata for integration and analysis using the National Microbiome Data Collaborative, 
KBase and other tools and approaches (e.g., GWAS, network analysis). 
 
The Bio-Scales project aims to rapidly determine gene functions and traits and how they scale to 
influence ecosystem-level processes. A current use case hypothesizes that specific combinations 
of plant and microbial traits influence rhizosphere elemental cycling patterns and fluxes across 
the coupled plant-soil-microbial system, and that these transformations will have important 
ramifications for nutrient cycling and availability within the rhizosphere. Key plant chemical 
traits that influence the plant microbiome, rhizosphere biogeochemical processes, and subsequent 
rhizosphere nitrogen cycling are being examined. Using Populus as a model host system, we are 
assessing key plant genotypic traits known to influence nitrifying and denitrifying microbial 
activity across a genome-wide association mapping study population. The three plant chemotypic 
traits initially targeted involve production of alpha-linolenic acid, para-coumeric acid and ferulic 
acid, that are hypothesized to influence rhizospheric microbial communities and activities 
leading to altered N cycle transformations. Target plant genotypes with high and low expression 
levels for these secondary metabolites, as well as rhizosphere and bulk soils, were collected in 
Oregon in the fall of 2020 from two field study sites near Corvallis and Clatskanie Oregon.  
Metagenomic analyses of soil and root microbiomes, plant transcriptomics, and metabolomics 
datasets are being generated in collaboration with the Joint Genome Institute (JGI) to be 
integrated together with soil environmental metadata and used to identify the effects of these 
host-microbiome-environment relationships. Metagenomic and biogeochemical data on 
nitrification and denitrification capacity of the soils collected and analyzed to date show that the 
effects of tree genotypic and chemotypic Populus traits scale differently across the two study 
sites analyzed, and that these data are related to overall nitrogen pools, nitrification and 
denitrification potential, and overall site soil characteristics.   
  



The data and metadata resulting from the use case above have been developed in collaboration 
with the National Microbiome Data Collaborative (NMDC) to generate a highly integrated 
microbiome data set with rich and validated metadata. This high-dimensional dataset will: 
formalize how to collect and curate field microbiome data related to nutrient cycling; provide a 
dataset from which to build predictive models of gene function within a plant microbiome; and 
illustrate the Bio-Scales concept of determining how gene functions scales across biological 
systems and influences broader ecosystem properties and processes. 
  
Our next step in Bio-Scales will integrate data from the Advanced Plant Phenotyping Laboratory 
(APPL) and continue our focus on rigorous data management. APPL is capable of growing up to 
500 plants on a conveyor system that advances individual plants through a suite of imaging 
technologies. These images include a 3D point cloud along with 2D chlorophyll fluorescence 
imaging, hyperspectral imaging and more. The hyperspectral images are known to vary by plant 
chemotype, and our goal will be to observe chemotypic differences among plants based on their 
chemotype and nitrogen uptake ability. The APPL Public Interface (or APPL-PI) will be 
developed to host data for our Bio-Scales use case and other APPL experiments.   
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Fig 1. Conceptual illustration of the Bio-Scales concept to understand how plant chemotypic 
traits may influence rhizosphere biological nitrification and denitrification processes and 
microbiomes, and how these in turn may feedback to affect plant N availability and other critical 
ecosystem N cycle processes. 
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance.  

A number of plant-associated proteobacteria, including members of the Populus microbiome, have 
LuxR-family transcription factors that we refer to as PipR subfamily members. PipR proteins play 
roles in interactions between bacteria and their plant hosts, and some are important for bacterial 
virulence in plants. We identified a plant-derived ethanolamine derivative, N-(2-hydroxyethyl)-2-
(2-hydroxyethylamino) acetamide (HEHEAA), as a potent effector of PipR-mediated gene 
regulation in the Populus root endophyte Pseudomonas GM79. To better understand which genes 
are controlled by PipR in GM79, we performed RNAseq transcriptomic analyses and identified a 
regulon of approximately 40 genes. The positively regulated genes (n=13) included those encoding 
N-terminal peptidases, a HEHEAA signal transporter, and a two-component regulator, which is 
inactive under laboratory growth conditions. Surprisingly, the majority of PipR-controlled genes 
exhibited lower gene expression in the presence of HEHEAA. The PipR-HEHEAA repressed 
genes included those involved in hydrogen cyanide production and anaerobic respiration on nitrate. 
Additional experimentation confirmed PipR-HEHEAA regulation of cyanide production and 
nitrate respiration. We were surprised to find that the influence of PipR-HEHEAA on cyanide 
production and nitrate respiration was mediated solely through the activity of the PipR-controlled 
peptidase, PipA. We are attempting to understand the mechanism of this regulatory pathway 
through proteomics experiments. 
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 

Soil-borne microbes can establish mutualistic relationships with host plants, providing a large 
variety of nutritive and protective compounds in exchange for photosynthesized sugars. However, 
the molecular events mediating the establishment of these beneficial relationships have yet to be 
fully characterized. Our previous genetic mapping and whole-genome resequencing studies 
identified a gene deletion event of a lectin receptor-like kinase gene PtLecRLK1 that is associated 
with differential root colonization by the ectomycorrhizal fungus Laccaria bicolor among different 
Populus species. We introduced PtLecRLK1 into the model annual plant Arabidopsis and the 
model perennial plant switchgrass (Panicum virgatum), subsequently converting these non-host 
plants to host plants, allowing colonization by L. bicolor. These results have established 
PtLecRLK1 as a key regulator of L. bicolor colonization.  Among all proteins currently identified 
thus far as regulators of Populus-L. bicolor interactions, PtLecRLK1 is the most promising 
receptor candidate, responsible for perceiving and transducing signals from L. bicolor, which leads 
to molecular and physiological responses required for root colonization in the host plant. We 
wanted to define the molecular mechanism of action of PtLecRLK1 in L. bicolor root colonization. 
We hypothesize that PtLecRLK1 perceives signals from L. bicolor resulting in phosphorylated 
downstream components. We applied phospho-proteomics to identify proteins with differential 
abundance between L. bicolor-inoculated and un-inoculated switchgrass PtLecRLK1 transgenic 
plants. We have identified several promising phosphorylation targets, including a leucine-rich 
receptor-like kinase, a cGMP-dependent protein kinase, and a splicing factor. Biochemical assays 



are being conducted to validate protein-protein and protein phosphorylation between PtLecRLK1 
and these candidate targets. Currently, we are taking a similar phospho-proteomics approach by 
using recently generated Populus PtLecRLK1 transgenic plants. We will further examine the 
biological significance of these protein-protein interactions and protein phosphorylation through 
genetic validation. Collectively, our studies will help construct the entire PtLecRLK1-based 
signaling cascade that is responsible for specific molecular and physiological responses leading to 
L. bicolor root colonization, advancing our fundamental understanding of the molecular 
mechanism underlying the selection and maintenance of a mutualistic relationship between 
Populus and L. bicolor. 
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems. Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales. To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 

Heat is a major environmental factor that negatively affects plant growth and development. Along 
with breeding efforts to develop thermotolerant plants, exploiting beneficial plant microbes is a 
promising alternative approach. In our previous study, we demonstrated that the plant 
thermotolerant phenotype can be transmitted through the microbiome. To understand the 
underlying molecular genetics by which plants receive benefits from microbes to heat, we 
developed a high-throughput bioassay using Arabidopsis thaliana to screen individual bacterial 
strains that confer enhanced thermotolerance to the plant host. Multiple culture systems and heat 
treatment strategies were tested. The final system used hydroponically cultured seedlings with and 
without bacteria and was subjected to heat shock followed by recovery. Plants were then harvested 
to measure total chlorophyll content as an indicator of heat-induced damage. Initial screening 
results with several genera of rhizobacterial isolates from our inhouse collection found that 
Variovorax strains provided thermal benefit to the host plant. Subsequent screening results with a 
larger panel of 26 Variovorax found 6 strains that confer enhanced host plant thermotolerance. To 
investigate promising strains further, we examined a set of treatments that includes no heat shock 
control, non-lethal thermal exposure (i.e., thermoprimed) prior to heat shock, and heat shock with 
and without bacteria. Thermoprimed plants showed no significant difference (p=0.0587) in 
chlorophyll content compared to no heat shock control. Chlorophyll degradation by heat shock 
was observed in both inoculated plants (18%) and uninoculated plants (32.5%), whereas the level 
of damage was significantly reduced in inoculated plants (p<0.001), indicating bacterial-induced 
resilience to heat. Not only is this assay amenable to high-throughput screening of individual 



bacterial isolates, but it can also scale to include multiple Arabidopsis genetic variants and 
microbial consortia. 
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Project Goals: Our goal is to increase the production of terpenoid precursors in the 
bacterium Zymomonas mobilis. These molecules are synthesized from glucose via the MEP 
pathway. This pathway has known rate-limiting steps catalyzed by the iron-sulfur 
dependent enzymes IspG and IspH. Our work focuses on increasing the activity of these 
steps to engineer Z. mobilis strains for terpenoid production. 

Terpenoids can substitute for petroleum in the production of compounds of economic value, including 
drugs, flavoring agents, and biofuels. The bacterium Zymomonas mobilis uses glucose to produce the 
terpenoid precursors dimethylallyl diphosphate (DMADP) and isopentenyl diphosphate (IDP) via the 
methyl erythritol phosphate (MEP) pathway. Thus, Z. mobilis has the potential to become an important 
engineering platform for terpenoids. However, recent data showed that O2 exposure reduces terpenoid 
precursor production, accompanied by an accumulation of intermediates prior to the iron-sulfur (FeS) 
cluster-dependent enzymes IspG and IspH. These enzymes have been previously identified as the 
pathway's limiting steps. Since Fe-S clusters are known targets of oxidative damage, we are investigating 
if Fe-S cluster lability explains the effect of O2 on flux through the enzymes IspG and IspH in Z. mobilis 
and accordingly, develop approaches to improve these enzymes' O2 stability. We have taken two 
strategies to achieve this goal. First, we have taken advantage of a well characterized E. coli platform to 
examine Z. mobilis IspG and IspH activity under aerobic conditions compared to the native E. coli 
enzymes. Our results suggest that Z. mobilis IspH is more O2 sensitive than either E. coli IspH or Z. 
mobilis or E. coli IspG. Further we found that the O2 sensitivity of IspH function can be rescued by 
coexpression of IspG, indicating IspG and IspH may have co-evolved for optimal O2 stability. In a second 
complementary approach, we are testing if flux through the MEP pathway can be improved by co-
overexpressing IspG and IspH orthologs in Z. mobilis. To successfully accomplish this goal, we will need 
to provide strains with sufficient Fe-S cluster biogenesis machinery to assemble active proteins. 
Surprisingly, overexpression of the Z. mobilis suf genes, encoding the Suf Fe-S biogenesis machinery 
induces an O2 sensitive phenotype in Z. mobilis. To have more refined control over suf operon expression, 
we are investigating its native regulation.  We have found that suf expression is controlled by a 
transcription factor, RsuR, that is a homolog to [2Fe-2S]-IscR from E. coli, which regulates Fe-S cluster 
biosynthesis.  Unlike E. coli IscR, RsuR binds a [4Fe-4S] cluster. Using DNaseI footprinting, we have 
identified the DNA sequence that RsuR binds to in the suf operon promoter region. DNA binding is 
cluster dependent.  O2 eliminates DNA binding and induces cluster degradation, which implies a sensing 
mechanism for the transcription factor. In summary, our diverse strategy will generate new knowledge 
relative to the Fe-S cluster dependent enzymes in the MEP pathway and insight into engineering 
strategies for boosting synthesis of Fe-S cluster enzymes in Z. mobilis. This new knowledge will allow us 
to generate a more robust strain of Z. mobilis with improved terpenoid production.  



This material is based upon work supported in part by the Great Lakes Bioenergy Research 
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Project Goals:  

• To develop a laboratory-scale high solids field-to-fuel platform to evaluate fermentation 
performance of diverse feedstocks  

• To achieve a higher throughput to process the large number of samples from agronomic 
studies 

Abstract Text:  

Environmental factors, such as weather extremes, have the potential to cause adverse effects on 
plant biomass quality and quantity. Beyond adversely affecting feedstock yield and composition, 
which have been extensively studied, environmental factors can have detrimental effects on 
saccharification and fermentation processes in biofuel production. Only a few studies have 
evaluated the effect of these factors on biomass deconstruction into biofuel and resulting fuel 
yields. This field-to-fuel evaluation of various feedstocks requires rigorous coordination of 
pretreatment, enzymatic hydrolysis, and fermentation experiments, which led to the need for a 
laboratory-scale high solids experimentation platform. A field-to-fuel platform was developed to 
provide sufficient volumes of high solids loading enzymatic hydrolysate for fermentation. AFEX 
pretreatment was conducted in custom pretreatment reactors, followed by high solids enzymatic 
hydrolysis. To accommodate enzymatic hydrolysis of multiple samples, roller bottles were used 
to overcome the bottlenecks of mixing and reduced sugar yields at high solids loading, while 
allowing greater sample throughput than possible in bioreactors. The roller bottle method 
provided 42–47% greater liquefaction compared to the batch shake flask method for the same 
solids loading. In fermentation experiments, hydrolysates from roller bottles were fermented 
more rapidly, with greater xylose consumption, but lower final ethanol yields and 
CO2 production than hydrolysates generated with shake flasks. The entire platform was tested 
and was able to replicate patterns of fermentation inhibition previously observed for experiments 
conducted in larger-scale reactors and bioreactors, showing divergent fermentation patterns for 
drought and normal year switchgrass hydrolysates. Thus, pipeline of small-scale AFEX 



pretreatment and roller bottle enzymatic hydrolysis can be effectively utilized to compare 
divergent feedstocks and diverse process conditions. 

Funding Statement: This material is based upon work supported by the Great Lakes Bioenergy 
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Project goals: The overarching goal of this project is to identify fungal inhibitors from drought-

stressed switchgrass using extraction techniques and use this information to develop strategies 

to overcome biomass variability and ensure consistent biofuel generation. 

Development of economically viable and greener pathways to synthesize renewable energy has 
become an important research theme in recent years. Lignocellulosic biomass is a promising group 
of feedstocks that can be used for second-generation biofuel production. Recent research has 
showed that biomass characteristics are altered by environmental growth conditions, and directly 
influence the extent of biomass conversion to fuels. Specifically, it was reported that drought 
experienced during the growth of switchgrass led to complete inhibition of yeast growth during 
fermentation [1]. Our goal in this project was to characterize specific compounds that led to this 
inhibition and to determine whether the microbial-inhibitors are plant-generated compounds, by-
products of the pretreatment process, or a combination of both. Switchgrass harvested in drought 
(2012) and non-drought (2010) years were pretreated using Ammonia Fiber Expansion (AFEX). 
Untreated and AFEX processed samples were then extracted using solvents (i.e. water, ethanol, 
and ethyl acetate) to selectively remove potential inhibitory compounds and determine whether 
pretreatment affects the inhibition. High solids loading enzymatic hydrolysis was performed on all 
samples followed by fermentation using yeast strain Saccharomyces cerevisiae (GLBRCY945). 
Cell growth (OD600), sugar consumption, and ethanol production were used to evaluate 
fermentation performance. Extracts were analyzed using liquid chromatography-mass 
spectrometry (LC-MS) to identify potential inhibitory compounds. Tandem MS analysis was 
conducted to annotate the identities of unknown inhibitors. We found that water extraction of 
drought-year switchgrass before AFEX pretreatment was most effective in overcoming yeast 
inhibition. We also identified numerous saponins, a class of plant-generated triterpene glycosides, 
which were significantly more abundant in the water extracts from drought-year (inhibitory) 
switchgrass. These compounds are commonly known as natural laundry detergents and have been 
reported as toxic to eukaryotic cells by various researchers [2]. Our analysis showed that plant 
generated compounds inhibited the conversion and that including a water extract step might reduce 
the inhibition and increase the biofuel yield from biomass. 

This material is based upon work supported by the Great Lakes Bioenergy Research Center, 
U.S. Department of Energy, Office of Science, Office of Biological and Environmental 
Research under Award Number DE-SC0018409 
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Project Goals: Enable rational engineering of the promising biofuel producer Zymomonas 
mobilis by using genome-wide CRISPR interference (CRISPRi) screens for gene function 
discovery and annotation, including for essential and/or biofuel-relevant genes. 

Abstract: The emerging model bacterium, Zymomonas mobilis, is a promising biofuel producer, 
but rational engineering of the genome to improve biofuel yields relies on gene function 
information that is currently lacking. To probe gene function in Z. mobilis, we previously 
developed a CRISPRi (clustered regularly interspaced short palindromic repeats interference) 
system that caused robust gene knockdown and enabled phenotyping of metabolic and stress 
genes. Here, we utilize Z. mobilis CRISPRi for systematic gene phenotyping at the genome scale 
and identify genes that are conditionally essential for growth in aerobic or anaerobic conditions. 
Our screen uncovered expected (e.g., superoxide dismutase) and unexpected (e.g, ssDNA-
specific exonuclease RecJ) players in oxygen tolerance. Further, we found a surprising role for 
the ATP synthase in maintaining the electrochemical gradient during anaerobic growth. Future 
work will focus on genes that are crucial for growth in the presence of biofuel-relevant stresses 
such as plant-derived toxins and accumulation of fermentation products. Identification of 
bioenergy-relevant genes will enable informed genetic engineering of stress-tolerant Z. mobilis 
strains with increased yields, closing the economic gap between biofuels and fossil fuels and 
paving the way toward mitigation of climate change. 
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Project Goals: This project aims to examine the impact of carbon sequestration credits, 
biorefinery capacity, and energetic self-sufficiency on the cost optimal conversion technology for 
a biorefinery with carbon capture, and how this is expected to change into the future. Performance 
metrics include cost per gallon gasoline equivalent and the greenhouse gas balance of the 
biorefinery and supply chain system.  

Abstract Text: Bioenergy with carbon capture and sequestration (BECCS) involves simultaneous 
fuel production with permanent carbon dioxide removal (CDR) to achieve net-negative emissions. 
A variety of fuels can be produced by a range of biological and thermochemical conversion 
technologies. Conventional liquid fuels can be produced via fermentation, pyrolysis, or 
gasification. Additionally, hydrogen can be produced via gasification and the water-gas-shift 
reaction, or electricity can be produced by via either direct combustion or integrated gasification 
and combustion. Each conversion technology to fuel combination results in point sources of CO2 
emissions with different flow rates and purity from which CO2 could be captured.  

Previous studies are typically limited to a single conversion technology and capture source, or a 
small subset of the potential options, at consider a fixed biorefinery capacity. We use a mixed-
integer nonlinear programming (MINLP) model of a lignocellulosic biorefinery and supply chain 
system that includes biorefineries utilizing fermentation, pyrolysis, gasification, or combustion, 
capture from any point source, and options to purchase hydrogen or electricity to increase fuel 
yield or capture rates as appropriate. We examine the impact of input parameters such as carbon 
sequestration credit, biorefinery capacity and energetic self-sufficiency on the economic and 
environmental performance of BECCS systems. In addition to determining the expected 
greenhouse gas (GHG) mitigation based on the current production mix, we compare the expected 
GHG mitigation into the future as the energy production mix changes. 

Funding statement: This research was supported by the Great Lakes Bioenergy Research 
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Research (BER), grant no. DE-SC0018409. 
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Project Goals: The goal of Bioenergy Plant Design team in Great Lakes Bioenergy Research 
Center (GLBRC) is to increase the quantity and quality of bioenergy crop biomass per hectare of 
land, which is crucial for the sustainable and economically viable production of lignocellulosic-
derived bioproducts. 

Mixed-linkage glucan (MLG), a β-(1,3;1,4)-glucose polymer, is one of the most abundant cell 
wall matrix components in grass species. Due to its simple structure and composition, which 
make MLG a highly digestible polymer, it has become the target of cell wall manipulation to 
improve bioenergy feedstocks for microbial conversion. Therefore, we are aiming to accumulate 
MLG in bioenergy sorghum, which exhibits high biomass yield and elevated content of soluble 
sugars. To increase the levels of MLG in this crop, we are focusing on MLG synthesis and 
degradation with the goal to overproduce MLG and prevent degradation of MLG in the stem. 
Overproduction of MLG hampers growth in some species, such as Brachypodium, rice and 
barley. Nevertheless, we established a technology to generate transgenic sorghum overexpressing 
a major MLG synthase (CSLF6) from either Brachypodium or sorghum (constructs named 
BdCSLF6 and SbCSLF6, respectively), which are known to generate a different frequency of β1-
3 linkages in MLG, resulting in different types of fine structure of this polymer. The transgenic 
sorghum grown in a greenhouse showed higher MLG levels compared to wild type (WT) without 
any noticeable growth defects. In summer 2021, we conducted field trials (East Lansing, MI) 
with the T3 generation of CSLF6-sorghum transgenics and found no defects in growth and 
photosynthesis. MLG analyses from the field-grown sorghum were performed during 
development within single stem internodes. We observed that the transgenic lines have higher 
levels of MLG compared to WT, even in the fully elongated region of the internode where MLG 
degradation normally occurs. Furthermore, to modulate and reduce MLG degradation in 
sorghum stem and lead to higher levels of MLG, we identified and characterized three sorghum 
MLG endoglucanases (also called lichenases). We established that the three lichenases have 
similar enzymatic activity, with an optimal at pH5, between 25˚C and 45˚C. We also found that 
the three enzymes localize in the apoplast, where lichenase activity is expected to take place. In 
addition, we established the lichenases’ expression pattern during development and light 
conditions, which led us to identify the lichenase that is likely responsible for MLG degradation 
in sorghum. We are now generating CRISPR-Cas9-mediated suppression of all three lichenases 



in sorghum for crossing with the CSLF6-overexpressing lines to maximize the levels of MLG in 
the stem. 

This material is based upon work supported by the Great Lakes Bioenergy Research Center, U.S. 
Department of Energy, Office of Science, Office of Biological and Environmental Research 
under Award Number DE-SC0018409. 
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Project Goals:  

The goal of this project is to combine insights from solid-state nuclear magnetic 
resonance (ssNMR), x-ray crystallography, and enzymology to expand understanding of how 
biomass impacts and is impacted by both thermochemical pretreatment and enzymatic 
hydrolysis. Understanding biomass deconstruction on a molecular scale enables more detailed 
pretreatment and enzyme improvements and clearer, more specific identification and addressing 
of process bottlenecks. 

Abstract Text:  

Identifying bottlenecks in the deconstruction of plant biomass is an important aspect of 
developing increasingly effective deconstruction strategies. Because of the heterogeneity of 
biomass, both between plant species and within a single sample, the specificity of bottleneck 
identification has traditionally been a limitation. For example, it is well known that crystalline 
cellulose is less amenable to enzymatic hydrolysis than amorphous cellulose; and lignin is a 
potent inhibitor of cellulases, but correlations between these different molecular states and their 
impact on deconstruction is less clear. 

 We previously showed a correlation between enzymatic hydrolysis and the intensity of 
the split C4 resonance in bulk cellulose [1], which holds across plant species and co-solvents 
used in pretreatment. To better understand the reactivity of a model purified enzyme 
(Rumiclostridum thermocellum CelR) with cellulose produced via γ-valerolactone pretreatment 
(GVL cellulose), CelR variants consisting of the catalytic domain alone, the native enzyme 
(catalytic domain and a single carbohydrate binding module (CBM)), and an engineered native 
construct containing an additional CBM were constructed along with variants of each inactivated 
by mutation of the catalytic glutamate residue. Studies of the kinetics, binding affinities, and 
activity profiles of these variants on amorphous, crystalline, and GVL cellulose showed that the 
catalytic domain alone is nearly inactive; restoration of the native CBM improves specific 
activity by 10-fold and addition of the engineered CBM doubles again the specific activity.  



In this work, we have extended our prior ssNMR studies by using spectral deconvolution 
and fitting to quantify contributions of different cellulose substructures within GVL cellulose and 
to correlate changes in the proportion of these substructures during thermochemical treatment 
and enzyme hydrolysis. Results show that the Iβ form of crystalline cellulose accumulates during 
the GVL treatment and remains unhydrolyzed by CelR. Iβ cellulose is therefore a major 
bottleneck for deconstruction by CelR and can be targeted to improve deconstruction overall at 
both the pretreatment and enzymatic hydrolysis levels. These findings provide a molecular-level 
understanding of the progress of biomass deconstruction, and insight into how to improve this 
essential process. 
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Project Goals: To investigate the bioenergy sorghum’s root system development, morphology, 
anatomy, and gene expression and adaptations that help confer drought resilience and nutrient 
use efficiency, and total root biomass distribution within the soil profile. 

Abstract Text: Bioenergy sorghum has low input requirements, good water and nutrient use 
efficiencies, high yield potential, and drought and heat tolerance. Under field conditions this study 
analyzed bioenergy sorghum`s root development, morphology, anatomy, and transcriptome 
profiles during a 155-day growing season. Bioenergy sorghum`s root system grew continuously, 
produced ~175 nodal roots, accumulated ~7Mg of biomass per hectare, and reached ~3m deep into 
the soil profile. Nodal roots within 20cm of the culm were between one and ten millimeters in 
diameter whereas outside of this region, where lateral roots predominate, the root diameters ranged 
from 30 to 500µm enabling growth through soil macropores. Nodal and lateral roots produced 
lysigenous aerenchyma capable of fully degrading the root cortex leaving the endodermal, 
vascular, and inner root tissues intact. Nodal, surface (0-20cm), and deep (180-240cm) roots were 
subjected to transcriptomic analysis; differentially expressed genes involved in root growth, 
transport, adaptation, defense, and AMF-interactions were identified. Bioenergy sorghum`s root 
system grew for a longer time, deeper into the soil, and accumulated more biomass than many 
annual grain crops; these traits could help restore annual cropland soil organic carbon and improve 
soil productivity. Deep roots active in nitrogen and phosphate uptake are poised to take up leached 
surface nutrients helping to mitigate nutrient runoff and eutrophication. Bioenergy sorghum’s 
expansive root system is critical for the sustainable production of biomass on annual cropland 
while helping to mitigate carbon emissions. 
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Project Goals:  

The research goal of this project is to determine the taxonomic, phylogenetic, and functional 
diversity of the microbiome of the sorghum aerial root mucilage and epicuticular wax, and how it 
changes under plant stress. Our overarching objective is to understand how sorghum interacts with 
the mucilage and wax microbiome and to determine plant-interactions that can be leveraged to 
support sorghum resilience and productivity.   

 
Abstract:  
During development, sorghum (Sorghum bicolor) produces several exudates on its external aerial 
surfaces (epiphytic phyllosphere).  In particular, sorghum accumulates elevated levels of 
epicuticular wax on its stems and leaves to prevent water loss. Also, sorghum produces sugar-rich 
mucilage on its aerial roots to likely facilitate nutrient acquisition, including 
nitrogen fixation as has been reported in landrace maize. Here, we hypothesize that the 
epicuticular wax structure selectively filters for microbiome members that confer drought 
tolerance to the host and that the aerial root mucilage harbors a diazotrophic microbiota that 
supports nitrogen acquisition. Thus, we assessed the microbiome associated with the aerial root 
mucilage from N-fertilized and non-fertilized sorghum plants at two points in the growing season, 
and the epicuticular wax from plants under non-limiting and limiting water conditions.  
Our initial results showed that Proteobacteria, Bacteroidetes, and Firmicutes are the dominant 
phyla in the aerial root mucilage compartment regardless of the fertilization treatment. The relative 
abundance of Pantoea was higher in the mucilage at an earlier stage of sorghum growth, whereas 
Flavobacterium and Pseudomonas were enriched in the mucilage later in the growing season. The 
dominant epicuticular wax microbial phyla were Proteobacteria and Firmicutes. We also identified 
Sphingomonas as a major taxon associated with the wax. To capture microbiome members 
hypothesized to be important for host resilience, we built a large bacterial collection by targeting 
a wide range of traits expected to be beneficial for the host plant during stress.   
The outcome of this work will inform understanding of the interplay between the phyllosphere 
microbiome and plant exudates for sorghum resilience and productivity, and supports our long-
term goal of translating our findings into sorghum cultivation for biofuel production and crop 
adaptation to stress. 
 
Funding statement: This work is supported by the Great Lakes Bioenergy Research Center, U.S. 
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Project Goals: 

(i) Determine the occurrence and frequency of negative N2O fluxes from bioenergy 
cropping systems using automated flux chamber technology 

(ii) Identify environmental and soil characteristics that might favor N2O consumption and 
determine their predictive capacity 

Abstract Text: Atmospheric nitrous oxide (N2O) concentrations reached a new high of 331 ppb 
in 2019 primarily due to agricultural intensification and soil disturbance. Efforts to mitigate N2O 
from agricultural soils have thus far focused on reducing fluxes from high-emitting systems such 
as fertilized row crops. The potential for promoting negative fluxes (denitrification of atmospheric 
N2O) in low-emitting systems such as perennial bioenergy feedstocks has been unexplored, largely 
because of the technical difficulty of identifying small negative fluxes within a background of 
more frequent and easier-to-detect high or net-zero fluxes. Automated flux chambers deployed in 
situ offer the opportunity to better resolve the potential for negative fluxes with near-continuous 
measurements and low analytical error. We examined sub-daily N2O fluxes from 2012 to 2017 
(six years) under nine different bioenergy cropping systems in the GLBRC Biofuel Cropping 
System Experiment at the W. K. Kellogg Biological Station in southwest Michigan USA. Daily, 
weekly, monthly, and annual flux measurements were calculated individually for positive and 
negative sub-daily data after first determining a minimum flux detection limit of ±1.029 g N2O-N 
ha-1 d-1. Of 37,000 sub-daily fluxes, 34% were statistically less than zero, ranging from -1.029 to 
-926 g N2O-N ha-1 d-1. Weather transitions lowered the magnitude of negative N2O fluxes. 
Minimum daily temperature and volumetric soil moisture content (0-10 cm depth) together 
explained 45% of negative N2O fluxes. The variability of N2O fluxes and the preceding seven 
days’ average precipitation were strongly associated. Higher plant diversity and lower inputs also 
promoted the frequency and magnitude of negative fluxes. Results suggest a potential for 
designing bioenergy cropping systems with a capacity to consume atmospheric N2O.  

Funding Statement: Support for this research was provided by the Great Lakes Bioenergy 
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Project Goals: This project seeks to define the physiological responses of bacterial cells to 
antibiotic treatments. This information will be used to improve our understanding of bacterial 
stress responses, including the induced accumulation of cellular structures that may be beneficial 
for bio-industrial and bioenergy purposes. Bacterial storage compartments, such as 
polyhydroxybutyrate (PHB) granules and polyphosphate (PP) granules are cellular structures 
highly enriched in specific chemical compounds. Bacterial membranes are a source for a variety 
of lipids. All of these structures may serve as important sources of primary material for a number 
of pharmaceutical, industrial, and biofuel applications. In this work, we use the 
photoheterotrophic bacterium Rhodobacter sphaeroides to study the accumulation of storage 
granules and membranes using cryo-electron tomography (cryo-ET), fluorescence microscopy, 
and biochemical purifications. Addressing these goals will provide a significant benefit to the 
development of renewable biofuels and bioproducts. 
 
Rhodobacter sphaeroides is an excellent model organism for the studies of cellular structures 
and bioenergy. It is a facultative photoheterotrophic bacterium that generates diverse cellular 
structures, including various storage granules and intracytoplasmic membranes, depending on its 
growth conditions. In this study, we observed the behavior of three cellular structures in response 
to the translation blocking antibiotic, chloramphenicol (Cm). The storage granules we studied 
were: PHB, a subcellular compartment where butyrate monomers are polymerized and are stored 
under nutrient rich conditions; PP, a chain of inorganic phosphate residues linked together to 
serve as storage for reducing potential; and internal and external cell membrane derived 
structures. An R. sphaeroides culture, grown in Sistrom’s medium, was treated with 200 µg/mL 
Cm and samples were collected for cryo-ET, fluorescence microscopy, and gas chromatography 
mass spectrometry (GCMS). Upon Cm treatment, the occurrence of PHB granules inside of 
individual cells changed. Using cryo-ET, it was observed that the average radius of individual 
PHB granules increased nearly 7-fold, and the corresponding volume of PHB per cell increased 
approximately 5-fold, despite this volume being comprised of fewer granules per cell. The 
accumulation of PHB in the cell was further verified by GCMS analysis. In addition to PHB 
granules, R. sphaeroides cells accumulate PP in granules that are smaller, more electron dense, 
and less labile to electron dose than PHB. These observations will be presented. The presence of 
PP granules can be controlled by growth in a medium lacking excess phosphate, further 
corroborating their identity as PP granules. Accumulation of PP is also increased by Cm 
treatment. In addition to the observation of changes to these nutrient storage granules, it was also 
noted in cryo-ET volumes that aggregations of cellular membranes were present in the wild-type 
strain of R. sphaeorides. Highly irregular membrane aggregations in the periplasmic space 
formed both at the pole and along the cell body. These membrane aggregations were apparent by 



fluorescence microscopy using membrane staining. Progress toward analyzing the changes in 
fatty acid and lipid profiles following Cm treatment will be presented.  
 
Our observations lead to an understanding of the cellular responses to antibiotic treatment. Since 
chloramphenicol blocks translation, thereby inhibiting cellular processes, it is possible that 
accumulation of nutrient and energy stores may occur as a method of mitigating and preparing 
for Cm induced stress. Accumulation of irregular membrane structures demonstrates that perhaps 
misregulation of intracellular membrane production occurs. Our findings lead to a better 
understanding of mechanisms bacteria may use to respond to, and possibly cope with, antibiotic 
stress, thus having the potential to impact studies of antibiotic resistance. Additionally, these 
analyses demonstrate conditions under which R. sphaeroides can be encouraged to produce 
stores of carbohydrates, lipids, and reducing power – all of which may have utility toward 
creating better chemicals for industrial purposes and biofuels. 
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Project Goals: The overall project aims to valorize the lignin fraction of plant biomass via 
chemical fractionation and depolymerization followed by conversion of the resulting mixtures of 
aromatic compounds into single valuable chemicals by genetically engineered bacteria. The goal 
of this study was to identify the key O-demethylases and ring-opening dioxygenases involved in 
the degradation of plant-derived aromatic compounds in Novosphingobium aromaticivorans. 

One of the major components of plant biomass is lignin, a heterogeneous and recalcitrant 
aromatic polymer. A strategy to make value from lignin is to use chemical techniques to 
depolymerize it into mixtures of phenolic compounds and then funnel these mixtures into a 
single product using engineered bacteria. Novosphingobium aromaticivorans DSM12444 can 
naturally degrade multiple lignin-derived phenolic compounds and we have previously 
engineered it to produce 2-pyrone-4,6-dicarboxylic acid (PDC) from a variety of compounds that 
contain S-, G-, or H-type aromatic structures (two, one, or no methoxy groups attached to the 
aromatic ring, respectively). However, conversion of S-type aromatics into PDC by this 
engineered strain is below stoichiometric, suggesting the existence of competing metabolic 
routes that do not involve the production of the target product. One potential competing pathway 
involves aromatic O-demethylation followed by oxidative aromatic ring opening, with gallic acid 
as an intermediate metabolite. Since enzymes performing these type of reactions commonly have 
broad substrate specificity and their inactivation can potentially affect the conversion of other 
aromatic compounds, we investigated enzymes hypothesized to be involved in O-demethylation 
of syringic acid, vanillic acid, and 3-methoxygallic acid (3-MGA), and enzymes hypothesized to 
participate in ring opening of 3-MGA, gallic acid, and protocatechuic acid (PCA). Our results 
confirmed the existence of an alternative pathway for the degradation of S-type aromatics and 
the generally broad substrate specificity of the tested enzymes. For instance, the O-demethylase 
DesA was active on syringic and vanillic acids, whereas LigM was involved in O-demethylation 
of vanillic acid and 3-MGA. We also found evidence of a new O-demethylase transforming 3-
MGA into gallic acid. Among aromatic ring opening dioxygenases, LigAB had activity with 3-
MGA, gallic acid, and PCA. In addition, LigAB2 was identified as a new aromatic ring opening 
dioxygenase active with the same substrates. 



The data obtained in this study revealed a previously uncharacterized route for metabolism of S-
type aromatic compounds in N. aromaticivorans that involves O-demethylation of 3-MGA into 
gallic acid followed by aromatic ring opening. We predict that in wild-type N. aromaticivorans 
this pathway carries ~15% of the carbon flux from syringic acid, explaining the below 
stoichiometric transformation of S-type aromatics to PDC in engineered strains that did not block 
this pathway. By further inactivating O-demethylation of 3-MGA in the PDC-producing strain, 
we created a new engineered strain (PDC2) that stoichiometrically converts S-, G-, and H-type 
aromatics to PDC. 

1. Jose M. Perez et al. (2019) Funneling aromatic products of chemically depolymerized 
lignin into 2-pyrone-4-6-dicarboxylic acid with Novosphingobium aromaticivorans. 
Green Chemistry, DOI:10.1039/c8gc03504k. 

2. Jose M. Perez et al. (2021) Redundancy in aromatic O-demethylation and ring opening 
reactions in Novosphingobium aromaticivorans and their impact in the metabolism of 
plant derived phenolics. Applied and Environmental Microbiology. 
DOI:10.1128/aem.02794-20 
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Project Goals: The lipid membrane is the first line of defense for bacteria and evidence shows 
that microorganisms tend to remodel their lipid membrane in response to stressors in the 
environment. The response, which aids in the defense, often consists of increasing certain lipid 
classes and/or changing the composition of the fatty acid chains. Understanding a microorganism’s 
universal lipid membrane remodeling response could lead to the data necessary to engineer strains 
that are capable of withstanding various stressors. 

Abstract Text: Zymomonas mobilis is an ethanologenic gram-negative bacterium currently being 
developed for production of isobutanol. Despite being a proficient alcohol producer, Z. mobilis 
experiences growth inhibition at high ethanol titers and is highly sensitive to isobutanol. It is 
known that bacteria can modulate lipid membrane composition to increase their tolerance against 
environmental stressors. In this study, we used LC-MS/MS-based lipidomics to measure changes 
in lipid membrane composition that occur when Z. mobilis is exposed to increasing concentrations 
of ethanol, isobutanol, or ammonia fiber expansion (AFEX) lignocellulosic hydrolysate. Exposure 
to ethanol and isobutanol resulted in significant but distinct changes to the lipid and fatty acid 
composition. Affected lipid classes included ceramides, cardiolipins, phosphatidylcholines, and 
phosphatidylethanolamines. The fatty acid composition was also significantly affected. Most 
notably, we observed a substantial increase in C19 cyclopropane fatty acid content when cells were 
grown at high ethanol concentrations, suggesting that the changes comprise a defense mechanism 
in response to solvent stress. Previous evidence showed that cyclopropane ringed fatty acids 
modify membrane fluidity and act as a barrier to prevent detrimental molecules from entering the 
cell. To test the hypothesis that C19 cyclopropane fatty acids and derived lipids contribute to 
solvent resistance in Z. mobilis, we engineered a strain that overexpressed the Cyclopropane Fatty 
Acyl Synthase (CFA-Synthase) protein (ZMO1033) responsible for transforming unsaturated fatty 
acids into cyclopropane fatty acids. Analysis of the lipid membrane composition of the CFA-
synthase overexpressing strain showed a significant increase in C19 cyclopropane fatty acid 
content for all lipid classes. This increase correlated with significantly improved growth rates in 
the presence of high ethanol and isobutanol concentrations. These data demonstrate the importance 
of cyclopropane fatty acids to solvent stress resistance in Z. mobilis and will allow us to engineer 
strains that are more resistant to high ethanol and isobutanol concentrations. 
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Project Goals: We aimed to identify genetic modifications that enhance metabolic flux and the 
conversion of xylose into fermentative end-products by yeast through directed evolution. 

Abstract: 

Bottlenecks in the efficient conversion of xylose into cost-effective biofuels have limited the 
widespread use of plant lignocellulose as a renewable feedstock. The yeast Saccharomyces 
cerevisiae ferments glucose into ethanol with such high metabolic flux that it ferments high 
concentrations of glucose aerobically, a trait called the Crabtree/Warburg Effect. In contrast to 
glucose, most engineered S. cerevisiae strains do not ferment xylose at economically viable rates 
and yields, and they require respiration to achieve sufficient xylose metabolic flux and energy 
return for growth aerobically. Here, we evolved respiration-deficient S. cerevisiae strains that 
can grow on and ferment xylose to ethanol aerobically, a trait analogous to the Crabtree/Warburg 
Effect for glucose. Through genome sequence comparisons and directed engineering, we 
determined that duplications of genes encoding engineered xylose metabolism enzymes, as well 
as TKL1, a gene encoding a transketolase in the pentose phosphate pathway, were the causative 
genetic changes for the evolved phenotype. Reengineered duplications of these enzymes, in 
combination with deletion mutations in HOG1, ISU1, GRE3, and IRA2, increased the rates of 
aerobic and anaerobic xylose fermentation. Importantly, we found that these genetic 
modifications function in another genetic background and increase the rate and yield of xylose-
to-ethanol conversion in industrially relevant switchgrass hydrolysate, indicating that these 
specific genetic modifications may enable the sustainable production of industrial biofuels from 
yeast. We propose a model for how key regulatory mutations prime yeast for aerobic xylose 
fermentation by lowering the threshold for overflow metabolism, allowing mutations to increase 
xylose flux and to redirect it into fermentation products 

Funding Statement: This material is based upon work supported by the Great Lakes Bioenergy 
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Project Goals: To develop a biomass-to-bioproduct processing chain to produce 2-pyrone-4,6-
dicarboxylic acid (PDC) through microbial funneling of the phenolic monomers derived from 
catalytic depolymerization of lignin. 

Abstract Text:	When designing viable biorefineries, it is imperative to maximize the value 
obtained from all the components of lignocellulosic biomass. Lignocellulosic biomass is 
composed of 70-85 wt% polysaccharides (cellulose and hemicellulose) and 15-30 wt% lignin, a 
heteropolymer of aromatics. As a bountiful source of renewable carbon for the sustainable 
production of fuels and chemicals, the polysaccharide fractions have been extensively studied 
and various processes have been developed to produce valuable liquid fuels and commodity 
chemicals. The lignin fraction, being difficult to fractionate and process, often is burned for its 
energetic value to generate process heat and electricity. However, lignin is the largest source of 
renewable aromatics and, as such, strategies to valorize lignin are required for a bio-refinery to 
produce aromatic-derived chemicals currently derived from fossil fuels.  

“Lignin-first” strategies have been developed to extract value from lignocellulosic biomass in the 
form of commodity chemicals and liquid fuels from both the lignin and polysaccharide 
fractions.1 These strategies liberate the lignin in “native-like” form from the plant cell wall and 
convert it through catalytic processing2 or by protection-group chemistry3 before it can be 
degraded under the deconstruction processing conditions. 

In our previous work, we developed a lignin-to-bioproduct processing chain to produce 2-
pyrone-4,6-dicarboxylic acid (PDC) through microbial funneling of the phenolic monomers 
obtained by catalytic depolymerization of isolated lignin.4 We used chemical and biological 
upgrading in tandem to extract greater value from the lignin fraction by converting lignin-
derived aromatics to PDC. In this previous work, we first isolated lignin from lignocellulosic 
biomass under mild reaction conditions using gamma-valerolactone (GVL) and water as the 
solvent system and dilute sulfuric acid as a catalyst. In this scheme, lignin degradation was 
minimized during the biomass fractionation by the solvent system, as well as low process 
temperatures (<120 °C). The technoeconomic analysis of the processing chain showed the cost 
of lignin isolation to have a large impact on the minimum-selling-price (MSP) of PDC. 



In this work, we modified the “lignin-to-bioproduct” processing chain by eliminating the costly 
biomass fractionation step. In the new scheme, a “biomass-to-bioproduct” processing chain, we 
combine biomass fractionation and catalytic depolymerization of lignin into a single step, while 
simultaneously preserving the structure of the polysaccharide fraction. We demonstrate that the 
lignin fraction of poplar wood can be successfully depolymerized by hydrogenolysis over a Pd/C 
catalyst into a mixture of monomeric and oligomeric phenolic compounds. Using this strategy, 
we were able to increase the monomer/oligomer product yield on a per kg of biomass basis. We 
further show that, using an engineered strain of Novosphingobium aromaticivorans DSM12444, 
this complex mixture of aromatic compounds containing syringyl, guaiacyl, and p-
hydroxyphenyl aromatics can be upgraded to PDC. Moreover, we show that PDC can be 
extracted from the culture broth with a simple separation and purification step (e.g., precipitation 
with sodium chloride). Furthermore, the sugar stream was subjected to enzymatic and microbial 
digestion to liquid fuels to produce value-added products from both the lignin (phenolics) and 
polysaccharide fractions. 

Combining these improvements over the previous process we demonstrate that the most 
expensive parts of the lignin-to-bioproduct (PDC) processing chain can be improved by using a 
lignin-first biomass-to-bioproduct processing chain. Most importantly, we show that tandem 
processes utilizing both chemical and biological upgrading can significantly improve the 
upgrading of a complex feedstock such as lignocellulosic biomass. 
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Project Goals: 

The goal of this project is to develop a screening process based on component properties to 
determine whether the performance of new potential biofuels, such as 2-methyl-3-buten-2-ol 
(methyl butenol, MBO), when blended with gasoline, meet or exceed the performance of 
biofuels already established in the market, such as ethanol and isobutanol (IBA). The screening 
process will include properties important to spark-ignition direct-injection (SIDI) engines related 
to mixture formation, combustion, and particulate matter (soot) emissions. To assess biofuels 
that are available in limited quantities the screening process must be done computationally to 
minimize time and resources. To computationally screen biofuels for properties when blended 
with a gasoline, a representative gasoline surrogate was developed to accurately model and 
estimate properties of gasoline-biofuel blends. 

Abstract Text: 

Ethanol and isobutanol (IBA) have seen significant study of their engine performance when 
blended with gasoline. Recently, the terpene compound 2-methyl-3-buten-2-ol (methyl butenol, 
MBO) was identified as a potential gasoline blending component that may have favorable 
properties. To assess this, we consider biofuels blended with a gasoline blendstock for 
oxygenated blending (BOB), a gasoline with lower octane number that is used specifically for 
blending with oxygenated biofuels. Early efforts focus on estimation of gasoline-biofuel blend 
properties determined that the computational gasoline surrogate composition had a significant 
impact on these estimates. To address this, a new surrogate formulation methodology was 
developed that targeted matching of the chemical composition of the gasoline as well as the 
distillation curve (volatility), research octane number (RON) and motored octane number (MON) 
(autoignition), and hydrogen-to-carbon ratio (H/C) (flame speed and adiabatic flame 
temperature). With the new methodology, the surrogate composition matches the reference 
gasoline with less than 1.5% error in n-alkanes, iso-alkanes, and aromatics mole fractions. The 
error for other quantities is also low with average root mean-squared error for the distillation 
curve of 3.1% and errors for RON, MON, and H/C all less than 1.5%. The new surrogate 
formulation method also allows for identification of additional surrogate compositions that may 
have similar overall error but match particular properties better that were not included directly in 
the optimization process. 

mailto:ashen3@wisc.edu


The reminder of this work focuses on screening properties of MBO related to in-cylinder mixture 
preparation in spark-ignition direct-injection (SIDI) engines that may impact particulate matter 
(PM) formation. The proposed screening parameters include the equilibrium distillation curve 
(EDC) and standard enthalpy requirement (SER). These parameters were calculated for MBO-, 
IBA-, and ethanol-gasoline blends at fuel matched oxygen weight percentages of 4, 7.5, and 
11%. The results of the distillation curve calculation show an increase in aromatic component 
concentration at the 90% distillation point for ethanol at all blend percentages. For MBO and 
IBA the mole fraction of oxygenate increases at the 90% distillation point with increasing 
oxygenate weight percent, whereas for ethanol it remains almost constant. A redefined SER 
calculation showed that the energy needed to vaporize the fuel increases significantly with 
oxygen weight percent for addition of IBA and ethanol, while it remains almost unchanged for 
MBO. Combined, the results help explain the increased PM emissions seen from SIDI engines 
operating on ethanol-gasoline blends under certain operating conditions. The results also indicate 
that MBO will likely not suffer from this issue and may reduce PM emissions in general. 
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Project Goals: To offset the costs of biofuel production, we characterized components of 
lignocellulosic biofuel production waste (Conversion Residue) available for microbes to 
metabolize into valuable bioproducts and identified Streptomyces and yeast species to serve 
as chassis for future genetic engineering towards this goal. 

Abstract: Conversion Residue (CR) is the material remaining after deconstructed 
lignocellulosic biomass is subjected to microbial fermentation and distillation to remove the 
biofuel.  Current methods of switchgrass hydrolysate fermentation to bioethanol by 
Zymomonas mobilis leave behind about 60% of the organic material from the hydrolysate as a 
combination of raw plant material, treatment residues, unfermented sugars, bacterial waste 
products, and cell debris.  We analysed several batches of CR generated from AFEX- and 
enzyme-treated switchgrass hydrolysate fermented by Z. mobilis and distilled to remove 
bioethanol to determine what components could be utilized for a second round of microbial 
processing to alternate bioproducts.  Through a combination of chemical oxygen demand 
(COD), HPLC, and GC-MS-based assays, we determined that the major components of CR 
are oligomeric and monomeric sugars from cellulose and hemicellulose and other carbon 
containing metabolites.  We then tested 71 Streptomyces species, 163 yeast species, and an 
aerobic microbial consortium derived from a wastewater treatment plant for their ability to 
grow on CR.  Many of the Streptomyces and yeast species were able to grow in CR, with 
some species capable of utilizing over 40% of the soluble COD. For comparison, the 
microbial community was able to metabolize about 70% of the soluble COD.  HPLC analysis 
showed that most individual microbes and the community preferentially utilized the 
monomeric sugars in CR for growth, although there was evidence of further breakdown of 
oligomeric sugars.  These analyses allowed us to identify strains that are good candidate 
chassis for genetic engineering towards the production of valuable bioproducts. We also 
developed a synthetic conversion residue (SynCR); a defined medium designed to mimic CR.  
SynCR allowed us to examine how individual components of CR affect microbial growth and 
will be a valuable tool for future production of bioproducts. 
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Project Goals: The overall project goal is to move toward an understanding of the holobiont, 
how plants and the microbial community within them interact in ways that promote the 
productivity of the whole.  Integration of plant physiology data with the molecular plant-microbe 
interactions (multi-omics) data from greenhouse and field experiments will allow us to develop a 
systems-level understanding of the genetic and molecular basis for diazotrophic endophytic 
mutualism in Populus.  This deeper level of understanding of the plant responses will guide 
construction of microbial communities in order to optimize the impacts of bioinoculants for 
environmental sustainability of bioenergy crops. 
 
Abstract text: Poplar trees are important feedstocks for bioenergy and ecosystem services, but 
more efficient and resilient growth is essential for sustainability. Some of the micro-organisms 
which make up the wild poplar microbiome can help poplar grow by providing the required 
nutrients of nitrogen and bioavailable phosphorus. In addition to increasing nutrient acquisition, 
the micro-organisms may also promote plant tolerance to other environmental stresses including 
drought.  Previously we demonstrated that adding microorganisms from wild poplar to a variety 
of other plants including grasses, conifers, and cultivated poplar, increased the health and growth 
of these plants under nutrient limitation and drought.  Since the start of this grant in autumn 
2020, a suitable field site in a nutrient- and water-controlled site near Prosser, Washington was 
prepared for planting in spring 2021.  However, after a record-breaking heat wave and 
physiological impacts on the plants, we had to abort the 2021 planting, re-start the experiment in 
August, and conduct greenhouse testing of the bio-inoculants instead in preparation for a spring 
2022 field planting.  Growth, physiological parameters and nitrogen levels of the inoculated and 
control greenhouse poplar trees are being assessed.   Random barcoded TnSeq experiments to 
identify bacterial endophyte genes required for phosphate solubilization and nitrogen fixation 
were conducted.  An additional set of diazotrophic strains was isolated from wild poplar roots 
that significantly increased growth of in vitro grown poplar plants in nitrogen-free media.  
Genomic analysis of the new endophyte strains are in progress.  A new consortium of strains 
optimized for nitrogen fixation and poplar growth promotion will then be added to the 
greenhouse poplar prior to field planting.  In parallel, methodology for proteomics and 
metabolomics of a 15N-labeled diazotrophic endophyte strain is underway.  Preliminary analysis 
of peptides conservatively identified nearly 200 peptides with substantial 15N enrichment.  
Optimization of the analytical pipeline for 15N proteomics is on-going in preparation for 
experiments with the finalized consortium of strains.  This will enable elucidation of the 
molecular microbe-microbe interactions for optimal nitrogen fixation.  This first year of the grant 
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project is setting the stage for in-depth investigations of the mechanisms by which bacterial 
endophytes promote the growth and health of trees for sustainable bioenergy crop production. 
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Project Goals 

1. Determine the influence of microbial community composition on the severity and 
persistence of SWR  

2. Identify the metabolites differentially produced from microbial activity in hydrophilic 
and hydrophobic soils. 

Abstract 
Soil water repellency (SWR) is a major cause of global soil degradation and a key agricultural 

concern with an estimated 44 billion dollars lost in the US annually to offset erosion1-2. This 
phenomenon affects soils globally in both natural and cultivated lands3. The effects of climate 
change will likely exacerbate SWR emphasizing the need to understand the mechanisms driving 
SWR development and persistence. The importance of the soil microbiome in the development 
and persistence of SWR has been postulated for decades, but very limited research has been 
conducted into its role. To address this gap-in-knowledge, we investigated the direct effect of 
microbial community composition and activity on the development and persistence of SWR in 
model soils using a “common garden” experiment design. We inoculated microcosms 
containing model soils (sterile sand, blue grama plant litter, and bentonite clay) with 15 
different microbial communities. Respiration was measured throughout the experiment and a 
soil water drop penetration test was conducted prior to destructive sampling on days 30, 45, 
and 89. Six microbial communities were found to consistently produce either a hydrophobic (3) 
or hydrophilic (3) phenotype. We extracted DNA for metagenomics and polar and non-polar 
metabolites for mass spectrometry.  

We found that microbial community composition does affect the development of SWR. 
Although preliminary, there is some data to support that there is lower microbial diversity in 
hydrophobic communities, though specific taxa have yet to be identified as involved in SWR 
development. Preliminary analysis of the metabolomic data shows a significant difference in 
the functionalities displayed by hydrophilic vs. hydrophobic communities. Somewhat expected, 
the number of metabolites associated with lipid transport and metabolism is higher in 
hydrophobic communities, as well as metabolites associated with carbohydrate and coenzyme 
transport and metabolism. Preliminary data also indicates some differences between time 
points by community type, with a higher number of metabolites associated with defense 
mechanisms and signal transduction on day 45 within hydrophobic communities, but not day 
89. These initial findings suggest that microbial communities are a key missing factor in this 
global phenomenon. Further research is necessary to understand the mechanisms driving the 
development and persistence of SWR in situ and under changing environmental conditions and 
during different stages of colonization. Further research into microbial control of SWR has the 



potential to lead to the development of new mitigation strategies of SWR through microbial 
inoculations in degraded lands. 
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Project Goals:

1. Construct species-species interaction networks from genome-scale metabolic models within
an environmental context.

2. Investigate the stability of species-species interactions as environmental context is changed.

3. Produce accurate predictions of stable microbial community composition outcome after per-
turbation of community composition and environmental context.

Abstract: Interactions between microbial species have become a popular basis for dynamical and
predictive models that seek to understand how microbial populations organize and affect their
environment. However, the poor predictive power of pairwise network models with static parame-
ters suggests that interactions are in turn affected by their environment, and are therefore context
dependent. Genome scale metabolic modeling offers techniques to understand the behavior of a
microbe in a specific metabolic environment. One method for combining genome scale models into
a community model, called community dynamics flux balance analysis, offers a way to create a
dynamical system which couples the microbial community with its environment. However, this
system suffers from complexity and non-smooth behavior, and does not directly reveal any inter-
action between microbes, making manipulation of the community difficult. We use the community
dynamic flux balance analysis system as a basis from which to derive the implied interactions be-
tween species, and so create an environmental-context dependent networks of species interactions.
These networks can be used to study how interactions between microbes change with a changing
environment, and provide predictions of microbial community changes, including engraftment of
invading taxa.

Funding Statement: This work was supported by the U.S. Department of Energy Biological
System Science Division, through a Science Focus Area Grant (2018SFAF255). We gratefully
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and the Center for Non-Linear Studies for this work.



Microbially-Drive Carbon Flow Persists During Surface Litter Decomposition 
 
Authors: Marie E. Kroeger1* (mkroeger@lanl.gov), Dennis Suazo1, John Heneghan2, La Verne 
Gallegos-Graves1, Thomas Yoshida3, Michaeline B.N. Albright1, Sanna Sevanto2, 
John Dunbar1 
 
Institutions: 1 Bioscience Division, Los Alamos National Lab, Los Alamos, New Mexico, 2Earth 
and Environmental Science Division, Los Alamos National Lab, Los Alamos, New Mexico, 
3Chemical Diagnostics and Engineering, Los Alamos National Lab, Los Alamos, New Mexico 
 
Website URL: https://www.lanl.gov/science-innovation/science-programs/office-of-science-
programs/biological-environmental-research/sfa-microbial-carbon.php 
 
Project Goals: The two main goals of this project were (1) to determine if microbially-driven 
carbon cycling variation observed in short-term litter decomposition persists over longer 
timescales and (2) identify the temporal dynamics of microbial traits associated with disparate 
carbon flow. 
 
Abstract 

In terrestrial ecosystems, products of microbially-driven plant litter decomposition are 
major inputs to the soil organic carbon pool, a key carbon sink. While climate and litter quality 
impact litter decomposition rates across sites, large intra-site variation in litter mass loss appears 
to be microbially-driven. During litter decomposition, microorganisms can either mineralize the 
carbon compounds from plant litter to produce CO2 through respiration or transform the carbon 
into other organic molecules. Thus, manipulation of microbial community composition has the 
potential to alter the ratio of carbon directed toward the atmosphere as CO2 or funneled to the 
soil as dissolved organic carbon (DOC), which has the possibility to be stored for longer periods 
of time. It is clear that microbial composition has a significant effect on litter decomposition; 
however, it is not understood the underlying mechanisms by which microbial community 
composition alters carbon cycling at any given point in time, much less over the full cycle of 
litter decomposition. 
 To address the gap-in-knowledge we conducted two yearlong experiments, one in the 
laboratory under controlled environmental conditions and one in the field, where we inoculate 
non-sterile blue grama plant litter with a 1:40 serial dilution of different soil microbial 
communities. We measured CO2flux and DOC to assess the effect of microbial community 
composition on carbon flow. We collected blue grama plant litter over the year for microbial 
community analyses (amplicon, metagenomic, metatranscriptomic sequencing). Overall, we 
found that microbially-driven DOC variation persists over a year and changing environmental 
conditions. Furthermore, we observed no significant difference in respiration between low and 
high DOC microbial communities. This research is still on-going as we wait for microbial 
sequencing data, DOC characterization data using GC-MS and FTICR-MS, and super resolution 
FISH microscopy, but we anticipate that the phenotypic differences observed in both laboratory 
and field conditions will allow us to identify microbial traits driving carbon flow during litter 
decomposition. 
 



Funding Statement: This work was supported by the U.S. Department of Energy Biological 
System Science Division, through a Science Focus Area Grant, grant no. 2018SFAF255. 



Nitrogen Availability Strongly Affects Carbon Cycling by Sub-Surface Microbial Communities 
 
M. Rae DeVan1, Rachel Hestrin2, John M. Dunbar1, Michaeline B. N. Albright1, M. Francesca 
Cotrufo3, Sanna Sevanto4* (sanna@lanl.gov) 
 
1 Bioscience Division, Los Alamos National Lab, Los Alamos, New Mexico 
2 Physical and Life Sciences Directorate, Lawrence Livermore National Laboratory, Livermore, 
California 
3 Department of Soil and Crop Science, Colorado State University, For Collins, Colorado 
4 Earth and Environmental Science Division, Los Alamos National Lab, Los Alamos, New Mexico 
 
https://www.lanl.gov/science-innovation/science-programs/office-of-science-programs/biological-
environmental-research/sfa-microbial-carbon.php 

 
Project Goals 

1. Determine the microbially-driven variation in carbon cycling of sub-surface microbial 
communities. 

2. Quantify the impacts of nitrogen addition on carbon cycling by sub-surface microbial 
communities 

Abstract 

Soils store more carbon than plants and the atmosphere combined, and the ultimate 
fate of this carbon is tied to subsurface microbial communities. Yet, our fragmented 
understanding of how subsurface communities influence carbon cycling prohibits accurate 
estimates of the fate of carbon produced on the surface and future carbon storage. Because of 
the tight link between nitrogen and carbon cycles, nitrogen deposition has potential to 
drastically alter subsurface microbial composition and function. In this study, we used a 
common garden microcosm experiment to assess the range of subsurface microbial driven 
variation in carbon and nitrogen pools during root litter decomposition under fertilized 
(NH4NO3) and unfertilized conditions. We demonstrate that subsurface microbial community 
composition can create large variation in dissolved organic carbon (DOC, ~ 6x) and total 
nitrogen (TN, ~7x), and two-fold variation in CO2. Nitrogen addition altered the balance of DOC, 
TN, and CO2 in ways that were specific to the origin of microbial inoculum. These communities 
differed drastically in their ability to use the added nitrogen, which when consumed, was 
related to higher levels of CO2 and lower levels of DOC compared to communities from the 
same origin without added N. Thus, we conclude that differences in subsurface microbial 
community composition and their response to nitrogen deposition could have far-reaching 
impacts on ecosystem function and feedbacks to global nutrient cycles.  
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Project Goals: The Pacific Northwest National Laboratory Persistence Control Scientific Focus
Area aims to gain a fundamental understanding of factors governing the persistence of
engineered microbial functions in rhizosphere environments. From this understanding, we will
establish design principles to control the environmental niche of native rhizosphere microbes. In
our first funding period, we are examining the efficacy of genome reduction and metabolic
addiction to plant root exudates in environmental isolates as persistence control strategies using
the bioenergy crop sorghum and defined microbial communities as a model ecosystem. Effective
persistence control will lead to secure plant–microbe biosystems that promote stress-tolerant and
highly productive biomass crops.

Abstract: An important factor in plant growth is the interdependent relationship between the
plant and the soil microbiome. By genetically modifying the microbes, we can modulate the soil
composition to promote robust plant growth in low-resource environments. A microbe with
engineered functions, when introduced into a new environment, interacts with the native
microbiome, and subjects itself to competitors and predators [1]. A first step towards introducing
engineered microbial functions to promote plant growth is to control the environmental
persistence of the microbe of interest in the target environment. Our objective is to develop
growth harness actuators, genetic devices that can control gene expression to regulate the
microbial growth. In this poster, we present how to identify “fitness genes” for a bacterium in a
target environment using time-series RNAseq data along with time series growth data. We
propose a novel data-driven sensor fusion technique that combines dynamical systems theory and
machine learning to discover dynamic genotype-to-phenotype models that can simulate single as
well as combinatorial gene knockouts to identify optimal sets of genes corresponding to the
phenotype. We further validate these genes using a novel time-series transposon knockout assay.

Current approaches to identify genes for a phenotype of interest hinge on differential
RNA expression of genes either across time or across media conditions; the genes that exhibit
maximal differential mRNA expression across conditions are the important genes for that
condition. These approaches only use the mRNA expression data and check for individual
phenotypes. We represent the genotype-to-phenotype dynamics as a dynamical state-space model
by assuming gene expression to represent the state of the system and phenotype to represent the
output of the system. The state-space model contains the state equation which captures the gene
dynamics and the output model captures the mapping of instantaneous gene activity to the
growth, the phenotype of interest. This predictive modeling framework can be extended to fuse
other types of data like metabolomics, proteomics, fluorescence, and microscopic data either as a
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state or output depending on the availability of data and the problem being solved. We developed
an algorithm called output constrained deep dynamic mode decomposition (OC-DeepDMD)
algorithm which uses multilayer feedforward neural networks to identify a high dimensional
linear Koopman model of a relatively lower-dimensional nonlinear system such that the
state-space model becomes linear in both the state and output equation [2]. Using this model, we
simulate the effect of single-gene knockouts on growth output.

To validate the model predictions, we do Random Barcoded Transposon Sequencing
(RB-TnSeq) experiments which is an alternate method to identify genes that relate to fitness in
the media conditions used in the experiment [3]. RB-TnSeq employs a pool of single-gene
knockout mutants of a single strain via transposon insertions with unique genetic barcodes and
captures the fitness of the individual strains in various media conditions; the more negative the
strain fitness value in a certain media condition, the more important the gene for that condition.
Typically, RB-TnSeq experiments are done by considering an initial and a final time point. We
extend the experiment to include multiple intermediate time points and compute the fitness
curves as a function of time for each mutant and establish a benchmark for the comparison of the
fitness predictions obtained for the single-gene knockout mutants from the Koopman models.

In this work, we consider the growth of the soil bacterium Pseudomonas putida in R2A
media with varying concentrations of two nutrients - glucose as a carbon source and casein
hydrolysate as a source for amino acids. By observing the growth curves of P. putida under
varying concentrations of the two nutrients, we selected the condition under which a maximum
growth rate (MAX condition) is observed and the negative control (NC) condition in which the
nutrients are absent. We performed time-series RNA sequencing and RB-TnSeq experiments for
the MAX and NC conditions while obtaining optical density (OD) growth measurements. We
used the RNAseq and OD data in the OC-DeepDMD algorithm to learn a Koopman operator
representation of the state-space model. We simulated fitness with single-gene knockouts and
validated our model predictions using the RB-TnSeq data.

In summary, we propose to learn dynamic genotype-to-phenotype models using the
OC-DeepDMD algorithm, predict the fitness of single-gene knockouts and experimentally
validate them using time-series RB-TnSeq experiments. In the future, we plan to simulate
combinatorial gene knockout and identify optimal gene targets to control microbial fitness.
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Project Goals: The Pacific Northwest National Laboratory Persistence Control Scientific Focus 
Area is focused on developing fundamental understanding of factors governing the persistence of 
engineered microbial functions in rhizosphere environments. From this understanding, we will 
establish design principles to control the environmental niche of native rhizosphere microbes. In 
our first funding period, we are examining the efficacy of genome reduction and metabolic 
addiction to plant root exudates in environmental isolates as persistence control strategies using 
the bioenergy crop sorghum and defined microbial communities as a model ecosystem. Effective 
persistence control will lead to secure plant–microbe biosystems that promote stress-tolerant and 
highly productive biomass crops. 

Abstract: Metabolic addiction is a tool in which survival of engineered microorganisms is 
restricted in the absence of an essential metabolite. Engineered addiction to bioenergy crop-
specific root exudate compounds has great potential to enable the responsible use of engineered 
plant growth-promoting rhizobacteria in the environment, while preventing uncontrolled spread 
of such organisms in the environment. To date, methyl-3-(4-hydroxyphenyl)propionate (MHPP) 
has only been reported to be present in root exudates produced by Sorghum bicolor and 
Brachiara pasturis, where they are produced as biological nitrification inhibitors, and thus is an 
excellent model carbon source for demonstrating metabolic addiction. Pseudomonas fluorescens 
SBW25 can utilize MHPP as a sole carbon source, but the pathway for its catabolism is currently 
unknown. We performed a combination of RB-TnSeq, RNA-Seq, and individual gene deletions 
to elucidate a catabolic pathway for MHPP. We identified enzymes involved in MHPP 
catabolism, and now propose a catabolic pathway that funnels MHPP into the pathway 
responsible catabolism of p-coumaric acid. The p-coumaric acid catabolic pathway in 
Pseudomonas putida KT2440 is exceptionally similar to its analog in SBW25 at the levels of 
protein sequence, gene sequence, and even gene synteny. Thus, it was highly surprising that we 
found that several enzymes that appear to be essential for phenylpropanoid catabolism in 
Pseudomonas putida KT2440 are non-essential in SBW25. In fact, at least one appears to equally 
share its function with a second enzyme – with deletion of the genes encoding either enzyme 
resulting in a similar moderate growth defect when p-coumaric acid is the sole carbon source. 
This underscores the challenges with using genomic and phenotypic information from even 



closely related organisms alone to predict the roles of orthologs in other organisms. Ultimately, 
the approach we piloted to identify the MHPP pathway will be used to discover pathways for 
additional root exudates. This will lead to identification of catabolic pathways for compounds 
that are fully unique to sorghum (e.g. sorgoleone), and thus will enable the assessment of 
metabolic addiction as a persistence control strategy in soil and plant ecosystems. 

Funding statement: This research was supported by the U.S. Department of Energy (DOE), 
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Project Goals: The Pacific Northwest National Laboratory Persistence Control Scientific Focus 
Area aims to gain a fundamental understanding of factors governing the persistence of engineered 
microbial functions in rhizosphere environments. From this understanding, we will establish 
design principles to control the environmental niche of native rhizosphere microbes. In our first 
funding period, we are examining the efficacy of genome reduction and metabolic addiction to 
plant root exudates in environmental isolates as persistence control strategies using the bioenergy 
crop sorghum and defined microbial communities as a model ecosystem. Effective persistence 
control will lead to secure plant–microbe biosystems that promote stress-tolerant and highly 
productive biomass crops.  
 
Abstract Text: The beneficial interactions between plants and rhizosphere microorganisms have 
been well documented over the past several years. More recently, researchers have explored ways 
of engineering microbial species to enhance these interactions and further promote plant growth. 
However, the introduction of engineered organisms to soil presents questions about how they can 
be restricted to their intended roles and not persist outside their functional or geographic niches. 
Genome reduction to remove key metabolic or stress-response pathways is one strategy to achieve 
this goal of niche restriction but its efficacy in the presence of genetic or metabolic 
complementation potential from the complex soil microbiome is not known. 

To investigate complementation dynamics for engineered soil microbes, we have developed 
several Synthetic Communities (SynComs) that were derived from a native soil microbiome 
harvested from sorghum fields. We established these SynComs directly from complex soil samples 
(top-down) or from mixtures of soil isolates (bottom-up) and collectively they represent defined 
microbial communities that provide a palette for genetic or metabolic complementation of 
genome-reduced species. Using growth on agar plates supplemented with sorghum root-exuded 
metabolites we reduced native soil microbiome complexity and developed SynComs comprised of 
tens of species with relatively even representation and containing a number of key soil microbial 
taxa. We show that these SynComs are initially dynamic in their development before stabilizing 
and falling in complexity and richness. Of the methods tested for cold storage we show that 
glycerol, and in some cases lyophilization, enabled reconstitution of communities with the least 
dissimilarity from the original SynComs. Finally, by growing SynComs across a range of single 
carbon sources we highlight their complementation potential. Among several C sources tested 
arginine, adenosine, mannitol, and hydroxycinnamic acid led to SynComs that maintained the most 
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diversity, suggesting that in soils with these C sources these SynComs could serve as wide ranging 
complementation sources. These experiments reveal how synthetic microbial communities can be 
generated and stored as tools for microbiome engineering and begin to show the species and carbon 
utilization pathways that represent the highest potential for metabolic complementation of 
genome-reduced species. Future experiments will focus on incubation of genome-reduced species 
with SynComs to characterize their complementation effects, pathways and kinetics to improve 
our ability to control the persistence of engineered bacterial functions in native soil systems. 
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Project Goals: The Pacific Northwest National Laboratory Persistence Control Scientific Focus 
Area aims to gain a fundamental understanding of factors governing the persistence of 
engineered microbial functions in rhizosphere environments. From this understanding, we will 
establish design principles to control the environmental niche of native rhizosphere microbes. In 
our first funding period, we are examining the efficacy of genome reduction and metabolic 
addiction to plant root exudates in environmental isolates as persistence control strategies using 
the bioenergy crop sorghum and defined microbial communities as a model ecosystem. Effective 
persistence control will lead to secure plant–microbe biosystems that promote stress-tolerant and 
highly productive biomass crops.  

Abstract: The rhizosphere, the zone of soil influenced by plant roots, is closely associated with a 
complex microbial community of bacteria, archaea, viruses, and fungi1. Using a correlative 
surface imaging approach with Brachypodium distachyon, a genomics model for grasses2, we 
have demonstrated that the root surface is metabolically heterogeneous with hot spots for 
bacterial attachment3. Recently, we developed a 3D root cartography platform to map root 
exudate metabolites and microbes onto a 3D image of the root, generated by X-ray computed 
tomography (XCT)4. The aims of this ongoing experiment are to 1) map the distribution of 
exuded metabolites and the soil microbiome in the 3D space of the sorghum root and 
rhizosphere, 2) examine if there are hotspots for microbial colonization, and 3) determine if these 
hotspots correlate with exudation of specific metabolites. 

We have employed this multi-omics and imaging platform to collect spatially resolved root 
morphology, metabolite, and microbial species data for the bioenergy crop Sorghum biocolor 
(L.) Moensch. We collected XCT root profiles, metabolomics data, and 16S microbial profiles 
for three plants grown in soil collected from the Prosser, WA field site administered by the Soil 
Microbiome Science Focus Area at PNNL. While an integrated analysis linking spatial root 
morphology to metabolomic and taxonomic signatures remains in progress, we applied a 
network approach to the 16S taxonomic data to gain a more complete view of the role of 
individual taxa within the root microbial. Using amplicon data from three plants and across a 
profile of eight root depths we inferred a species co-abundance network and interrogated this 
network to identify which taxa occupied important and central positions and which taxa may 
shift their importance specifically as a function of depth. In a complete network of all data 



Proteobacteria, Crenarchaeota, Bacteroidota and Firmicutes shows the greatest number of links 
to other taxa while Bdellovibrionota and Myxococcota occupied positions as bridge taxa, linking 
other larger groups of species. When removing data from the lowest depths and remaking the 
network we found that certain taxa exhibited drops in their centrality suggesting that they may be 
crucially important specifically at lower depths. Taxa that may be critical at lower depths 
included Chloroflexi and Gemmatimonadota. In contrast,  Myxococcota showed an increase in 
its centrality when depth data was removed, suggesting it may be more important at shallow 
depths.  This network analysis will be critical in future studies that seek to better understand both 
beneficial and antagonistic interactions between root microbiomes and how these interaction 
networks shift as a function of depth.  

We anticipate this research will enable testing our hypothesis of community complementation for 
genome-reduced and, thus, niche-restricted biocontainment strains. Specifically, we hypothesize 
that species with the capacity for genetic or metabolic complementation are more likely to 
complement lost functions of niche-restricted strains when physically proximal in the 
rhizosphere. To test this hypothesis, we will assess the abundance of engineered strains directly 
in the sorghum rhizosphere that contains simplified microbiome communities. 
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Project Goals: The Pacific Northwest National Laboratory Persistence Control Scientific Focus 
Area aims to gain a fundamental understanding of factors governing the persistence of engineered 
microbial functions in rhizosphere environments. From this understanding, we will establish 
design principles to control the environmental niche of native rhizosphere microbes. In our first 
funding period, we are examining the efficacy of genome reduction and metabolic addiction to 
plant root exudates in environmental isolates as persistence control strategies using the bioenergy 
crop sorghum and defined microbial communities as a model ecosystem. Effective persistence 
control will lead to secure plant–microbe biosystems that promote stress-tolerant and highly 
productive biomass crops.  
 
Abstract 
The safe and responsible deployment of engineered microbes to promote bioenergy crop health 
demands biocontainment strategies that precisely control the environmental niche of the microbe. 
To investigate the potential to control the persistence of an engineered microbe through metabolic 
addiction to a plant root exudate compound, we have focused on identifying bacteria and genes 
responsible for use of the plant metabolite sorgoleone for growth. Sorgoleone is a hydrophobic 
allelochemical unique to the bioenergy crop sorghum [1]. To date, no studies have identified a 
microbe or catabolic pathway capable of degrading sorgoleone, though sorgoleone is clearly 
mineralized by the soil microbiome [2]. Here we report three bacteria from different genera that 
use sorgoleone as a sole carbon source (a Burkholderia, Pseudomonas, and Acinetobacter species). 
We discovered these microbes by purifying sorgoleone from seedling roots and enriching and 
isolating bacteria that use sorgoleone as a sole carbon source from sorghum field soil. This was 
followed by genome sequencing, and growth characterization in synthetic sorgoleone growth 
media. Each microbe has unique growth kinetics on sorgoleone and some also use other plant-
derived compounds for growth. To identify genes associated with sorgoleone utilization, we 
performed differential transcriptomics experiments on each bacterial strain grown on sorgoleone 
and acetate. The three strains that we investigated have at least seven proteins in common that we 
hypothesize to be required for sorgoleone degradation. These are likely involved in the degradation 
of the quinone ring and alkene tail of sorgoleone. Mass spectrometry and nuclear magnetic 
resonance (NMR) spectroscopy analysis of spent media from each bacterial strain indicated that 
no sorgoleone remained in the media after growth, though further investigation is required to 
identify possible strain-specific byproducts. The discovery of these sorgoleone degrading bacteria 



opens up new avenues of research into how plant exudates shape their bacterial microbiomes. 
Further, we anticipate these findings will lead to the first demonstration and characterization of 
metabolic addiction of a microbe to a plant root exudate for biocontainment in a field setting. 
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Abstract

To minimize the effort required to identify reusable microbiome datasets, the National

Microbiome Data Collaborative (NMDC) was established in 2019 to support microbiome data

exploration and discovery through a collaborative, integrative data science ecosystem. As part of

the NMDC program, we have developed a set of standardized workflows to analyze

metagenomics, metatranscriptomics, metabolomics, natural organic matter, and metaproteomics

data. These open-source bioinformatics workflows for processing raw multi-omics data have

been developed based on production-quality workflows at the two Department of Energy User

Facilities, the Joint Genome Institute (JGI) at Lawrence Berkeley National Laboratory (LBNL)

and the Environmental Molecular Systems Laboratory (EMSL) at Pacific Northwest National

Laboratory (PNNL). The workflows have predefined parameter settings to ensure consistency

across all available microbiome data. Users can download these workflows and adjust the



parameters based on their needs. Using these workflows we have processed 637 samples with

more data being added following our quarterly release plan.

All the workflows are available both as source code in Workflow Definition Language (WDL)

format from https://github.com/microbiomedata/ and software containers

(https://hub.docker.com/u/microbiomedata). An intuitive web application is also available to run

the metagenomics, metatranscriptomics, and natural organic matter workflows from

https://nmdc-edge.org/home.
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Project Goals: The overarching goal of this project is to assess and compare the contributions of 
active, infectious viruses and inert viral particles to biogeochemistry across diverse terrestrial 
ecosystems. Using a multi-omics approach, we seek to establish spatiotemporal patterns in soil 
viral community composition and activity linked to host carbon and nitrogen metabolism in 
grasslands, shrublands, woodlands, and wetlands. Leveraging a prescribed forest fire and a 
peatland temperature and atmospheric CO2 manipulation experiment, we are also exploring 
feedbacks between soil viruses and carbon dynamics in response to environmental change. 
Through laboratory experiments, we are investigating the chemical composition, fate, and 
transport of viral particles in soil. By integrating field and laboratory experiments across a 
variety of soil edaphic properties and spatiotemporal scales, this project is expanding our 
understanding of the soil virosphere and its influence on carbon and nutrient cycling. 

Abstract Text: Viruses have been recognized as highly abundant but poorly characterized 
members of the soil microbiome. By infecting soil microbes, viruses likely have substantial 
impacts on terrestrial biogeochemical processes under their hosts’ control. Viral particles 
(virions) may also play more direct roles in soil biogeochemical cycling as packets of carbon, 
nitrogen, and phosphorus, but the time scales and environmental conditions that determine virion 
infectivity, transport, and/or sorption to soil particles are unknown. This project uses a 
combination of field, laboratory, and computational approaches to distinguish between infective 
and inert virions and to assess their respective contributions to soil biogeochemical cycling. 
 
Using a ‘viral size-fraction’ metagenomics (viromics) approach, we are exploring the conditions 
and temporal scales over which virions are produced, remain infective, and decay in soil. We 
have shown that viromes can recover 1-2 orders of magnitude more viral sequence than total 
metagenomes, but the temporal scales over which a soil virome might be integrated were 
unknown at the start of this project. In Mediterranean habitats that experience a dry season, we 
find that the majority of the viral community seems to decay during seasonal dry-down, such that 
DNA contained in viral particles is largely undetectable throughout the dry season. In moist 
soils, results suggest that viral communities are active and dynamic and thus likely represent 
recently produced virions. However, dry periods early in the rainy season can render virion DNA 
undetectable within three weeks. Taken together, results suggest that soil viromes tend to capture 
very recently active viral communities, likely integrated over days to weeks. 
 
Our interpretation that most soil viromes capture a short window of recent activity is consistent 
with our repeated findings of highly divergent soil viral communities over spatial distances as 
short as 1 m in nearly all habitats explored thus far. In other words, if viral communities turn 
over rapidly in time, communities far enough apart to experience dispersal limitation would 
likely be decoupled in both space and time, thus appearing very dissimilar at a single time point. 
Centered on a highly spatiotemporally resolved viromic study of the Jepson Prairie grassland (8 
locations, 28 time points since November 2020), our ongoing work seeks to unravel the relative 
contributions of space, time, and dispersal on patterns of soil viral community composition.  
 



We are also performing a suite of laboratory analyses on purified viral fractions to assess the 
chemical composition, sorption, and transport of soil virions. In soils from three habitats, viral 
community composition did not differ significantly across a range of buffer pHs for removing 
viral particles from the soil matrix, suggesting that our viromics protocol is relatively robust to 
different virion chemistries. We are using a ZetaSizer to determine whether viral particles tend to 
have isoelectric points above, below, or near the pH of their native soils to assess their potential 
sorption to minerals and/or transport within soil hydrological conduits. Exploratory imaging 
analyses in collaboration with EMSL and SSRL, planned for early 2022, are expected to reveal 
the phosphorus content and chemistry in virions from low-phosphorus wetlands. 
 
To further investigate physicochemical constraints on virion integrity and viral community 
composition, we are analyzing data from three burned habitats. In shrublands and woodlands that 
burned during the dry season in the LNU Complex Fires in August 2020, viromic DNA yields 
remained below detection limits throughout the dry season, increased substantially after rain, and 
remained high until the following dry season. As these results mirrored patterns observed in 
unburned Mediterranean soils, we sought to decouple the effects of fire from desiccation alone 
by leveraging a prescribed burn in a mixed conifer forest that occurred during the rainy season 
(common for management) in Spring 2021. One week post-fire, viromic DNA yields were lower 
in burned compared to unburned soils, but this pattern was short-lived, suggesting that the impact 
of fire on virion abundance may be ephemeral. These preliminary results suggest that the degree 
of virion inactivation and the timing of viral community recovery post-fire seem to depend on 
soil moisture and depth. Viromes from these datasets are currently being sequenced, and 
laboratory experiments are being developed to tease apart the relative effects of temperature and 
soil moisture on viral community composition and virion integrity. 
 
The DOE Spruce and Peatland Responses Under Changing Environments (SPRUCE) experiment 
provides a platform for testing the vulnerability of boreal peat viruses and processes under their 
control, including host biogeochemical cycling, to elevated temperature and atmospheric CO2 
concentrations. Over the first two years of whole ecosystem warming and deep peat heating 
(2015-2016), peat viral community composition was significantly correlated with peat depth, 
water content, and porewater CH4 and CO2 concentrations, but not with temperature. In order to 
more thoroughly assess feedbacks between peat viruses and carbon cycling, we are tracking peat 
viral community composition and virus-host dynamics over longer time scales in the SPRUCE 
experiment (through 2022), with a focus on viral predation of methanogens and methanotrophs 
responsible for CH4 cycling and release to the atmosphere.  
 
Results from this project are facilitating a better understanding of viral contributions to terrestrial 
biogeochemical cycling, both as dynamic components of soil organic matter and through their 
infection of hosts responsible for carbon and nutrient cycling.  
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Project goals
As phenomics continues to generate larger and higher dimensional data sets, there is an urgent need to
develop and implement robust data processing pipelines to extract biological insight and knowledge from
these data. Current phenomics processing pipelines lack modularity and the ability to exploit distributed
computational infrastructure. To address these challenges, we developed PhytoOracle (PO), a suite of
modular, scalable pipelines that aim to improve data processing efficiency for plant science research. PO
integrates CCTools’ Makeflow and Workqueue frameworks for distributed task management on local,
Cloud, or high-performance computing (HPC) systems. Each pipeline component is available as a
standalone container, providing transferability, extensibility, and reproducibility. PO efficiently extracts
phenotype trait values, capturing phenotypic variation for elucidation of the genetic components of
complex traits.
Abstract
Understanding how plants dynamically respond to environmental conditions has been historically difficult
due to the low throughput and long-term cost of longitudinal data collection in the field setting1. Recent
technological advances have resulted in small, cheap, and high resolution sensors that can be used to
rapidly collect phenotypic trait data at regular time intervals in field or greenhouse settings2,3. Such
platforms will continue evolving and become more widespread, likely exacerbating the phenotyping
bottleneck by creating a strain on current data processing frameworks4.

Figure 1 PhytoOracle pipeline workflow. (A) Image georeferencing metadata is corrected and images are clipped to
agricultural plot boundaries. (B) Plants are detected using a Faster R-CNN model and (C) clustered and given a
unique ID. (D) Single plants can be tracked using unique IDs. (E) Multimodal data is merged using unique IDs and
plot information. (F) Large scale phenomic data and genomic data can enable GWAS and/or QTL mapping.

To address this phenotyping bottleneck, we developed PO, a suite of modular, scalable data processing
pipelines for RGB and thermal cameras, Photosystem II (PSII) imager, and structured-light laser scanners
(3D laser) raw data5. PO distributes tasks using CCTools Makeflow and Workqueue6 to extract plant-level
bounding area, canopy temperature, height, bounding volume and plot-level maximum quantum
efficiency of PSII (FV/FM) using Faster R-CNN models (Fig. 1). PO scales with processing times of 235
minutes for 9,270 RGB images, 235 minutes for 9,270 FLIR images, and 13 minutes for 39,678 PSII

https://github.com/LyonsLab/PhytoOracle
https://datacommons.cyverse.org/browse/iplant/home/shared/phytooracle
https://www.zotero.org/google-docs/?3U6YF4
https://www.zotero.org/google-docs/?tx2tHY
https://www.zotero.org/google-docs/?DeblUB
https://www.zotero.org/google-docs/?Fchf84
https://www.zotero.org/google-docs/?mzcuKP


images (Fig. 2). The resulting processed data are associated using agglomerative clustering to enable
time-series analysis of individual plant phenotypes (Fig. 1). Images and point clouds of each plant
throughout the growing season are collected. These datasets are useful for a wide variety of future ML
applications, such as the classification of plant varieties for precision agriculture, segmentation of plant
disease, and modeling of plant growth and its influence on light use efficiency.

Figure 2 PhytoOracle benchmarking of PSII, thermal, and RGB pipelines. Increase in average tasks processed as the
number of workers increases (Top). Decrease in total processing time (minutes) as the number of workers increases
(Bottom). Benchmark datasets for each sensor were processed over the following range of available workers: 1, 4, 8,
16, 32, 64, 128, 256, 512, and 1024. Each configuration was run three times totaling 30 benchmark observations.
Funding statement
This material is based upon work supported by the U.S. Department of Energy Biological and
Environmental Research program under Award Number DE-SC0020401, the U.S. Department of Energy
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Using Molecular Genetics and Precision Phenotyping to Map Gene Function Contributing 
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Project Goals:  

 Overall project objective: To define and functionally characterize genes and 
pathways related to drought stress tolerance in sorghum and the molecular 
mechanisms by which these factors drive phenotypic diversity.  

 Establish a foundation for deep explorations of gene regulatory networks in 
sorghum through integrative genomics analyses. 

 Enhance understanding of how genotype drives phenotype and environmental 
adaptation using high-resolution, field-based phenotyping of sorghum mutant 
collections. 

 Map and characterize genes contributing to drought responsive phenotypes in 
sorghum. 

 Experimentally validate predictions of gene function using molecular and genetic 
assays and targeted gene editing. 

Development of the next generation of bioenergy feedstocks will require strategies that utilize 
resource-limited agricultural lands, including the introduction of novel traits into crops to 
increase abiotic stress tolerance. This project investigates the innate drought resilience of 
sorghum (Sorghum bicolor), a bioenergy feedstock and cereal crop. Drought is a complex trait 
and identifying the genes underlying sorghum’s innate drought tolerance and how they are 
regulated in the broader context of the whole plant and its environment requires advanced 
approaches in genetics, genomics, and phenotyping.  

This project leverages a sequence-indexed population of EMS mutagenized sorghum and a field-
based phenotyping infrastructure at Maricopa, AZ, which provides an exceptional capability for 
managed stress trials in a hot and arid environment through controlled irrigation. An automated 
field scanner system collects high-resolution phenotyping data using a variety of sensors 
throughout the growing season, from seedling establishment to harvest. 430 EMS families in the 
tx623 background were phenotyped under the field scanner to compare drought-stressed and 
well-watered plants. Each mutant’s genome has been sequenced so that sequence variants can be 
linked with phenotypes. Being able to assess the genotype-to-phenotype link in response to 
drought over the life cycle of the plant will facilitate discovery of genes and their functions. To 
accelerate mapping of causal loci that underlie mutants of interest, we use bulked segregant 
analysis-seq. So far, we’ve identified candidate genes underlying defects in leaf senescence, 
plant architecture and male fertility. Regulatory maps generated from diverse sorghum lines in 
response to stress are being used to nominate gene candidates and place them in the larger 
context of a drought response network. This work will identify control points for enhancing the 



productivity of bioenergy crops in marginal environments through precision breeding or 
engineering, and thus accelerate the development of improved varieties that are high-yielding 
with limited water resources.  
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Project Goals: The overarching goal of our project is to understand how cross-kingdom and 
within-kingdom interactions (involving viruses, bacteria, archaea, fungi, protists, microfauna, 
and plant roots) provide a functional foundation for nutrient cycling in grassland soils. Within 
this framework, we seek to identify the biotic and abiotic factors that govern the structure, 
variation, and assembly of viral communities inhabiting these environments. By revealing the 
conditions under which viral community compositional patterns are and/or are not tightly 
coupled to their microbial host communities and biogeochemistry, we can begin to unravel the 
extent to which virus-host interactions impact soil carbon and nutrient cycling. 

Abstract Text: Soil and rhizosphere microorganisms play key roles in biogeochemical cycling 
and plant productivity, and by infecting soil microbiota, viruses likely have substantial direct and 
indirect impacts on these processes. In the oceans, viruses lyse (burst and kill) an estimated 20-
40% of microbial cells daily, impacting global ocean food webs, carbon and nutrient cycling, and 
climate. At ~107 to 1010 viruses per gram, soil viruses may play similarly important roles in 
terrestrial ecosystems and have been recognized as abundant but virtually unknown members of 
the soil microbiome. 

As part of our large-scale field manipulation study on the impact of reduced precipitation on soil 
biotic interactions in a Mediterranean grassland, we collected surface (0-15cm) soils from 22 
densely-rooted locations distributed across 15 experimental plots that have received treatments 
of 100% or 50% 50-year averaged precipitation since 2017. Soils were collected twice during the 
2020 growing season of Avena barbata, the naturalized annual grass that dominates the 
ecosystem, for a total of 44 samples. To profile dsDNA viral diversity in these samples, we 
generated 44 viral size-fraction metagenomes (viromes) by separating smaller virions from larger 
microbes with 0.2 μm filtration prior to DNA extraction and sequencing. 

Viral community beta-diversity was most significantly explained by spatial distance, a pattern 
driven by the steady turnover of viral populations (vOTUs) along a 16 m horizontal transect. 
This spatial structuring also impacted the genetic microdiversity of the more ubiquitous vOTUs, 
such that genome sequences from predominant allelic variants tended to diverge with increasing 
spatial distance. Both viral community composition and the genetic makeup of viral populations 
exhibited significant distance-decay relationships across the field, highlighting potential 



constraints on the spatiotemporal scales of soil viral dispersal and virus-host interactions in these 
soils. 

In addition to spatial structuring, reduced precipitation was significantly correlated with viral 
community composition, with evidence for more substantial viral responses to current or very 
recent moisture regimes than to legacy precipitation treatment. Interestingly, many of the vOTUs 
that were enriched in lower moisture samples were also grouped according to shared predicted 
protein content in a network analysis, suggesting that viral populations with higher-level genome 
conservation displayed a cohesive response to reduced moisture content. Furthermore, many of 
these vOTUs shared genomic features with known actinophages, suggesting that their responses 
to desiccation could result from interactions with host Actinobacteria, which have been 
established as drought responsive in prior studies. 

In a companion study, we are exploring virus-host dynamics in response to laboratory rewetting 
of dry soils from four distinct grasslands, including those adjacent to the Hopland field 
experiment described above. Tens of thousands of vOTUs were recovered from these 10-day 
laboratory experiments, in which viral communities separated most significantly by soil source 
and then by dry versus wet soils. For all wet soils analyzed so far, highly diverse viral 
communities exhibited rapid temporal succession that was reproducible across replicate 
microcosms, with viromes from 24 hours and 10 days post-rewetting sharing on average fewer 
than 25% of their vOTUs. 

Together, results suggest active and highly dynamic grassland viral communities that seem to 
respond rapidly to both increases and decreases in soil moisture. The high degree of spatial 
turnover within one field during one growing season suggests dispersal limitation for most viral 
populations on scales of meters and months. During the final year of this project, we will focus 
on further incorporation of host community composition and activity in our analyses to better 
understand how virus-host interactions contribute to carbon and nitrogen cycling in grassland 
soils. 

Funding Statement: This research was supported by the DOE Office of Science, Office of 
Biological and Environmental Research (BER), grant no. DE-SC0020163. Lawrence Livermore 
National Laboratory is managed by UT-Battelle, LLC for the U.S. Department of Energy under 
contract no. xx. This program is supported by the U.S. Department of Energy, Office of Science, 
through the Genomic Science Program, Office of Biological and Environmental Research, under 
FWP xx. 
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Project Goal: Use ligases and BAHD acyltransferases to modify lignin composition in 
bioenergy crop species. 

Abstract: Plants create a myriad of primary and secondary metabolites through the action of 
acyl-CoA ligases and acyl-CoA transferases. Acyl-CoA ligases use ATP and an organic acid to 
form an acyl-CoA donor, whereas the BAHD transferases combine the acyl-CoA donor with an 
acceptor, typically an alcohol or phenol. The resulting ester-containing metabolites can be used 
as ‘monomers’ for lignification, and function as donors to further modify lignin with clip-offs 
such as p-hydroxybenzoate, in biosynthesis of cuticular wax esters, or in many other vital 
biological reactions.  

To expand knowledge of these reactions, we combine phylogenetics, gene synthesis, cell-free 
protein synthesis, biochemical assays, structure determination, state-of-the art analytical 
methods, and protein expression in planta, microbes or yeast. Wheatgerm cell-free protein 
synthesis was used to produce previously known p-coumaroyl-CoA and feruloyl-CoA 
monolignol transferases (PMT and FMT) from rice as controls (1). Comparable synthesis of 
putative PMT and FMT genes from sorghum and switchgrass revealed new enzymes that 
produced monolignol p-coumarate and ferulate conjugates with a breadth of substrate 
selectivities and relative rates (1). The new FMTs and PMTs were transformed into Arabidopsis 
thaliana (which does not naturally make monolignol conjugates) and the presence of ferulates 
and p-coumarates on the lignin demonstrated enzymatic function within plants. Additional 
screening of the poplar BAHD acyltransferase superfamily (116 genes) revealed five enzymes 
capable of producing varying levels of monolignol p-hydroxybenzoates (2). Analysis of 
transcript abundance and p-hydroxybenzoate levels in unrelated genotypes of poplar indicated 
that pHBMT1 would be the best candidate for studies in transgenics. Three analytical methods 
showed that an increased level of p-hydroxybenzoate, a precursor to parabens used in 
pharmaceuticals and cosmetics, could be released by saponification from the transgenic poplar. 
In addition, five uncharacterized paralogous BAHD transferases from clade II genes (PtCER2-
like1 through 7) were expressed in yeast and PtCER2-like5 produced the highest levels of C28 
fatty acids when expressed in the presence of the condensing enzyme AtCER6. Its expression 



was localized to the epidermis in GUS-reporter poplar lines, consistent with a role in cuticular 
wax biosynthesis. We have also found new examples of aromatic acid CoA ligases in bacteria, 
and these have unique domain architectures, reaction mechanisms, substrate specificities, and 
rates of reaction relative to ligases from plants. These newly identified genes and enzymes are 
being further evaluated for potential use in engineering lignocellulosic biomass with increased 
value for emerging biorefinery strategies. 
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 Title: Optimizing enzymes for plastic upcycling using machine learning design and high 
 throughput experiments 
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 Project  Goals:  We  aim  to  create  new  and  optimized  PET-depolymerizing  enzymes  (PETases) 
 useful  for  industrial  application.  [  Aim  1]  Design  novel  PETases  that  are  significantly  different 
 (25-65+  mutations)  from  known  PET-depolymerizing  enzymes  and  contain  unique  properties 
 useful  for  performant  enzymatic  PET  recycling  and  upcycling.  Introducing  many  simultaneous 
 mutations,  while  maintaining  function,  will  enable  us  to  more  efficiently  search  for  altered 
 properties  that  depend  on  primary  amino  acid  sequence.  [Aim  2]  Optimize  previously  described 
 PETases  by  testing  millions  of  mutagenized  variants  using  directed  evolution.  Starting  with 
 existing  functional  PETases  and  exploring  small  changes  in  many  distinct  sequences  using  a 
 novel  ultra-HTP  functional  assay,  we  will  optimize  enzymes  with  improved  properties  by 
 varying  experimental  conditions.  [Aim  3]  Characterize  performance  metrics  of  new  and 
 optimized  PETases  in  detail  including  solvent  tolerance,  stability,  catalytic  rate,  and  substrate 
 promiscuity. 

 Abstract Text  : 

 Plastic  use  is  ubiquitous  in  the  modern  world,  and  polyethylene  terephthalate  (PET)  is  one  of  the 
 most  abundantly  produced  plastics  (and  the  most  highly  produced  polyester),  with  ~65  million 
 metric  tons  manufactured  annually.  To  the  consumer,  PET  is  likely  most  recognizable  as  the 
 plastic  used  to  make  beverage  bottles.  Like  many  plastics,  traditional  mechanical  or  chemical 
 means of PET deconstruction and upcycling are costly and inefficient. 

 Recently,  biological  enzymes  capable  of  breaking  down  PET  into  its  basic  building  blocks 
 (terephthalic  acid  and  ethylene  glycol)  have  garnered  significant  attention  as  an  attractive  means 
 of  dealing  with  the  plastic  problem.  These  enzymes  are  currently  undergoing  pilot  studies  for 
 implementation  in  enzyme-based  recycling.  However,  there  are  significant  limitations  to  current 
 enzymes,  including  the  need  to  perform  costly  pre-processing  of  the  plastic  waste  before  the 
 enzymes  are  able  to  work.  Further  optimization  of  these  enzymes  is  necessary  to  make  the 



 process  profitable  and  thereby  incentivize  commercialization  of  this  biology-based  green 
 recycling technology. 

 We  aim  to  apply  recent  advances  in  artificial  intelligence  and  machine  learning  to  design  new 
 versions  of  enzymes  capable  of  breaking  down  PET.  Based  on  preliminary  experiments  using 
 this  evolution-informed  computational  design  strategy,  we  believe  we  can  create  a  highly  diverse 
 set  of  enzymes  that  have  exceptional  properties  useful  for  industrial  recycling.  Testing  these 
 enzymes  is  typically  labor  intensive,  but  using  a  new  robotically-enabled  platform  we  will  be 
 able  to  experimentally  characterize  key  enzymatic  properties  of  thousands  of  these  designed 
 enzymes. 

 In  addition  to  applying  machine  learning  approaches  to  design  new  enzymes,  we  have  developed 
 a  novel  method  that,  by  experimentally  testing  millions  of  small  changes  to  enzyme  structure, 
 enables  us  to  optimize  existing  enzymes  that  are  known  to  break  down  plastic.  The  key  to  this 
 approach  is  that  we  encapsulate  individual  variations  of  each  enzyme  in  single  droplets  together 
 with  plastic  nanoparticles  creating  a  “mini  reaction”,  and  then  we  select  those  droplets  which 
 successfully break down PET to isolate the ‘winning’ enzyme variants. 

 Ultimately,  we  believe  that  the  result  of  these  studies  will  be  the  discovery  of  highly-optimized 
 enzymes  capable  of  breaking  down  PET  plastics  in  an  industrial  recycling  setting,  enabling  a 
 powerful and green solution to the plastic problem. 

 Funding  Statement:  This  research  was  supported  by  the  DOE  Office  of  Science,  Office  of 
 Biological and Environmental Research (BER), grant no. DE-SC0022024 
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Project Goals: To assess whether predation by protists can mediate the responses of microbial 
communities to temperature and nutrient increases. 

Abstract Text: Rising global temperatures and increases in nutrient deposition through severe 
air pollution may have catastrophic effects on natural ecosystems. Warmer temperatures increase 
metabolic rates, leading to increased energetic demands among endotherms. The burning of 
fossil fuels, emission of ammonia by industrial regions, and the indiscriminate use of fertilizer 
have contributed to ever-increasing nutrient deposition rates. Worse, anthropogenic nutrient 
additions interact with warming temperatures in often unpredictable ways. While we have 
previously shown that the temperature response of microbial communities is mediated by 
ecological interactions, how these communities may respond to both temperature increase and 
nutrient additions in the presence of predators is unknown. To test how predation mediates the 
combined effects of nutrient additions and temperature, we set up microbial microcosms where 
we manipulated temperature, nutrients, and the presence and absence of protists. Specifically, 
microbial microcosms were assembled using moss-associated bacteria from the DOE-supported 
SPRUCE site in the Marcell experimental forest in Minnesota. We manipulated microcosm 
temperatures (22℃ and 25℃), nutrient conditions (standard and half concentration Carolina 
protist media), and the presence of protist predators on 200mL glass jars over three weeks. To 
assess the response of the bacterial communities, we quantified total microbial biomass using 
OD600, total respiration rate using real-time respirometry, and changes in microbial community 
structure using amplicon sequencing. 

Our results show that temperature, nutrient concentration, and the presence of protists 
interactively influence microbial growth and community structure. Increased temperature and 
low nutrient conditions negatively affect total microbial biomass, while the presence of protists 
has a positive effect on biomass independent of temperature and nutrient conditions. The 
microbiome functional changes are accompanied by distinct shifts in community structure that 
show a stronger response to protist predation than temperature. These results suggest that while 
temperature and nutrients may indeed interactively influence the structure and function of 
microbial communities, their response is ultimately determined by top-down controls exerted by 
bacterivore organisms that may themselves be responding to increased temperature). Moreover, 
we show that while protist presence may certainly provide top-down control, it can also fertilize 
microbial growth by recycling nutrients stored in bacterial biomass. Overall, these results can 
help improve predictions on how the combined effects of nutrient additions and warming will 
affect ecological communities and food web structure. 

Funding Statement: This work was supported by a U.S. Department of Energy, Office of 
Science, Office of Biological and Environmental Research, Genomic Science Program Grant to 
JPG, under Award Number DE-SC0020362. 
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Project Goals: This project scales up biological responses to warming from the individual level 
to the ecosystem level by using microbial traits to link complex population, community, and 
ecosystem processes. 

Abstract Text: Microbial communities regulate ecosystem responses to climate change. But 
predicting these responses is challenging due to complex interactions among processes at 
multiple levels of organization. Organismal traits that determine individual performance and 
ecological interactions are essential for scaling up environmental responses from individuals to 
ecosystems. We combine protist microcosm experiments and mathematical models to show that 
key traits—cell size, shape, and contents—each explain different aspects of species’ 
demographic responses to changes in temperature. These differences in species’ temperature 
responses have complex, cascading effects across levels of organization—causing nonlinear 
shifts in total community respiration rates across temperatures via coordinated changes in 
community composition, equilibrium densities, and community-mean species mass in 
experimental protist communities that tightly match theoretical predictions. Our results suggest 
that traits explain variation in population growth and, together, these two factors scale up to 
influence community- and ecosystem-level processes across temperatures. Connecting the multi-
level microbial processes that ultimately influence climate in this way will help refine 
predictions about complex ecosystem-climate feedbacks and the pace of climate change itself. 

Funding Statement: This work was supported by a U.S. Department of Energy, Office of 
Science, Office of Biological and Environmental Research, Genomic Science Program Grant to 
JPG, under Award Number DE-SC0020362. 
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Project Goals:
One of the central challenges in the synthetic design of microbes for operation in

variable environments is that productivity and fitness can be negatively affected as
environments vary. A central hypothesis of this project is that it is possible to build
synthetic circuits in cells that deploy certain genes at the right times to respond to
environmental change and optimize fitness and productivity across variable environments.
We have been adding computational tooling into the DOE Systems Biology Knowledgebase
to support this design workflow1. Previously, we have prototyped the use of a circuit design
system developed by the Voigt lab at MIT called Cello that, if you know which genes you
wish to express when, will design a minimal genetic circuit to meet performance goals. To
support such designs, it is necessary to be able to assess which genes of an organism are
likely to tune both fitness and productivity in each environment. Recently, a number of
different high-throughput genetic techniques have emerged to efficiently enable this
assessment. The Arkin lab has developed RB-TNSEQ as an approach to this problem2. This
version of tagged transposon mutagenesis has been used across diverse bacteria (and some
fungi) and has been used to identify critical genes that could be engineered to improve
production goals. The experimental protocols and reagents have been published and
distributed widely to the community. However, the software to quality assess, analyze and
produce the final prioritized list of genes important for a given phenotype is complex and
difficult to use. Our goal this period has been to lower the barrier to its use by simplifying,
enhancing, and documenting the workflow within KBase.

The current implementation of RB-TNSEQ on KBase allows users to step through
mapping their RB-TNSEQ library, assessing it for bias, and analyzing fitness/phenotype
differences across conditions. This involves nine applications listed in tables below which are
partially in beta and nearly ready for release. We have created a comprehensive user manual, a
well-annotated demonstrative public Narrative, and an instructional video to help users learn the
system.  We expect full release of this system by the end of Q2, 2022.

The following page consists of three tables which group the applications by function.
“Mapping Applications” refers to the applications that should be run using the sequencing reads
that are acquired after running transposon insertion. “Fitness Assessment Applications” refers to
applications that should be run using the sequencing reads that are acquired when counting the
barcodes which have been previously decided upon. “Complimentary Applications” refers to
applications that assist with the workflow. Within all categories, the apps that are not necessary
for the entire workflow to be completed are labeled with a star.

http://kbase.us/


Mapping Applications

RBTnSeq MapTables* Map DNA reads to insertion locations within the genome

RBTnSeq Maps to Pool Create insertion locations (as above) and create a pool of curated
insertions. Returns a list of barcodes to be used downstream.

RBTnSeq Mutant Pool
Visualizer*

Run the data visualization component of ‘RBTnSeq Maps to Pool’
- allows for users to visualize completed data after edits

Fitness Assessment Applications

RBTnSeq Reads to Pool Counts Count barcodes from reads representing growth in
conditions

RBTnSeq BarSeqR Compute Fitness Results from counted barcodes
files

RBTnSeq Fitness Visualizer* Run the data visualization component of
‘RBTnSeq BarSeqR’

Complimentary Applications

RBTnSeq Find TnSeq Model* To be run before mapping applications. This finds the most likely
TnSeq Transposon Model used in a previous sequencing run.

RBTnSeq Genome to Gene
Table

Convert KBase Genome Objects to Gene Tables (which are similar
to .gff files)

RBTnSeq Download Tables* Download RBTnSeq data objects from KBase as tables (TSV files)

* - auxiliary application (i.e. not a necessary application to produce fitness results)

References
1. Wetmore, K.M. et al. Rapid quantification of mutant fitness in diverse bacteria by

sequencing randomly bar-coded transposons. MBio 6, e00306–e00315 (2015).
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7002 

Andrew Hren1* (andrew.hren@colorado.edu), Emily Freed1, Carrie Eckert,1,2 and Ryan Gill1,3. 

1Renewable and Sustainable Energy Institute, University of Colorado, Boulder; 2Oak Ridge 
National Laboratory, Oak Ridge, Tennessee; 3Danish Technical Institute, Copenhagen, Denmark 

http://gillgroup.org/research/ 

Project Goals: Our objective is to accelerate the engineering of designer organisms with traits 
amenable to sustainable biochemical production. By devising functional genetic screens using a 
genome-scale CRISPRi library in the photoautotrophic cyanobacterium Synechococcus sp. PCC 
7002, we seek to: i) identify gene targets for maximizing short chain alcohol synthesis, ii) enable 
CRISPR-based trackable genome engineering (CREATE) experiments1, and iii) uncover light-
responsive signaling pathways in a host capable of direct CO2 capture.  

Abstract text: Sustainable bioenergy production in microbes requires deep understanding of a 
host’s native biological functions and the development of tools and design principles necessary 
to engineer production at sufficient titers. While these objectives have been heavily investigated 
in model organisms (e.g., E. coli, S. cerevisiae), similar development in chassis organisms 
capable of efficient conversion of sustainable feedstocks has lagged behind. Synechococcus sp. 
PCC 7002 (PCC 7002) has emerged as a choice host for biochemical production thanks to its 
rapid growth rate and direct conversion of CO2 into products through photosynthesis. This work 
seeks to establish genome-scale CRISPR interference (CRISPRi) in PCC 7002, revealing 
uncharacterized gene functionalities, validating gRNA activities, and enabling downstream 
design and engineering of synthetic regulatory networks and hybrid control structures for 
enhanced production of industrially relevant short chain alcohols. The library will initially be 
screened across light wavelengths as a means of broadening understanding of light and color 
perception in PCC 7002, facilitating development of tunable production phenotypes using novel 
optogenetic control systems active across the light spectrum. 

References:  

1. Garst, A., Bassalo, M., Pines, G. et al. Genome-wide mapping of mutations at single-
nucleotide resolution for protein, metabolic and genome engineering. Nat 
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Project Goals: Our objective is to develop smart yeast strain that can efficiently regulate 
gene expressions by using multiple biosensors. To do so, we repurposed prokaryotic small 
molecule sensors and introduced them into Saccharomyces cerevisiae. As a result, we can 
construct a yeast “Marionette” strain containing 4 optimized sensors that enable 
independent control of metabolic pathway genes. To demonstrate the yeast “Marionette” 
strain, we optimized production of the monoterpene Linalool with precise controls of both 
expression levels and timing to get high titer. 

Microbial fermentation with the budding yeast Saccharomyces cerevisiae has been used for over 
8000 years, and recent engineering advances have expanded its application to a wide panel of 
valuable chemicals. In order to engineer more robust microbial cell factories, smarter control 
strategies need to be implemented, enabling cells to redirect flux at the right levels and at the 
right time to optimally balance fitness and production. However, in yeast, a lack of multiple 
biosensors often leads to uncontrolled and ‘constitutively ON’ pathway designs. 

Introduction of multiple sensors into the yeast strain require that sensors meet certain 
performance criteria. First, lower basal expression, as leakiness can restrict optimization of genes 
whose expression need to be low (e.g., toxic genes). Second, high fold change between the on 
and off states (dynamic range), providing a wide range of expression levels to explore in the 
controlled target gene. Third, a high level of orthogonality, as sensors should not crosstalk with 
other promoters and small molecules in the system. Finally, each sensor incurs a tax on cellular 
resources, which introduces burden to the strain and can influence the response of the other 
sensors. Thus, combining sensors should produce minimal impact to the engineered strain. 

Here, we developed a yeast Marionette strain containing 4 optimized sensors that enable 
independent control of metabolic pathway genes. We demonstrated the Marionette strain by 
optimizing production of the monoterpene Linalool, exploring both expression level profiles as 
well as temporal dynamics in the biosynthetic pathway. “Marionette” comprises a flexible 
platform that should accelerate the design-build-test strain engineering cycles, uncovering design 
principles that can guide implementation of more complex synthetic regulation in metabolic 
engineering applications. 

This research was supported by the DOE Office of Science, Office of Biological and 
Environmental Research (BER), grant no. DE-SC0018368.     
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Project Goals: Our objective is to develop a new standard for the engineering of microbial systems 
based on rational design, engineering, and optimization of hybrid regulatory networks. We 
envision a future biorefinery that is based on the development of designer organisms that have 
exquisite and predictable control architectures governing the expression of a range of valuable 
traits. Computer aided design platforms will guide the assembly of synthetic constructs containing 
orthogonal heterologous circuits to recode native regulatory networks. Together, these will enable 
predictable and dynamic control of multiple designer phenotypes such as: i) growth on various 
feedstocks in consolidated bioprocesses, ii) feedback control to mitigate accumulation of toxic 
metabolites, iii) production of target molecules (C3-C4 alcohols), and/or iv) robustness to process 
upsets (e.g. temp., phage). The focus of this proposal is to develop the technical and computational 
infrastructure to enable this vision. We will develop this platform first in the model organisms E. 
coli and S. cerevisiae and then in DOE relevant non-model organisms. (Limit to 1,000 characters) 

Abstract Text: Please limit such that entire document does not exceed 2 pages. 

Genome engineering for improved protein folding and metabolite production in yeast 

Climate change requires sustainable solutions that permit renewable synthesis of chemicals 
and fuels toward decreased consumption of fossil fuels. Advances in metabolic engineering, 
synthetic biology and systems biology have permitted to increase the turnover of the design-build-
test cycle of cell factories with high productivity and titers. Although rational design has gained  
great momentum, the engineering of complex phenotypes has not been possible until recently due 
to the lack of mechanistic knowledge of these phenotypes and the limitations of random 
mutagenesis and rational approaches for engineering such phenotypes.  

In recent years our group developed CRISPR Enabled Trackable Genome Engineering 
(CREATE) and applied it in parallel engineering of regulatory networks in E. coli and S. cerevisiae 
regulatory networks to gain access targeted complex phenotypes. With such it was possible to 
build and screen libraries 100,000 and 80,000 variants in E. coli and S. cerevisiae respectively. 
Such libraries were screened for improved tolerances to toxic chemicals from renewable 
feedstocks and short chain alcohols, molecules of interesting properties for use as biofuels. 

We are currently leveraging the CREATE approach in yeast to engineer proteins towards 
improved folding and functionality focusing on enzymes and transcription factor-based 
biosensors. We are focusing on enzymes involved in the synthesis of natural products and bulk 



chemicals that have low activity because of improper folding. We aim to mitigate misfolding by 
tuning substrate specificity of molecular chaperones. To that end we have mapped substrate 
binding sites of two major yeast chaperones and designed libraries towards enhanced folding of 
target enzymes. We will screen such libraries with a misfolding biosensor based on yeast native 
response to stress. In parallel, we are working in the development of transcription factor-based 
biosensors for biofuels. As our target transcription factors are of bacterial origin, transplantation 
into yeast requires engineering of both the transcription factor protein and the transcription factor-
responsive promoter. We will engineer both transcription factor and responsive promoter using the 
CREATE method with the aim of achieve improved dynamic range, operational range, specificity 
and sensitivity. 

Additionally, we are engineering phosphorylation regulatory networks. Phosphosites are 
one of the main ways that signaling is regulated within the cell. It plays key roles in almost all 
cellular pathways including cell division and replication, cell/environment interactions and 
metabolic function. Naturally, a lot of effort has been done in order to map the phosphoproteomes 
in various organisms, however studies that experimentally validate this data are rare. Here, we 
attempt to utilize existing phosphoproteomic data in yeast in order to increase cis-cis-muconic acid 
and isopentanol production. To this end, we designed and implemented metabolic and transcription 
factor phosphosite mutation libraries that leverage the CREATE approach in order to validate high-
throughput phosphosite editing as host engineering strategy for microbial production. 

We expect that leveraging the power of designer genome engineering from CREATE 
together with biosensor-mediated high-throughput screenings will permit as to access newly target 
phenotypes as optimized protein folding, enhanced biosensors properties and controls of 
regulatory networks through phophosite engineering. 
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Project Goals: This SFA project task seeks to develop a methodological pipeline that utilizes lab 
mesocosms to evaluate the integrity of novel biocontainment designs and assess the impact of 
industrial microbes on native environments. Additionally, we are designing the mesocosms with 
the aim of simulating the complexity of an environmental escape while still being streamlined 
and reproducible enough that they can be used to broadly evaluate biocontainment strategies in 
diverse microbes from different trophic regimes. Findings from these systems will be used to 
elucidate fundamental principles that drive engineered biosystems in their natural and non-native 
environments. 

 

Abstract Text: Industrial production microbes and their associated bioproducts have emerged as 
an integral component of a sustainable bioeconomy. However, the rapid development of these 
innovative technologies raises biosecurity concerns, namely, the risk of environmental escape. 
Thus, the realization of a bioeconomy hinges not only on the development and deployment of 
microbial production hosts, but also on novel biocontainment designs to reduce risk associated 
with environmental escape.  To date, most biocontainment strategies have been largely evaluated 
in the lab, often in monocultures and under tightly regulated conditions, thus their escape 
potential has never been thoroughly evaluated under conditions that even begin to recapitulate an 
environmental escape, where they would face complex microbial communities, a diverse array of 
resources and metabolites that may influence escape frequency, as well as increased probability 
of horizonal gene transfer1. Here, we are developing methods that utilize soil mesocosms to 
evaluate the efficacy of novel biocontainment strategies and to assess the impact of production 
systems upon terrestrial soil microbiome dynamics. This methodological pipeline will allow us 
to screen a broad range of biocontainment modules in diverse microbes from different trophic 
regimes via a down-selection strategy that allows for detection of rare escapees, effect of 
associated bio-products, and impact on native ecologies. To our knowledge these efforts 
represent a first in-kind testing pipeline of this rigor and will allow for the establishment of a 
national standard for the assessment of the safety of industrial microbes and their associated 
bioproducts, accelerating the realization of a secure bioeconomy.  



 

References/Publications 
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bioeconomy. Curr. Opin. Biotechnol. 71, 25–31 (2021). 

 

 

Funding Statement:  This material is based upon work supported by the U.S. Department of 
Energy, Office of Science, Office of Biological and Environmental Research, Genomic Science 
Program under Secure Biosystems Design Science Focus Area IMAGINE BioSecurity: 
Integrative Modeling and Genome-scale Engineering for Biosystems Security, under contract 
number DE-AC36-08GO28308. 
 

 



IMAGINE BioSecurity: Biocontainment Efficacy of Toxin-Antitoxin Cassettes in 
Laboratory and Industrial S. Cerevisiae  
 
Gabriella A. Li1*(gabriella.li@nrel.gov), Katie L. Arnolds1, Jeffrey G. Linger2, and Michael T. 
Guarnieri1 
 

1Biosciences Center, National Renewable Energy Laboratory, Golden, CO 2Renewable 
Resources and Enabling Sciences Center, National Renewable Energy Laboratory, Golden, CO 
 
https://genomicscience-qa.ornl.gov/research/sfas/nrelimagine.shtml 
 
Project Goals: The IMAGINE BioSecurity initiative aims to develop genome-scale 
engineering tools to test fundamental principles that drive biological systems, with the 
specific goal of conferring enhanced stability, resilience, and controlled performance in 
DOE-relevant plant and microbial systems. Specifically, this task will design and develop a 
library of biocontainment modules in Saccharomyces cerevisiae and experimentally analyze 
the growth, escape frequency, and bioproductivity of the engineered strains using high-
throughput screening analyses in laboratory and environmental settings. 
 
Abstract: Genetically modified organisms are widely used to produce a variety of bioproducts 
and fuels. With the increasingly sophisticated genetic engineering used to produce these 
genetically modified organisms comes the elevated risk of environmental escape. To establish a 
secure bioeconomy, new biocontainment strategies must be developed and deployed to maintain 
optimal microbial fitness and production while minimizing the risk of escape. Saccharomyces 
cerevisiae, often referred to as budding yeast, are a highly studied model organism commonly 
used in the industrial production of various fuels and bioproducts. In order to establish secure 
biocontainment designs in S. cerevisiae, the IMAGINE BioSecurity SFA is pursuing the high-
throughput design and screening of a library of toxin-antitoxin biocontainment modules to 
determine how they affect fitness, productivity, and escape frequency in laboratory (BY4171) 
and Brazilian (PE2) industrial S. cerevisiae strains to inform and improve future biocontainment 
designs. We hypothesize stacking biocontainment modules will increase efficacy while 
providing insights into the mechanisms governing biocontainment. Here we report the effects of 
biocontainment copy number on efficacy and bioproduction finding a two layered system 
provides longer term biocontainment while not altering ethanol production.  
 
This material is based upon work supported by the U.S. Department of Energy, Office of 
Science, Office of Biological and Environmental Research, Genomic Science Program under 
Secure Biosystems Design Science Focus Area IMAGINE BioSecurity: Integrative Modeling 
and Genome-scale Engineering for Biosystems Security, under contract number DE-AC36-
08GO28308. 
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Project Goals: This SFA project task will develop active biocontainment modules that prevent 
growth of cyanobacteria in the natural environment should they escape the lab or industrial 
setting. We will also assess the efficacy of a second strategy for biocontainment in which genes 
responsible for synthesis of storage molecules are knocked out to reduce fitness in the natural 
environment where fluctuations in nutrient concentrations are common.  
  
Abstract Text: Algae (including eukaryotic microalgae and cyanobacteria) have been 
genetically engineered to convert light and carbon dioxide to many industrially and 
commercially relevant chemicals including biofuels, materials, and nutritional products. At 
industrial scale, genetically engineered algae may be cultivated outdoors in open ponds or in 
closed photobioreactors. In either case, industry must address the potential risk that accidental 
release of the engineered algae into the natural environment may result in a variety of negative 
impacts to the environment. Genetic biocontainment strategies are therefore under development 
to reduce the probability that these engineered bacteria can survive outside of the laboratory or 
industrial setting. As part of the IMAGINE SFA project, we are testing strategies for 
biocontainment of strains of Synechocystis sp. PCC6803 that have been engineered to produce 
ethylene. We are combining two strategies: 1) knockout of storage molecule synthesis genes, and 
2) active lethal genes induced by an environmental signal.  
 
Knockout of storage molecule synthesis genes is expected to reduce fitness of engineered 
cyanobacteria if they escape to the natural environment where fluctuations in nutrient 
concentrations are common and elemental storage is important for surviving periods of low 
nutrient concentrations. We have initially targeted the genes responsible for synthesizing storage 
molecules of carbon (glycogen), phosphorous (polyphosphate), nitrogen (cyanophycin), and iron 
(bacterioferritin) as well as a gene essential for salt acclimation.  In addition to these knockouts, 
we have designed active biocontainment modules which can sense that the cells are no longer in 
the lab setting and induce the expression of lethal genes. Initially, we are testing a 
biocontainment module in which expression of the RNase, mazF, is controlled by the promoter, 
PisiAB, which is induced by iron limitation. Biocontainment efficacy will be assessed in 
conditions that are representative of what the cells are subject to in the natural environment. 
These strains engineered for biocontainment will be assessed for fitness and bioproductivity, 
including ethylene production, as a function of biocontainment constraints. The resultant data 
will be integrated into genome-scale models to establish a predictive framework for optimal 
biodesigns. 
   
Funding Statement:  This material is based upon work supported by the U.S. Department of 
Energy, Office of Science, Office of Biological and Environmental Research, Genomic Science 
Program under Secure Biosystems Design Science Focus Area IMAGINE BioSecurity: 
Integrative Modeling and Genome-scale Engineering for Biosystems Security, under contract 
number DE-AC36-08GO28308.  
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Project Goals: Synthetic biology promises a transformative bioeconomy, but much work 
remains in ensuring biocontainment for engineered organisms. A unique challenge for 
biocontainment in an industrial setting is that massive culture-scale necessitates ultra-low escape 
frequencies, while it is undesirable if genetic mechanisms for control interfere with organism 
fitness and biosynthesis capabilities. The IMAGINE team aims to solve this challenge with 
combinatorics and synergy, where multiple mechanisms that control viability in different ways 
with little adverse effect on the valuable properties of the microbes are combined to generate 
robust biocontainment for ensuring biosafety. The overall goal of our project is to examine the 
incorporation of synergy among mechanisms for biocontainment as a widely applicable strategy 
for establishing safe industrial organisms without sacrificing efficiencies for bioproduction. 

Abstract Text: To facilitate the analysis of combinatorial constructs in our target organisms, a 
method termed combinatorial genetics en masse (CombiGEM; Wong et al., 2016) was 
implemented. In this method, the recursive cloning of DNA-barcoded modules via designated 
restriction sites within the modules results in the accumulation of constructs of interest on one 
side and the DNA barcodes on the other side of the restriction sites. The concatenated barcodes 
reveal the identity of the multiple modules in each strain. To conduct the CombiGEM process for 
biocontainment modules, we generated the base plasmid pCombi-CC (copy control) that can be 
maintained in E. coli as a single-copy entity to cope with any toxicity from biocontainment genes 
and can also be induced to increase its copy number (Lucigen). pCombi-CC enables the 
recursive assembly of modules using the BamHI, BglII, EcoRI, and MfeI sites. We demonstrated 
this in an experiment with four mock biocontainment modules. To integrate next-generation 
sequencing (NGS) into the analysis of concatenated DNA barcodes that mark our combinatorial 
constructs, we incorporated both a widely used amplicon sequencing approach (Caporaso et al., 
2011) and the standard Illumina TruSeq process. The compatible pCombi-CC-Next vectors 
contain part of the TruSeq Index Adapter sequence, so that a single primer without any strong 
secondary structure can be used to introduce an index for multiplexing and complete the 
construction of a library to be sequenced with universal primers. With this approach, we can 
obtain 1 million reads for a concatenated DNA barcode library for $7 using the Illumina 
NovaSeq platform. With PCR optimization, artifactual reads were reduced to 0.01% of the 
whole. A computational analysis pipeline for rapid data analysis was also established. Toward 
applying the CombiGEM strategy to the analysis of biocontainment mechanisms, we completed 



the initial design of the vector, regulatory sequences, and six toxin systems for our five target 
industrially relevant organisms, Saccharomyces cerevisiae, Pseudomonas putida, Synechocystis 
sp. PCC 6803, Clostridium ljungdahlii, and Mycoplasma mycoides. This design reflects the 
current organism-specific strategies the IMAGINE team is taking, and some of the molecular 
tools are being developed. In P. putida, there are effective tools for inducible gene expression. 
We are using the AraC-PBAD system (Gauttam et al., 2021) for driving the expression of antitoxin 
genes. However, there is a shortage of tools for inducible repression needed for inactivating toxin 
genes when the organism is in a growth-permissible space. Our group is developing a system 
with nickel-activated Nik repressor for this purpose. Transitioning from the designed sequences 
to the actual DNA constructs and strains will be our next challenge. With the combinatorial 
approach, we expect to generate hundreds of genotypes, each corresponding to a particular 
combination of biocontainment modules, in each organism and use the abundances of 
concatenated DNA barcodes in mixed populations to elucidate the synergistic interactions among 
the biocontainment modules tested. 
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Project Goals: 

To develop computational tools for the predictive design of biocontainment strategies with 
enhanced stability and resilience in diverse microbial hosts while maintaining maximal fitness 
and bioproductivity of the engineered microbial strains. To do so, we are developing genome-
scale metabolic and expression models (ME-models) for a selected group of industrially relevant 
bacteria and exhaustively reviewing developed metabolic models (M-models) to employ them. 
We will 1) predict the impact of biocontainment strategies in the fitness and productivity of 
industrial strains, 2) develop community metabolic models (CM-models) to determine possible 
microbe-microbe interactions and the subsequent capability of a native ecosystem to support the 
growth of an “escaped” industrial strain, and 3) develop novel biocontaiment strategies based on 
a conditional metabolism that could not be rescued on natural ecosystems. 

Abstract Text: 

Genome-scale metabolic models (GEMs) of industrial relevant bacteria are largely employed to 
determine genetic interventions for optimizing the production of a target metabolite. However, 
strategies for the biocontainment and eliminating the impact on native ecosystems if they escape 
from an industrial environment are lacking behind. Here, we present manually validated and 
curated GEMs of four industrially relevant bacteria and the first ME-model for Pseudomonas 
putida KT2440 (iJT1667-ME). To do so, we developed a bioinformatics pipeline to validate and 
curate those and other 25 published bacterial GEMs and obtain M-models having identical 
identifiers to be used in CM-models, and we established a methodology around the COBRAme 
software to develop bacterial ME-models. 

The validation and curation pipeline obtains and combines the annotations derived from the 
KOFAM and the InterProScan software with the annotation of the best protein sequence 



alignment against the UniProt, KEGG, Prokka, and TCDB databases. Our UniProt database 
contains all protein sequences from the SwissProt database and a filtered TrEMBL database, 
keeping only protein sequences with a “catalytic activity” annotation and removing sequences 
with a “fragment” annotation. Similarly, we keep only protein sequences larger than 11 amino 
acids and that are annotated with an ontology number from the KEGG database. The resulting 
UniProt and KEGG databases contain 24.1 and 18.2 million sequences, respectively, covering 
10.7% and 52.1% of all proteins in the original databases. After bioinformatics analyses, we 
manually reviewed the annotations and assigned a “high-confidence” validation score when the 
annotation agreed and coincide with the reaction consulting BRENDA, KEGG, IntEnz, and 
RHEA databases. Finally, the GEM is curated and updated to accurately reflect information from 
databases and publications. In addition, genes that were not validated were discarded from the 
model. 

We successfully designed a methodology to process data available in diverse databases, such as 
BioCyc, to COBRAme-ready files to aid ME-model reconstruction. This approach allowed for 
the rapid development of the first ME-model for P. putida KT2440. The iJT1667-ME model 
consists of 7,110 metabolites, 10,955 reactions, and 1667 genes, covering 30.8% of the 5,419 
proteins of P. putida KT2440 proteome. iJT1667-ME includes a curated metabolic network of 
the iJN1462 model with an additional manual curation to incorporate ion and cofactor transport 
reactions, as well as resolution on the strain-specific gene expression machinery that resulted in 
the incorporation of 205 additional genes into the reconstruction. Simulations showed the correct 
minimization of metabolic loops, such as the ATP:polyphosphate phosphotransferase and L-
lysine:pyruvate aminotransferase reactions, and significant differences in the prediction of metal 
ion transport, NAD synthesis, and pentose phosphate pathway fluxes compared to iJN1462. Next 
steps will involve the modeling of biocontainment strategies to determine in silico fitness and 
productivity. 

Funding Statement: This material is based upon work supported by the U.S. Department of 
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Project Goals: Genetically modified organisms (GMOs) are widely used in agriculture and 
bioenergy industries, raising biosafety concerns about unintentional cellular proliferation or 
accidental environmental spread of synthetic genes. Supported by DOE BER Scientific Focus Area 
(SFA) program, we aim to design predictable and generalizable biocontainment strategies to 
prevent the potential hazards caused by GMO microbes. 

Abstract Text: Our research goals in this SFA subtask are twofold. First, we focus on the 
development of new tools that can characterize metabolic responsiveness of microbial hosts to 
genetic safeguards as well as biocontainment constraints in controlled and simulated ecosystems. 
In this respect, we have successfully developed machine learning (ML)-13C-fluxomics in which 
ML algorithm “learns” intrinsic relationship between 13C-labeled metabolites and metabolic flux. 
Thus, the tool can read out the fluxomic phenotypes “directly and immediately” from isotopically 
metabolomic dataset 1. One key merit of this tool is that the training dataset for ML can be 
generated by algorithm, such that it does not have to rely on experimental data, which is not always 
sufficiently available nor covering all realistic scenarios. The solvability of metabolic flux depends 
on the linear dependence of the adjoint labeling patterns of precursor metabolites, which is 
determined by the topology of the network and the labeling strategy of substrates. In our tool, 
screening for solvability is automatically performed. It eliminates the invalid variables and 
therefore increases the accuracy of prediction. The presented ML approach greatly reduced 
computation time for metabolic flux estimation down to <1 s in an exemplary E. coli model. 
Employing it for large scale flux analysis, high-throughput metabolic phenotyping and strain 
screening are enabled. Development of this efficient fluxomics approach for biocontainment hosts 
will promote iterative Design-Build-Test-Learn cycle and help biosystems redesign for safe 
production of next-generation biofuels. 

Second, we are developing novel biosecurity strategies specifically in industrial clostridia. 
One strategy is based on metabolic robustness control, a generalizable design principle from 
inherent properties of metabolism 2. This approach offers a unique capability to predict and govern 
the fitness of a dynamic biological system, especially when the system exhibits differential 
behavior in laboratory and natural conditions. In a modeled biocontainment circuit (Figure 1), for 
example, the GMO microbe will exhibit steady-state metabolism when a laboratory effector 
stabilizes the function of a key enzyme. In an uncontrolled environment, where the effector is 
absent, the targeted enzyme will be down regulated, thus depleting the pool of the vital 
metabolite(s) and resulting in instability of the GMO during escape. Metabolic robustness can thus 
be analyzed in the context of biocontainment modules by ensemble modeling, where a set of 
models with different kinetic data are parameterized and perturbed by varying maximum rate 



(Vmax), which is largely proportional 
to the control level of the enzyme. 
This approach counts the probability 
of system failure per perturbation. 
Such approaches can ultimately 
pinpoint new metabolic targets for 
optimal biosecure design, as well as 
assess viability of a modified 
laboratory organism in response to 
environmental changes. Currently, 
we have developed Ensemble 
Modeling for Robustness Analysis 
(EMRA) and are identifying in 
Clostridium ljungdahlii the most 
likely gene targets, modulation of 
which may predictably affect cell 
growth. Experimentally, we are 

developing a state-of-the-art multiplexed genome editing approach as well as inducible switch-
offs for robustness control of clostridia. The aim is to enable simultaneous targeting of multi-sites 
for growth arrest, and to minimize escape efficacy.   
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Figure 1 Predictive biosecure design based on 
ensemble modeling and robustness control 2. 
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Project Goals: PNNL’s Phenotypic Response of Soil Microbiomes SFA aims to achieve a 
systems-level understanding of the soil microbiome’s phenotypic response to changing moisture. 
We perform multi-scale examinations of molecular and ecological interactions occurring within 
and between members of microbial consortia during organic carbon decomposition, using chitin 
as a model compound. Integrated experiments address spatial and inter-kingdom interactions 
among bacteria, fungi viruses and plants that regulate community functions throughout the soil 
profile. Data are used to parametrize individual- and population-based models for predicting 
interspecies and inter-kingdom interactions. Predictions are tested in lab and field experiments to 
reveal individual and community microbial phenotypes. Knowledge gained provides fundamental 
understanding of how soil microbes interact to decompose organic carbon and enable prediction 
of how biochemical reaction networks shift in response to changing moisture regimes. 

Abstract Text: 

Extreme environmental change such as a severe drought followed by a precipitation event can 
trigger a complex cascade of microbial physiological responses, impacting soil microbial 
community structure and functions. Lipids are vital to microbial structural and signaling functions, 
yet the effect of environmental change on soil microbial lipids is only beginning to be explored.  
To reveal the importance of lipids in regulating microbial physiological responses to 
environmental stress, we used untargeted lipidomics, 16S rRNA gene and ITS region sequencing, 
to monitor an arid grassland soil microbiome for 3 hours following rewetting in a summer drought 
incubation experiment.  

We show that the soil lipidome is rapidly remodeled following rewetting and the distinct changes 
in lipids are important for stress adaptation, substrate use, and recovery during drought and 
subsequent rewetting. Comprehensive coverage of a broad range of lipid classes combined with 
our ability to characterize the fatty acid compositions of the measured lipids is an important 



advantage of our work, enabling the discovery of previously unknown responses at the lipid 
subclass and fatty acid level. Our findings suggest that lipids may be critical in orchestrating the 
broad differences in stress response strategies used by bacteria and fungi to survive environmental 
stress. Drought resulted in an increase in lipids implicated in mediating heat, osmotic and oxidative 
stress and nutrient deprivation. Drought also induced elevated levels of lipids containing fatty acid 
moieties that were characteristic of fungal metabolism. The increase in lipids with fatty acids 
typical of bacteria following wetting suggested rapid metabolic reactivation in the bacterial 
community as nutrient diffusion increased and conditions became more favorable for growth. 

These results underscore the importance of the soil lipidome as a robust indicator of microbial 
community responses, even at short time scales. We demonstrate the immense potential for 
harnessing information from the soil lipidome to understand how soil microbiomes adapt and 
respond to stress. 

Funding Statement: PNNL is a multi-program national laboratory operated by Battelle for the 
DOE under Contract DE-AC05-76RLO 1830. This program is supported by the U. S. Department 
of Energy, Office of Science, through the Genomic Science Program, Office of Biological and 
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sponsored by Office of Biological and Environmental Research and located at PNNL.  
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Project Goals: The overall goal of this project is to test if plant-microbe interactions are 
limited to influencing the rate of C accrual, while mineralogy regulates the sink capacity of 
biofuel cropping systems. To accomplish this goal, we are identifying the microbial functions 
and biopolymers of microbial necromass that contribute to soil C accumulation under 
controlled conditions and characterizing microbial necromass accumulation in response to 
crop selection and edaphic factors in situ. 

Abstract:  
Soil organic matter (SOM) is a reservoir for global carbon (C) that maintains soil fertility and 
prevents the release of greenhouse gases. A major contributor to SOM is necromass, consisting of 
dead microbial cells and cellular components. Yet methods for enhancing the accumulation of 
microbial residues and necromass in soil are still unknown. We hypothesized that the quantity of 
microbial residues that accrue and persist is positively correlated with the abundance of poorly 
crystalline iron minerals in soil. To test this hypothesis, we incubated soils from two agricultural 
research sites varying in soil texture and background C content, derived from the Great Lakes 
Bioenergy Research Centers. Sandy and silty loam soils were incubated with 13C-glucose for 12 
months to trace the fate of microbial-derived residues. We found an average of 30% of added 13C 
was recovered as microbial necromass after the course of the incubation. Density fractionation was 
used to separate light and heavy fractions of the mineral-associated organic matter (MAOM). 
Approximately 88% of the total recovered 13C labeled necromass was found in the fine (<53 µm), 
MAOM fraction. The light MAOM fraction, which is typically dominated by organo-mineral 
complexes, accumulated three times more 13C necromass than the heavy MAOM fraction. Further 
investigation via Mössbauer spectroscopy revealed that the light MAOM contained more 
amorphous iron-bearing minerals, whereas the heavy MAOM fraction had more phyllosilicates. 
Specifically, light MAOM had twice the amount of nano-size goethite and organo-Fe complexes 
compared with heavy MAOM. Most interestingly, light MAOM of the sandy loam soil had up to 
11 times the ferrihydrite content as the heavy MAOM. This high concentration of amorphous iron-
bearing minerals likely contributed to the accumulation of microbial-derived necromass in light 
MAOM via sorption or complexation. In addition, nanoscale secondary ion mass spectrometry 
(NanoSIMS) images revealed more 13C enriched hotspots in light MAOM than that in heavy 
MAOM, supporting the abundance of microbial-derived necromass in light MAOM after the long-
term incubation. Surface C chemistry analysis by X-ray photoelectron spectroscopy (XPS) 
revealed that light MAOM fraction had a lower abundance of alkyl or aryl compounds commonly 
derived from plant detritus (i.e., carbohydrates or lignin) and a higher abundance of carbonyl or 
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carboxylic compounds (i.e., proteins) compared to heavy MAOM. By labeling and tracing 
microbial residues, we demonstrate the importance of fine amorphous mineral surfaces in 
accumulating microbial-derived necromass in both sandy and silty loam soils.  
 
This research was supported by an Early Career Research Program award to KS Hofmockel, funded 
by the U.S. Department of Energy, Office of Science, Office of Biological and Environmental 
Research Genomic Science program under FWP 68292. A portion of this work was performed in 
the William R. Wiley Environmental Molecular Sciences Laboratory (EMSL), a national scientific 
user facility sponsored by OBER and located at PNNL. PNNL is a multi-program national laboratory 
operated by Battelle for the DOE under Contract DE-AC05-76RLO 1830. 
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Project Goals: PNNL’s Phenotypic Response of Soil Microbiomes SFA aims to achieve a 
systems-level understanding of the soil microbiome’s phenotypic response to changing moisture. 
We perform multi-scale examinations of molecular and ecological interactions occurring within 
and between members of microbial consortia during organic carbon decomposition, using chitin 
as a model compound. Integrated experiments address spatial and inter-kingdom interactions 
among bacteria, fungi viruses and plants that regulate community functions throughout the soil 
profile. Data are used to parametrize individual- and population-based models for predicting 
interspecies and inter-kingdom interactions. Predictions are tested in lab and field experiments to 
reveal individual and community microbial phenotypes. Knowledge gained provides fundamental 
understanding of how soil microbes interact to decompose organic carbon and enable prediction 
of how biochemical reaction networks shift in response to changing moisture regimes. 

Abstract: Soil microbes are highly sensitive to changes in their environment, making rapid 
measurements essential for a comprehensive understanding of microbiome functions. For 
example, drought is one of the most common environmental stresses that soil microbiomes 
experience, with important implications for larger scale biogeochemical fluxes. Water drives 
microbial interactions because it influences everything from cell function to substrate fate within 
the soil system. Changing levels of soil moisture can affect the retention or loss of soil carbon. 
When soil organic carbon is rapidly mineralized from desiccated soils upon rewetting there is a 
rapid increase in the release of CO2. It has also been observed that the release of CO2 increases 
with the length of time that the soil has been exposed to the drought conditions. Understanding the 
molecular mechanisms behind this phenomenon is important for managing soil carbon, especially 
with the increased frequency of drought-rewet events due to climate change.  
 
Here, we aimed to understand how the physiology, metabolism, and interactions between soil 
microorganisms change in response to desiccation and rewetting, and to use this understanding as 
a basis for predicting the soil metaphenome. Soil samples were collected from our irrigated tall 
wheatgrass field experiment, in Prosser, WA. This soil was used to in an incubation experiment 
where soils were exposed to dehydration, allowed to incubate in the desiccated state for 1 or 2 
weeks and then rehydrated for 90 min. The metaphenome was evaluated by measuring real-time 
respiration, carbon and nitrogen contents, as well as metabolite, protein, and transcript profiles 
throughout the time course.  
 



Our results revealed that microbial biomass carbon decreased through the dehydration period and 
additionally during the rewetting process, with similar results for both the 1 week and 2 week 
drought exposures.  The microbial biomass nitrogen also decreased during the dehydration event. 
However, no significant changes were observed during rehydration suggesting that the microbial 
biomass C:N ratio decreased over the course of the experiment.  Additionally, the reduction of 
microbial carbon during rewetting suggests that the microbes are not reassimilating the carbon 
immediately after rewetting (90 min). Instead, this carbon is being directed toward respiration. 
Real time mass spectrometry methods (Weitz et al., 2020) detected an immediate burst of CO2 
production within the first 10 minutes upon rewetting and a gradual increase during the subsequent 
90 minutes. Total CO2 respired from soil exposed to two weeks of drought was 75.6% higher than 
soil exposed to one week of drought, consistent with the Birch effect (Birch, 1958). 
Metabolomic analysis was used to characterize the microbiome response to the dehydration and 
rehydration processes. GC-MS based metabolomics analysis identified 336 metabolites over the 
course of the experiment. While most metabolites did not change significantly throughout the 
incubation, 20 metabolites decreased, and 19 metabolites increased during dehydration. 
Conversely, 23 metabolites decreased and10 increased during rehydration. These results illustrate 
changes that occurred in the soil metabolic profile in response to changing soil moisture levels. 
Specific metabolites changed during both phases of the experiment. For example, lyose, xylitol 
and other sugars accumulated during dehydration and decreased after rehydration, although 
mannitol increased throughout the experiment. These observations support the hypothesis that soil 
microbes accumulate sugars and other compounds during dehydration to protect against osmotic 
stress. The metabolites of interest are currently being mapped to metabolic pathways to identify 
potential metabolic strategies that are active during the dehydration and rehydration response.   
 
These results indicate that soil microbial communities react rapidly to changing moisture 
conditions. Understanding the mechanisms underlying these changes will have important 
implications for carbon allocation within and between organisms in the soil environment.   
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Project Goals: PNNL’s Phenotypic Response of Soil Microbiomes SFA aims to achieve a 
systems-level understanding of the soil microbiome’s phenotypic response to changing moisture. 
We perform multi-scale examinations of molecular and ecological interactions occurring within 
and between members of microbial consortia during organic carbon decomposition, using chitin 
as a model compound. Integrated experiments address spatial and inter-kingdom interactions 
among bacteria, fungi viruses and plants that regulate community functions throughout the soil 
profile. Data are used to parametrize individual- and population-based models for predicting 
interspecies and inter-kingdom interactions. Predictions are tested in lab and field experiments to 
reveal individual and community microbial phenotypes. Knowledge gained provides fundamental 
understanding of how soil microbes interact to decompose organic carbon and enable prediction 
of how biochemical reaction networks shift in response to changing moisture regimes. 
 
Abstract: Soil microorganisms are the drivers underpinning key ecological functions, including 
plant growth promotion and nutrient cycling. These important processes rely on metabolic 
interactions between individual populations of the soil microbiome. Despite the importance of 
microbial interaction networks to the emergent properties of decomposition and nutrient cycling, 
the complexity of soil makes analysis and data interpretation difficult. Here, we focused on a 
simplified, defined, and representative community of eight bacterial species, MSC-2, as they 
interact to metabolize chitin, an abundant carbon source in soil.  

Using a multi-omics approach we show that both species and community level processes 
during chitin decomposition were distinct when comparing monocultures of individual members 
to co-culture growth of the complete MSC-2 community. In addition, emergent properties of both 
specific species and the community were found. While certain members of MSC-2 showed poor 
growth on chitin in monoculture our metabolomic and metatranscriptomic analysis suggests that 



these same species, when cultured within the context of the complete MSC-2 community, 
contribute to chitin metabolism. The dominant metabolically active members within MSC-2 were 
further evaluated to determine their specific roles during chitin breakdown. Intriguingly, the most 
highly abundant members of MSC-2 were not those that could metabolize chitin, but rather those 
that could grow best on the resulting breakdown products. The use of multi-omics also allowed us 
to map the path of chitin through this community, assigning certain species to certain steps of 
chitin breakdown. This mapping revealed which taxa are critical to different aspects of chitin 
breakdown and revealed how, in environments where chitin is a major nutrient source, carbon 
cycling could be disrupted through the loss of certain taxa.  

This study not only greatly increased knowledge of how chitin is metabolized by soil 
microbial communities, but also provided new details underpinning interspecies interactions that 
are key to global carbon and nitrogen cycling in soil. These conclusions will be critical to our 
understanding of how native soil microbiomes process C sources, especially those such as chitin 
that drive interactions and metabolite sharing, and how these processes may shift as community 
membership changes as a function of both biotic and abiotic pressures. Application of these 
conclusions to the native soil microbiome will greatly expand our ability to identify what the 
keystone species are, who may have the greatest advantage for growth and how these communities 
are organized to promote C cycling in natural settings. 
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Project Goals: PNNL’s Phenotypic Response of Soil Microbiomes SFA aims to achieve a 
systems-level understanding of the soil microbiome’s phenotypic response to changing moisture. 
We perform multi-scale examinations of molecular and ecological interactions occurring within 
and between members of microbial consortia during organic carbon decomposition, using chitin 
as a model compound. Integrated experiments address spatial and inter-kingdom interactions 
among bacteria, fungi viruses and plants that regulate community functions throughout the soil 
profile. Data are used to parametrize individual- and population-based models for predicting 
interspecies and inter-kingdom interactions. Predictions are tested in lab and field experiments to 
reveal individual and community microbial phenotypes. Knowledge gained provides fundamental 
understanding of how soil microbes interact to decompose organic carbon and enable prediction 
of how biochemical reaction networks shift in response to changing moisture regimes. 

Abstract Text: This study focuses on the influence of soil moisture and plant cover on multi-
omic, microbial, and chemical indicators of carbon (C) cycling at different depths through the soil 
profile. Soil C is known to be metabolized through the soil-plant-microbe continuum in interrelated 
processes that determine the balance of C sequestered in soil or released back into the atmosphere. 
Long-term storage of soil C is thus dependent upon resource use efficiency by soil microorganisms 
and the complex interplay with the physiochemical soil matrix of organic and mineral forms of C. 
In surface soils, soil organic C (SOC) cycling is regulated by soil pH, moisture, and plant cover. 
Deep soil profiles are characterized by resource gradients of soil pH, moisture, nutrient 
availability, and mobile plant and microbial residues. A unique opportunity to understand mineral 
and organic carbon interactions through the soil profile is presented in the case of calcareous soils 
– characterized by high soil pH and calcium throughout the soil profile with carbonate-containing 
horizons a few feet deep. Calcium carbonate-containing marginal soils hold the potential for long-
term storage of select forms of C as presented in our study.  

We hypothesized that soil biochemical diversity would increase with plant cover and decrease with 
depth into the soil profile. Furthermore, we hypothesized that differences in soil moisture would 
result in differences in soil C chemistry with depth. We tested our hypotheses using a multi-omics 
approach to determine the composition and diversity of the soil microbiome, and the metabolome, 
lipidome, and proteome from 0 to 1 m depth into the soil profile, and how these relate to soil 



moisture and C chemistry. We analyzed soils from our tall wheatgrass (Thinopyrum ponticum) 
irrigation experiment located in the Columbia Basin of Washington state. Samples were collected 
from the drip irrigated plots and adjacent non-irrigated bare soil. Irrigated plots received surface 
drip irrigation weekly based on crop evapotranspiration, monitored by WSU, at a rate of 18.75% 
of the recommended application to impose drought stress. 

In total, 336 polar metabolite features, 649 lipids, and 19,165 proteins were detected in 48 soil 
samples. Greater depths were characterized by higher soil pH and calcium, lower SOC and SOM, 
and higher abundances of select lipids and organic acids. Of the organic acids which responded to 
depth, calcium was most strongly positively correlated to benzoic acid and most strongly 
negatively correlated to linoleic acid. SOM was also strongly predicted by linoleic acid and metal 
micronutrients which suggests that linoleic acid interacts in complexes between metals, cations, 
and SOM. 

Depth’s effects on soil chemical and metabolome composition were variable by field treatment. 
Nonirrigated bare soils contained significantly greater TOC, TN, and trehalose from 0-5 cm and 
lower carbonate as a polar metabolite, calcium, and magnesium compared to the 48-100 cm 
horizon. By contrast, in irrigated bare soils, the lower 48-100 cm horizon contained greater soil 
moisture and benzoic acid, and lower potassium and trehalose compared to the 0-5 cm horizon.  

Soil proteome structure was best explained by soil pH compared to all other soil chemical 
properties measured. Soil proteome composition differed by sampling depth: the top 0-5 and 5-15 
cm were characterized by significantly greater di-haem oxidoreductase activity, bacterioferritin 
activity, bacterial lysR proteins, outer membrane receptor proteins involved in mostly Fe transport, 
and gram-negative porin protein abundance compared to the lower 48-100 cm horizon. Di-haem 
oxidoreductase activity was detected in 40 samples. Acetoacetate decarboxylase activity was 
detected in 39 samples and ranked as one of the most commonly abundant protein signatures in 
the 15-48 cm and 48-100 cm horizons.  

Our results present a novel soil dataset revealing chemimicrobial interactions with SOM and 
minerals in calcareous, marginal soil systems. This rich dataset and multi-omics perspective 
highlights the contrasting importance of plant-microbe interactions in the formation of SOM in 
surface soils and salt-metal-mineral interactions in stabilizing deep soil C in arid marginal soils.  
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Project Goals: PNNL’s Phenotypic Response of Soil Microbiomes SFA aims to achieve a 
systems-level understanding of the soil microbiome’s phenotypic response to changing moisture. 
We perform multi-scale examinations of molecular and ecological interactions occurring within 
and between members of microbial consortia during organic carbon decomposition, using chitin 
as a model compound. Integrated experiments address spatial and inter-kingdom interactions 
among bacteria, fungi viruses and plants that regulate community functions throughout the soil 
profile. Data are used to parameterize individual- and population-based models for predicting 
interspecies and inter-kingdom interactions. Predictions are tested in lab and field experiments to 
reveal individual and community microbial phenotypes. Knowledge gained provides fundamental 
understanding of how soil microbes interact to decompose organic carbon and enable prediction 
of how biochemical reaction networks shift in response to changing moisture regimes. 

Abstract Text:  The physical and biochemical interactions between microbial community 
members drive the rate and extent of soil organic matter (SOM) decomposition. However, soil is 
a heterogeneous and porous environment in which microbial connectivity to other cells and 
nutrients is largely dependent on moisture levels. An important but challenging scientific objective 
is gaining a predictive understanding of how the dynamic interplay between key microbial features 
(e.g., motility and enzyme/metabolite production strategies) and soil aqueous phase variability 
affect SOM decomposition rates. The challenges associated with this objective are extensive due 
to the inherent chemical, physical, and biological complexity of soil. To address these challenges, 
we have developed a suite of tools that can generate spatially explicit cellular and molecular level 
insights into the microbial phenotypes and interactions involved in SOM degradation in a soil-like 
environment. The newly developed tools include 1) fluorescent protein (FP) expressing bacterial 
strains isolated from a naturally evolved soil microbial community (McClure et al. 2020) allowing 
for tracking of species abundance and co-aggregation in real time, 2) a porous and transparent 
artificial soil habitat, or Soil Chip, that is well suited for fluorescence based and MS imaging. 

Using these tools, we generate empirical data that can be used to test and parameterize 
microbial explicit models (agent-based and reaction-diffusion models) and to test hypotheses.  In 
our Soil Chips we hypothesize that both microbial functionality (motility and metabolic capacity) 
and C substrate complexity and solubility dictate strain growth profiles and assembly over time. 



Specifically, motile strains will have greater biomass than non-motile strains when a C substrate 
is insoluble, and producer strains that synthesize C substrate degrading enzymes will have lower 
biomass over time than cheater strains. Additionally, competing strains will assemble to form 
larger aggregate patches in an attempt to privatize resources. To test these hypotheses, we 
conducted experiments designed to map strain level assembly patterns, growth and motility of a 
microbial consortium treated with insoluble chitin or freely diffuse chitin products. To do so, 
phylogenetically diverse FP tagged bacteria including Rhodococcus sp. S2-17::mTagBFP2, 
Variovorax paradoxus::mScarlet-I, and Sphingopyxis fribergensis::mClover3, were incubated for 
4 days in saturated Soil Chips treated with either chitin, chitopentaose (chitin oligomer), or n-
acetyl glucosamine (NAG; chitin monomer). Unlike NAG, chitin and chitopentaose require 
extracellular enzymes to degrade the substrates into products that can be taken up by cells and 
utilized for growth.  Furthermore, chitin was localized to an area ~700 µm away from cell inoculum 
port, whereas NAG and chitopentaose diffused freely throughout the Soil Chips.  Soil Chips were 
imaged regularly by confocal laser scanning microscopy.  

Our results indicate that when treated with NAG, the consortium generated greater 
unmixed strain aggregate patches than when treated with chitopentaose and chitin. This suggests 
competitive interactions as all strains can assimilate NAG. When treated with chitopentaose, the 
chitinolytic strains, non-motile Rhodococcus and motile V. paradoxus, started to grow by day 1, 
whereas the non-chitinolytic and motile S. fribergensis grew to a high density and likely 
outcompeted V. paradoxus growth by day 4. With chitin, we see the most even strain distribution 
and the smallest strain patch sizes by day 4, evidence of more cooperative than competitive strain 
interactions. Our initial hypothesis is supported by these preliminary results and will be more 
rigorously tested through the comparison with simulation results from predictive spatiotemporal 
interaction models that are being developed. This research will serve as our benchmark for future 
studies designed to test moisture effects on microbial phenotypes and chitin decomposition rates.  
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Project Goals: PNNL’s Phenotypic Response of Soil Microbiomes SFA aims to achieve a 
systems-level understanding of the soil microbiome’s phenotypic response to changing moisture. 
We perform multi-scale examinations of molecular and ecological interactions occurring within 
and between members of microbial consortia during organic carbon decomposition, using chitin 
as a model compound. Integrated experiments address spatial and inter-kingdom interactions 
among bacteria, fungi viruses and plants that regulate community functions throughout the soil 
profile. Data are used to parametrize individual- and population-based models for predicting 
interspecies and inter-kingdom interactions. Predictions are tested in lab and field experiments to 
reveal individual and community microbial phenotypes. Knowledge gained provides fundamental 
understanding of how soil microbes interact to decompose organic carbon and enable prediction 
of how biochemical reaction networks shift in response to changing moisture regimes. 

Abstract Text: Metabolic network models of microorganisms help us to understand cellular 
metabolic capabilities, evolution, and ecological principles, as well as aid in the biotechnological 
design and management of microbial strains and consortia with desired functions. Because of the 
fundamental importance of metabolic network models in such a wide range of applications, the 
DOE Systems Biology Knowledgebase (KBase, http://kbase.us) provides a suite of apps and 
modules supporting the reconstruction, prediction, and design of metabolic models for 
microorganisms. 

Construction of metabolic network models is facilitated by iterative implementation of 
three key steps: draft model building, gapfilling, and manual curation. Draft metabolic network 
models (i.e., initial models constructed from genomic or metagenomic data) typically contain 
incomplete biochemical pathways (i.e., have gaps) due to underlying knowledge gaps in gene 
function. Gapfilling – adding reactions to a metabolic model to reconcile with phenotypic data – 
is an essential step in model building because it augments the completeness and functionality of 
metabolic networks. Typical gapfilling algorithms (including the process currently implemented 
in KBase) correct one erroneous prediction at a time by iteratively adding new reactions to the 



network. This approach, however, often leads to ‘false positives’ for other growth conditions (i.e., 
the model predicts growth, but experimental data show non-growth). Occurrence of false positive 
predictions is a greater problem in modeling communities, compared to isolates, due to the 
substantially larger pool of reactions available as options for gapfilling.  

Based on the hypothesis that false positives are caused by identifying a minimum number 
of reactions to add to the network (parsimony) without accounting for their broader biological 
relevance, we propose a new advanced optimization algorithm (termed OMics-Enabled Global 
GApfilling or OMEGGA) that uses multi-omics data profiles, including amplicon, transcriptomic, 
proteomic, and intracellular metabolomic data, to simultaneously fit a draft model to all available 
phenotype data. This novel integration of amplicon, transcript, protein, and metabolite data into 
model refinement will yield more precise and predictive models and increase the accuracy of 
identification of active reactions. We will demonstrate the effectiveness of OMEGGA using 
condition-specific multi-omics and phenotype data from the Model Soil Consortia-2 (MSC-2) and 
associated isolated organisms developed through PNNL’s Soil Microbiome SFA. These organisms 
were isolated from chitin enrichment cultures of a native soil microbiome. Data generated from 
various combinations of MSC-2 isolates is extremely valuable in testing the proposed algorithm 
under diverse contexts. We will accordingly develop generalized KBase apps using the KBase 
Software Development Kit (SDK) for implementation of all required gapfilling processes in 
OMEGGA.  

Our new optimization algorithms will enable constructing high-quality metabolic networks 
that best match both molecular and phenotypic observations by avoiding time-consuming manual 
troubleshooting, which generally does not guarantee a successful outcome. Integration of omics 
data for gapfree model construction through simultaneous fit to multiple phenotype datasets is a 
novel idea that will fundamentally change the way we annotate genomes and build metabolic 
networks by allowing us to consider a more conservative threshold in predicting gene functions 
towards higher accuracy but lower coverage. This is because those gaps resulting from the 
conservative threshold can be filled in through the integration of confident experimental evidence 
(i.e., omics data) as proposed in this work. Therefore, our computational tools and KBase Apps 
will significantly improve the accuracy in metabolic network models of all complex biological 
systems including microorganisms, microbial communities, plants, and fungi. 
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Project Goals: PNNL’s Phenotypic Response of Soil Microbiomes SFA aims to achieve a 
systems-level understanding of the soil microbiome’s phenotypic response to changing moisture. 
We perform multi-scale examinations of molecular and ecological interactions occurring within 
and between members of microbial consortia during organic carbon decomposition, using chitin 
as a model compound. Integrated experiments address spatial and inter-kingdom interactions 
among bacteria, fungi viruses and plants that regulate community functions throughout the soil 
profile. Data are used to parameterize individual- and population-based models for predicting 
interspecies and inter-kingdom interactions. Predictions are tested in lab and field experiments to 
reveal individual and community microbial phenotypes. Knowledge gained provides fundamental 
understanding of how soil microbes interact to decompose organic carbon and enable prediction 
of how biochemical reaction networks shift in response to changing moisture regimes. 

Abstract: Recent research has revealed that viruses carry auxiliary metabolic genes (AMGs) that 
potentially contribute to soil metabolic processes while tuning the host machinery towards their 
own replication [1-3]. The majority of these AMGs are poorly characterized and only one, mannan 
endo-1,4-β-mannosidase, has been expressed and confirmed to be active in cleaving β-1,4-linked 
mannose, a plant-derived polysaccharide [1]. AMGs are commonly assigned potential functions 
based on their sequence similarity to annotated microbial genomic databases. These approaches 
overlook the critical motifs or catalytic sites that are key to determining if a protein is functional. 
Therefore, direct characterizations of AMG enzymatic functions and protein structures are of 
utmost importance for a mechanistic understanding of the ecological roles of soil viruses.  

Here, our team focused on AMGs encoding chitosanases involved in the decomposition of chitin, 
the second most abundant structural polysaccharide after cellulose. We used a bioinformatics 
workflow that was previously developed [4] to identify a group of AMGs (glycosyl hydrolase 
family 75; GH75) from the largest global viral database (IMG/VR v3.0). The identified GH75 
chitosanase-like AMGs were more prevalent in terrestrial environments, especially forest soils. 
Several chitosanase AMGs were synthesized and cloned at the Department of Energy (DOE)-Joint 
Genome Institute (JGI) into expression vectors. The cloned chitosanase AMGs were expressed 
and functionally characterized at the DOE-Environmental Molecular Sciences Laboratory 



(EMSL). We were able to crystallize one of these proteins, verify its chitosanase activity and 
determine the first structure of any member of the GH75 chitosanase family using diffraction data 
collected at the Stanford Synchrotron Radiation Lightsource (SSRL). The resulting protein 
structure was determined at ultra-high resolution from crystals diffracting to better than 0.9 Å. The 
structure contained two domains: one domain containing a fold motif similar to other 
carbohydrate-hydrolyzing enzymes and the adjacent domain comprising a unique, previously 
uncharacterized fold. The active site, in a cleft between the two domains, was validated by the 
abolition of activity using single-site mutants of residues postulated to participate in the reaction 
mechanism. Further, a co-crystal structure of one of the site-directed mutants (E157Q) with 
chitohexaose revealed the substrate bound in the active site cleft. Because this viral chitosanase 
was found in forest soil and observed to be more active at an acidic pH, we speculate that viral 
AMG proteins may be under selection pressure to develop beneficial changes for adapting to the 
environment. AlphaFold2 modeling of the same GH75 chitosanase-like AMG generated a 
structure close to the experimental crystal structure (the root-mean-square deviation in Cα 
positions is 0.6 Å), demonstrating the potential of high-throughput predictions for selecting other 
chitosanase AMGs for functional validation. This study is the first thorough description of a soil 
viral AMG with detailed functional and structural characterizations. This new information will 
potentially enable us to better understand the metabolic contributions of soil viruses and their 
impact on microbiome. 
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Project Goals: STORM aims to discover and design novel methods and enzymatic pathways for 
bioconversion and reuse of synthetic polymers. Nylon-6 (PA6) is a synthetic polymer highly 
recalcitrant to degradation, whose environmental and economic footprint could be reduced through 
polymer degradation and upcycling technologies. Currently, little understanding on PA6 biological 
degradation exists and no direct enzymatic degradation pathway has been identified. With an 
increase advancement in systems biology approaches, computational modeling, sequence-based 
homologue searching, and molecular docking will allow us to elucidate PA6 biological basis of 
degradation using several target enzymes classes. Here, we investigate a direct relationship 
between the PA6 material morphology and topology and efficiency of enzymatic degradation 
using several modeling approaches as well as experimental testing. The intercept between polymer 
morphology and enzyme kinetics will allow us to propose model pathway for degradation of PA6 
previously unattainable by existing biological systems. 
 
Abstract: STORM contains both polymer degradation and polymer morphology modeling 
approaches. For degradation, the research concept involves integration of computational modeling, 
elucidating of the biological catalyst for degradation via homologue searches and evolutionary 
analyses, experimental laboratory testing of enzyme efficacy, and finally, optimization of enzyme 
expression in model organisms. Enzymes of interest are fed into enzyme-substrate models to 
down-select potentially effective enzymes. Homology searches and alignments are then be used to 
identify target enzymes in currently available organisms. Laboratory testing are performed on the 
down-selected enzymes to determine degradation efficacy and parameters. These enzymes will 
then be engineered into a model organism for overexpression capable of degrading PA6 at higher 
rates. This work provides the first known technology for degradation and upcycling of recalcitrant 
PA6 polymers. Key risks include low yields of enzymes, cost of genetic engineering of organisms, 
and effective connection of the degradation portion of work. These identified risks are mitigated 
through proper enzyme down-selection prior to testing, experimental testing prior to 
overexpression, and the use of teaming partners at Debut Biotechnology and the U.S. Department 
of Energy’s (DOE’s) User Facilities, who provide technical expertise in these areas. 

 

Funding Statement: Funding to this project is provided through the DOE Office of Science 
Biological and Environmental Research (BER), Award Number: DE-SC0022026. 



Title: Temperature sensitivity of soil bacterial networks from the Arctic to the Tropics 
 
Authors: 
Bram W. G. Stone1* (bram.stone@pnnl.gov), Sheryl L. Bell1, Steven J. Blazewicz2, Paul 
Dijkstra3,4, Michaela Hayer3, Ben J. Koch3, Michelle C. Mack3,4, Jane C. Marks3,4, Samantha 
N. Miller3, Ember M. Morrissey5, Juan Pineiro5, Jeffrey S. Propster3,4, Alicia M. Purcell3, 
Egbert Schwartz3,4, Chao Wang5, Kirsten S. Hofmockel1, Jennifer Pett-Ridge2, Bruce A. 
Hungate.3,4 

 
Institutions: 
1. Earth and Biological Sciences Directorate, Pacific Northwest National Lab, Richland WA 
2. Physical and Life Sciences Directorate, Lawrence Livermore National Lab, Livermore, CA 
3. Center for Ecosystem Science and Society, Northern Arizona University, Flagstaff, AZ 
4. Department of Biological Sciences, Northern Arizona University, Flagstaff, AZ 
5. Division of Plant and Soil Sciences, West Virginia University, Morgantown, WV  
 
Project Goals: The work proposed here will integrate genomics- and isotope-enabled 
measurements of Growth Rate, growth Efficiency, and the stoichiometry of Essential Nutrients 
during growth, an integration we call GREEN ’omics. Our overarching objective is to develop 
and apply ‘omics approaches to investigate microbial community processes involved in nutrient 
cycling. The specific objectives of our proposed work are 1) to evaluate the microbial ecology of 
nutrient uptake, testing hypotheses about nutrient assimilation in response to temperature 
variation; 2) to evaluate the ecology of nutrient-use efficiency for soil microorganisms within a 
framework of ecological theory, and 3) to develop new isotope-enabled genomics and 
transcriptomics techniques that probe the microbial ecology of nutrient dissimilation. This work 
will push the frontier of isotope-enabled genomics by connecting quantitative stable-isotope 
probing to ecological theory about nutrient assimilation, nutrient-use efficiency, metabolic 
efficiency, and by applying these tools to understand the basic biology and ecology of soil 
microorganisms and how they transform nutrients in the environment. 
 
Abstract text: 
Temperature changes can have dramatic effects on the structure and function of soil microbial 
communities1–4, though uncertainty exists as to the magnitude and predictability of carbon loss 
across different spatial and temporal extents2,5. Complex multi-species interactions which 
underpin the ecological functioning of a community can be summarized through network 
analysis6,7. We examined the soil bacteria from wide diversity of biomes representing Arctic, 
boreal, temperate, and tropical ecosystems in response to 5, 15, 25, and 35 °C temperatures. 
Network analyses typically infer interactions among taxa by detecting simultaneous changes in 
their relative abundances8. In ecological theory, interactions among taxa also alter rates of 
growth. Here, we constructed interaction networks using enrichment of 18O in bacterial DNA –
added via isotope-heavy water—as a measure of growth9,10. Previous analysis of these data 
indicated that the growth and respiration (i.e., the ecological functioning) of bacteria in these 
soils was most sensitive to changes from 5 to 15 °C11. By contrast, network size and composition 
was most severely altered at 35 °C in Arctic and boreal soils. At 35 °C, Arctic and boreal 
networks lost nearly all diversity except those bacteria that were present and active across all 
temperatures, forming a consistent, temperature-invariant core microbiome, and aligning with 



patterns of lower sensitivity of growth and respiration at the community level at higher 
temperature11. Networks from temperate and tropical soils were composed of fewer temperature-
sensitive bacteria. The temperature-invariant taxa remaining in Arctic and boreal networks at 
higher temperatures maintained less interactions per taxon leading to lower network density. 
With regard to the type of interactions, we saw an increase in the proportion of positive 
interactions from 5 to 15 °C, an indicator of stress and network instability via increased 
interdependency between bacterial taxa12. Community cohesion, a measure of total ecological 
connectivity13, was highest at intermediate temperatures in all ecosystems and lowest at 5 and 15 
°C. Taken together, these results help explain the sensitivity of different soils to warming 
conditions and demonstrate the strong links between ecological dynamics and soil carbon 
cycling. 
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Project Goals: Short statement of goals. (Limit to 1000 characters) 

Decreasing yield losses due to pathogens is crucial for any crop production. Sorghum leaf blight 

(SLB) and northern corn leaf, both caused by Exserohilum turcicum, are major diseases of 

sorghum and maize, respectively. In sorghum, yield losses as high as 50% have been reported. In 

contrast to maize, genetic architecture of resistance against E. turcicum in sorghum is poorly 

understood. By dissecting the genetic architecture of resistance to leaf blight in sorghum we can 

better understand resistance in both maize and sorghum. We had two overall objectives: i) 

exploit the genetic variation in two recombinant inbred line populations to identify quantitative 

trait loci associated with resistance and ii) identify shared resistance genes between sorghum and 

maize. We identified six loci, three in each population, significantly associated with resistance to 

SLB. The sorghum homologs of eight previously known maize resistance genes colocalized with 

the sorghum QTL. By understanding host resistance in the two species, we can optimize 

management strategies to create more durable resistance and protect bioenergy feedstock yields.  

This work is funded by DOE award number DE-SC0019189 (Plant Feedstocks Genomics).  
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Project Goals:  

The goal of this project is to develop and implement a process for improving bioproduction under 
conditions that are appealing for industrial processes, such as high temperature and low pH. Our 
approach addresses the failure of metabolic reactions due to inhibition, denaturation, mis-folding 
or disorder of individual enzymes. We will develop and implement a framework that identifies 
these enzymes and then identifies their robust replacement enzymes from sets of extremophiles. 
The engineering strategy of replacing enzymes to improve bio-production is well-established, but 
rarely applied to system-wide stressors. We apply a systems genomics approach to improve bio-
production, with E. coli as the model organism. Butanol production at high temperature and 
succinate production at low pH are the model systems. This approach is complementary to 
improvement of microbial robustness by engineering the cell membrane and has advantages 
relative to evolutionary-based organism improvement by prioritizing bio-production rather than 
growth.  

 

Abstract Text:  

Aim 1: Metabolic Systems Modeling. Flux balance analysis methods will be used to model 
changes in system temperature and intracellular pH through enzyme inhibition and changes to 
reaction thermodynamics. Models will be tuned with experimental data from Aim 3 and validated 
against existing literature data. An iterative process using these models, existing data and work 
from Aim 2 will be used to identify rate-limiting enzymes and evaluate the effects of their 
replacements.  

Aim 2: Computational Enzyme Assessment. Enzymes from thermophilic organisms known to 
be robust under high temperature and low pH conditions will be queried as replacements for the 
rate-limiting enzymes identified in Aim 1. This approach utilizes the huge and rapidly growing 
body of knowledge regarding protein sequence, structure and evolution. Sequence matching will 
be used to assess protein vulnerability and to identify candidate replacement enzymes. Structures 
of sequence variants will also incorporate entropy evaluations to assess protein stabilities. 

Aim 3: Organism Characterization and Engineering. Building on previously developed 
engineering strategies, the enzymes and replacements identified above will be recursively assessed 
for their impact on organism performance. Experimental data from Aim 3 will feed back to Aims 



1 and 2. The final temperature-tolerant butanol producer and acid-tolerant succinate producer will 
both be characterized at the 0.5L-scale. Success in organism engineering will be judged in terms 
of the sensitivity of product titer, rate and yield to temperature or acidification. 

The tasks span three length scales: enzyme sequence (Aim 2), the performance of metabolic 
pathways as enzyme networks (Aim 1), and the functional output of metabolic pathways in the 
form of organism activity (Aim 3). Our approach strikes out on a new path to build on existing 
knowledge, by complementing existing organism with enzyme replacement strategies, and at the 
same time is generic in terms of production organism and product identity. The ability to adjust 
metabolic models for changes in temperature and intracellular pH is also relevant to systems 
analysis of food spoilage organisms and pathogenesis. This framework could also be applied to 
other stressors that impact enzyme activity, such as salinity and concentration of alcohols or 
solvents. The proposed approaches for enzyme robustness and stability could likewise be applied 
for the selection of enzymes for pan-organism in vitro systems, such as in the production of 
bioprivileged molecules that can serve as precursors for drop-in petroleum replacement and novel 
molecules.  
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Project Goals: The Poplar Esterified Cell Wall Transformations and metabolic INtegration 
(PECTIN) project aims to study the metabolism of cell wall ester modifications and volatile 
intermediates, and their role in central physiological processes in the emerging biofuel species 
California poplar (Populus trichocarpa). A key goal of this research is to evaluate abiotic stress 
responses in plants with modified expression patterns of key genes involved in cell wall 
metabolism with altered amounts of methyl and acetyl groups present on cell walls. These genetic 
modifications will be evaluated for potential impacts on plant hydraulics, physiology, and stress 
responses. Understanding and manipulating the metabolism of cell wall modifications will not 
only provide important knowledge on the physiology and ecology of plants but will also allow the 
generation of engineered bioenergy crops such as poplar for sustainable production of biofuels and 
bioproducts, addressing BER's goal of developing renewable bioenergy resources.  

Abstract Text: Growth suppression and defense signaling are simultaneous strategies that plants 
invoke to respond to abiotic stress. Here, we show that the drought stress response of poplar trees 
(Populus trichocarpa) is initiated by a suppression in cell wall derived methanol (meOH) 
emissions and activation of acetic acid (AA) fermentation defenses. Temperature sensitive 
emissions dominated by meOH (AA/meOH < 30%) were observed from physiologically active 
branches, detached stems, leaf cell wall isolations, and whole ecosystems. In contrast, drought 
treatment resulted in a suppression of meOH emissions and strong enhancement in AA emissions 
together with fermentation volatiles acetaldehyde, ethanol, and acetone. These drought-induced 
changes coincided with a reduction in stomatal conductance, photosynthesis, transpiration, and 
leaf water potential. The strong enhancement in AA/meOH emission ratios during drought (400-
3,500%) was associated with an increase in acetate content of whole leaf cell walls, which became 
significantly 13C1,2-labeled following the delivery of 13C1,2-acetate via the transpiration stream. The 
results are consistent with central roles of acetate fermentation in regulating plant defense and 
metabolic responses to drought, and suggest that cell wall O-acetylation may be reversible 
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allowing plants to rapidly respond to drought stresses by down regulating methyl ester hydrolysis 
and growth processes while enhancing O-acetylation. We suggest that AA/meOH emission ratios 
could be used as a new highly sensitive non-destructive sensor to discriminate between thresholds 
of rapid plant growth and biomass accumulation and negative drought stress impacts on carbon 
metabolism, water use, and net primary productivity.  
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Project Goals: The initial goal is to computationally screen protein mutants to identify ones that 
will be efficient at high temperatures and low pH for greater fermentation efficiency.  This will 
be followed by experimental selection for the best of these. 

 

Abstract Text: Amino acid mutations can introduce functional changes ranging from loss of function to 

adaptation to extreme environmental conditions. Mutations have frequently been used to design 

thermostable proteins to retain function at high temperatures. Furthermore, predictions of damaging 

protein mutations have been widely applied in cancer research and drug discovery. Here we are designing 

a new machine learning classifier with the xgboost algorithm [1] to estimate mutation-induced changes 

in protein stability (both stabilizing and destabilizing) for a wide range of temperatures and pHs. A total 

of 4302 mutation induced protein stability changes were collected from Chen et al, 20019 [2], which was 

split into 80 percent for training and 20 percent for testing. Our results yield 91.1% accuracy and a 0.69 

Mathews correlation coefficient, which is relatively higher than other sequence-based methods such as I-

Mutant 2.0 [3], Mupro [4], iPTREE-STAB [5], and iStable 2.0 [2]. Since our model is based on information 

extracted from sequences alone, it can even be used on proteins where structure information is not 

available. We will continue developing this approach to include additional protein information. This initial 

approach informs us about how to take the next steps on our project “Novel Systems Approach 

for Rational Engineering of Robust Microbial Metabolic Pathways” 
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Project Goals: Non-model organisms have unique traits and offer significant advantages and 
benefits for biomanufacturing. One example is gas fermenting acetogens capable of converting 
low-cost waste feedstocks to fuels and chemicals, deployed today at commercial scale for 
conversion of steel mill emissions to ethanol. Yet, engineering these non-model organisms is 
challenging due to lower transformation and recombination efficiencies, longer cycle times and a 
more limited set of genetic tools compared to model organisms E. coli or yeast. Cell-free systems 
can guide and accelerate non-model organism strain development. We are establishing a new 
interdisciplinary venture, the clostridia Foundry for Biosystems Design (cBioFAB) that combines 
advancements in cell-free and Clostridium engineering metabolic engineering to develop 
industrial-robust production strains for conversion of lignocellulosic biomass to next-generation 
biofuels and bioproducts. 
Abstract: We recently described optimized gas-fermenting Clostridium autoethanogenum strains 
for continuous at scale production of acetone or isopropanol from syngas at rates of up to ~3 g/L/h 
with ~90% selectivity. Life cycle analysis (LCA) confirmed the process is carbon negative and 
offers >160% greenhouse gas (GHG) savings over current production routes1. The multi-
disciplinary approach involved screening a historical industrial strain collection for superior 
enzymes, omics analyses, kinetic modelling, cell-free prototyping to optimize flux, and 
fermentation scale-up to an industrial pilot. Gas fermentation using carbon-fixing microorganisms 
offers an economically viable and scalable solution with unique feedstock and product flexibility 
that has been commercialized recently2. 

The mixed acetone-butanol-ethanol (ABE) fermentation was one of the first industrial 
fermentation processes for chemicals production and its peak global production reached >500 
metric tons per annum. The largest and most comprehensive strain collection of solvent-producing 
clostridia was assembled by Prof. David Jones (University of Otago, New Zealand), which form 
the basis of this genome resource project. Genome sequences for this collection were generated 
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and determined to facilitate biosystems design for biofuel and chemical production and provide 
insights into bacteriophage infection and adaptive immunity via CRISPR-Cas and other systems. 

We describe the genomes for seven C. acetobutylicum, 194 C. beijerenckii, five C. 
butyricum, 57 C. saccharobutylicum, four C. saccharoperbutylacetonicum three C. 
tetanomorphum and a new candidate species, which were classified using genome-wide average 
nucleotide identities comparisons and phylogenetic tree analysis. For each species the number of 
new genomes has been increased significantly and this study increases number of core and 
accessory protein families, with ~19% more protein families overall and a concomitant increase in 
phylogenetic diversity across the genus. We describe 221 amino acid sequences for core acetone-
butanol-ethanol (ABE) genes that were unique within the collection and new sequences not 
previously in public databases. We generated a combinatorial library of the acetone-forming genes 
thiolase, acetoacetate CoA-transferase and acetoacetate decarboxylase that we randomly screened 
for increased production in gas-fermenting C. autoethanogenum and were able to find a set that 
led to a 22-fold improved performance over designs with the reference genes. Along with acetone, 
we observed production of unwanted side products such as 3-hydroxybutyrate due to interaction 
of the heterologous acetone pathway and native C. autoethanogenum metabolism. We retrofitted 
a cell-free prototyping system we had previously developed (iPROBE)3 to identify respective 
candidate genes which were subsequently deleted. 

To facilitate future genome editing, we further mined the collection for new CRISPR 
systems. CRISPR arrays were unevenly distributed and were broadly classified into 2 types: a 
complete Type I-B CRISPR-Cas system, and a partial Type I-B CRISPR-Cas system, which lacks 
genes associated with CRISPR spacer integration. An analysis of CRISPR array sequences 
supports phages infecting industrial clostridia described here are mostly distinct from previously 
isolated Clostridium phages. Spacer hits indicate that CRISPR-based phage defense was mostly 
used against phages infecting other members of the same species, and rarely against phages 
infecting other related species of clostridia. Cellulosomal elements were retrieved only from 
C.acetobutylicum and C. saccharoperbutylacetonicum, as expected. The 271 high-quality genome 
sequences for solvent producing clostridia are a resource4 that will enable synthetic biology and 
strain development for a range of production systems.    
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Project Goals: The interdisciplinary clostridia Foundry for Biosystems Design (cBioFAB) project 
addresses the complex challenge of designing, building, and optimizing biosynthetic pathways in 
biological systems by combining efforts from university, government, and industry partners. The 
goal of the project is to accelerate engineering efforts in non-model organisms through in vitro and 
in vivo metabolic pathway prototyping, computational modeling, and integrated omics analysis. 
Through these diverse approaches, the project seeks to provide the tools to enable high-level 
synthesis of next-generation biofuels and bioproducts from lignocellulosic biomass and expand 
the breadth of platform organisms that meet DOE bioenergy goals. 
Non-model organisms have unique traits and offer significant advantages and benefits for 
biomanufacturing. One example is gas fermenting acetogens capable of converting low-cost waste 
feedstocks to fuels and chemicals, deployed today at commercial scale for conversion of steel mill 
emissions to ethanol. Yet, engineering these non-model organisms is challenging due to lower 
transformation and recombination efficiencies, longer cycle times and a more limited set of genetic 
tools compared to model organisms E. coli or yeast. Cell-free systems can guide and accelerate 
non-model organism strain development. This interdisciplinary venture, cBioFAB, combines 
advancements in cell-free and Clostridium engineering metabolic engineering to develop 
industrial-robust production strains for conversion of lignocellulosic biomass to next-generation 
biofuels and bioproducts. 
 
 
Abstract Text: The fermentation of waste gases or syngas (a mixture of H2/CO/CO2) is a 
sustainable alternative for producing commodity chemicals and biofuels1. A small subset of 
acetogens, such as Clostridium autoethanogenum, can directly convert syngas into non-petroleum-
based fuels, including ethanol, butanol, and other industrially-relevant chemicals. However, 
multiple factors such as pH, temperature, media composition, etc., affect end-product titers and 
process stability, and thus must be understood to better control product output. Studies on other 
acetogens have reported increases in ethanol production at temperatures lower than the organism’s 
optimum2. However, few studies have examined the response of C. autoethanogenum outside its 
optimal growth temperature. Here, C. autoethanogenum cultures were grown at either 30°C or 
40°C and characterized at a molecular level using a multi-omics approach (metabolomics, 
proteomics, and lipidomics). Notably, the product profiles varied between the two temperatures; 
at 40°C, the proportion of ethanol in liquid product was reduced to ~56% compared to ~73% at 
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30°C, with more carbon diverted towards the production of acetate (~27% compared to ~9% at 
30°C) at the higher temperature. Initial omics analyses revealed that enzymes from both ethanol 
producing pathways (i.e., from acetate or acetyl-CoA) exhibited significantly reduced abundances 
at 40°C. In contrast, enzyme abundances for other products (acetate, lactate, and 2,3-butanediol) 
increased at the higher temperature. High temperature caused a dramatic metabolic shift in the 
microbe, whereby ~63% of the quantified proteins showed a significant difference in abundance. 
Among these, proteins from predicted bacterial microcompartment (BMC) gene clusters exhibited 
the highest fold changes with temperature. At 40°C, multiple proteins from the relatively smaller 
BMC cluster CAETHG_3273-3290 (18 genes) decreased, whereas those from the larger BMC 
cluster CAETHG_1810-1841 (32 genes) increased in abundance. Whereas both correspond to 
glycyl radical enzyme microcompartments (GRMs), limited information is available about the role 
of these temperature responsive BMCs. Interestingly, the larger cluster is a GRM1-type BMC 
which is predicted to metabolize choline into acetyl-phosphate or ethanol, which could further 
explain the increased acetate levels observed at 40°C. Although not grown on choline, the 
upregulation of these proteins could affect lipid metabolism and may explain the altered carbon 
partitioning leading to the large and diverse accumulation of alkyl-glycerol conjugates, including 
1-myristoyl-glycerol, 1-palmitoleoyl-glycerol, and 1-myristoleoyl-glycerol, at 40°C as revealed 
by metabolomics. Overall, the acetogen undergoes significant metabolic changes to adapt to the 
temperature change, all of which provide key insights into its metabolism. Since this chassis 
organism can thrive at a range of temperatures (20°C - 44°C), the adjustment of fermentation 
operating parameters, combined with omics-guided metabolic engineering efforts, offer 
opportunity to direct the generation of a range of products. 
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Project Goals: Non-model organisms have unique traits and offer significant advantages and 
benefits for biomanufacturing. One example is gas fermenting acetogens capable of converting 
low-cost waste feedstocks to fuels and chemicals, deployed today at commercial scale for 
conversion of steel mill emissions to ethanol. Yet, engineering these non-model organisms is 
challenging due to lower transformation and recombination efficiencies, longer cycle times and a 
more limited set of genetic tools compared to model organisms E. coli or yeast. Cell-free systems 
can guide and accelerate non-model organism strain development. We are establishing a new 
interdisciplinary venture, the clostridia Foundry for Biosystems Design (cBioFAB) that combines 
advancements in cell-free and Clostridium engineering metabolic engineering to develop 
industrial-robust production strains for conversion of lignocellulosic biomass to next-generation 
biofuels and bioproducts. 
 
Abstract: We recently described optimization and scale-up of gas-fermenting Clostridium 
autoethanogenum strains for continuous at scale production of acetone or isopropanol from syngas 
at rates of up to ~3 g/L/h and ~90% selectivity and >160% greenhouse gas (GHG) savings over 
current production routes1. This was achieved through an interdisciplinary approach of 
combinatorial pathway analysis, cell-free prototyping, multi-omics analysis, genome-scale kinetic 
modeling and process development as a blueprint for accelerated development of new bioproducts. 
Here we validate and refine this blueprint for production of 1,3-butanediol (1,3-BDO), a precursor 
for butadiene used in nylon and rubber production with a $20 billion USD/yr market. 

While optimizing the acetone and isopropanol pathway, we also observed production of 3-
hydroxybutyrate (3-HB) as by-product through native reductase and thioesterase activity 
interacting with the heterologous pathway 1. The genome of C. autoethanogenum further encodes 
two aldehyde::ferredoxin oxidoreductase (AOR) enzymes2  which could further reduce 3-HB to 3-
hydroxybutanal, which subsequently could be reduced to 1,3-butanediol (1,3-BDO) via native 
alcohol dehydrogenase activity. 

In a first step to build a route to 1,3-BDO, we aimed at enhancing 3-HB production by 
prototyping heterologous thiolase (ThlA) and acetoacetyl-CoA reductase enzymes (Hbd/PhaB) 
using a cell-free system (iPROBE). An optimal set of ThlA-Hbd were able to improve 3-HB in 
vivo production by 8-fold to 13 g/L from syngas and also allowed us to detect low levels of 1,3-
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BDO of up to 0.5 g/L3. To further optimize 3-HB formation, we next aimed at replacing the native 
thioesterase reaction with promiscuous phosphate butyryltransferase (Ptb) and butyrate kinase 
(Buk) enzymes that would allow for ATP generation via substrate level phosphorylation. Genome 
scale modelling confirmed improved growth coupling and yields. We performed cluster analysis 
to identify potential Ptb and Buk variants from UniProt database. In total, 30 Ptb and 10 Buk 
variants were selected and synthesized into a modular cell-free to cell vector system we recently 
developed, which allows for cell-free prototyping and also serve as donor vectors for Golden Gate 
combinatorial assembly for in vivo workflow in C. autoethanogenum4. Cell-free prototyping in 
Escherichia coli revealed that Buk enzyme is not the bottleneck so we focused our effort on 
screening Ptb variants. Four Ptb variants were found to improve in vitro 3-HB biosynthesis by up 
to 6-fold. Based on this result, we performed combinatorial analysis using down-selected Ptb, Buk, 
ThlA and Hbd/PhaB in C. autoethanogenum to identify strains with optimal flux towards 3-HB 
and 1,3-BDO while growing on gas. Fermentation optimization in continuously stirred tank reactor 
was performed, demonstrating increased 1,3-BDO production titers using gas as feedstock. 
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Project Goals: We aim to develop a predictive model of metabolism in bacterial cell-free 
systems for the purpose of rapidly prototyping heterologous metabolic pathways. This model 
may be used to both optimize the production of metabolites in cell-free systems, as well as to 
understand how results in these systems should inform design in related cell-free metabolic 
pathways or even metabolism in living organisms. 
 
Abstract: The optimization of biosynthetic production remains a challenge in metabolic 
engineering. This is particularly true for products made via longer heterologous pathways, which 
may require manual tuning of all component reactions. While cell-free systems rapidly increase 
the experimental throughput of testing pathway combinations, they remain complex systems and 
produce large amounts of difficult-to-interpret data. Toward this goal, we are developing a 
dynamic kinetic model to better understand this complex system and enable rapid data analysis 
for pathway optimization.  
 
We are currently using this model to study butanol production via acetyl-CoA in E. coli cell-free 
systems. Because these experiments have exhibited complex dynamics, wherein the transient 
behavior of the heterologous butanol pathway interacts with core metabolism and vice versa, our 
model is both mechanistic and dynamic to robustly capture these experimental phenomena and 
predict optimal engineering solutions. However, compared to steady-state models, dynamic 
models have additional degrees of freedom that demand non-stationary flux measurements and 
different parameterization methods than those typically used for models of living cellular steady-
state metabolism. To this end, we have developed a dynamic modeling framework which utilizes 
a variety of literature kinetic values, thermodynamic calculations, and Monte Carlo methods for 
parameter sampling. An ensemble of models is first pruned according to their fit to timecourse 
metabolomics, and the resulting top-performing models are fine-tuned by local parameter 
optimization algorithms. Each model also simulates several phenomena unique to cell-free 
systems, including gas-liquid equilibrium and transient pH measurements. By using this 
framework, we have successfully captured complex dynamic behavior, such as shifts in core 
metabolism that were experimentally observed when butanol production varied. Because these 
models are mechanistic in nature, detailed analysis was able to be performed to understand the 
metabolic causes of many of these dynamic behaviors. Lastly, the final ensemble of models was 



used to provide experimental recommendations for metabolite and enzyme level changes to 
improve butanol production and has additionally identified a key bottleneck in the butanol 
pathway. 
 
In future work, we plan to refine this model by retraining on data in which butanol pathway 
enzymes were individually adjusted, instead of simply knocked out. By preserving the 
parameters associated with core metabolism learned in the previous work and adjusting only the 
parameters of enzymes within the butanol pathway, we aim to learn detailed kinetics of the 
butanol pathway while minimizing model refitting or experimental measurements. Ultimately, 
we aim to translate these trained mechanistic parameters into models of in vivo production 
strains, which will accelerate model-building and product optimization workflows. 
 

Funding Statement: This poster is based upon work supported by the U.S. Department of 
Energy, Office of Science, Office of Biological and Environmental Research under Award 
Number DE-SC0018249. 
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Project Goals: Enzyme promiscuity, where an enzyme may catalyze a range of side reactions 

in addition to its main reaction, is a widely recognized yet largely unexplored phenomenon 

in biological systems. Cheminformatics workflows that can learn from native enzymatic 

reactions, enumerate novel reactions based on relevant enzymatic transformations, assess 

predicted biosynthetic pathways, as well as visualize predicted pathways in a user-friendly 

way, is crucial for pushing the boundaries of biomanufacturing. This could open up vast 

possibilities for bioproduction of valuable chemicals not natively produced by biology, where 

biosynthetic pathways can be constructed based on enzymes with desired promiscuous 

reactions. On the other hand, this also enables us to understand the implications of 

introducing heterologous enzymes on host organisms. 

 

We have developed the enzymatic reaction ruleset “JN1224min”, an open-source 

retrobiosynthesis package Pickaxe v2.0, and the novel metabolite explorer Metabolic In-silico 

Network Expansions (MINEs) database v2.0. These are tools that incorporate enzyme promiscuity 

into the design of novel biosynthetic pathways. “JN1224min” is a minimal yet comprehensive set 

of 1224 enzymatic reaction rules that describes all common enzymatic transformations. These 

reaction rules, which specify reaction-center transformations of enzymatic reactions, can 

enumerate the largest possible number of reactions using the least number of rules. Pickaxe v2.0 

utilizes these reaction rules to generate novel enzymatic reaction networks iteratively over many 

generations, in order to find promising pathways that lead from feedstocks to valuable products. 

We have updated Pickaxe to allow for on-the-fly filtering of enumerated reactions, based on 

criteria including chemical similarity, molecular weight, thermodynamics, as well as any custom 

filters. These implementations allow us to explore the largest possible enzymatic reaction space 

with improved efficiencies. MINE v2.0 is an update of the original MINE v1.0, a resource that 



allows users to query novel metabolites that could be products of a promiscuous reactions from 

KEGG, E.coli, and yeast metabolites. MINEs are deployed as a graphical user interface, which 

allows users to easily propose candidate structures from untargeted metabolomics. Using our 

updated ruleset, MINE v2.0 features more than 15 times the number of potential metabolite 

structures compared to v1.0. Therefore, we have provided powerful tools that enable the metabolic 

engineering community to utilize enzyme promiscuity and improve pathway design towards 

biomanufacturing of a wider array of novel biomolecules. 

 

This poster is based upon work supported by the U.S. Department of Energy, Office of Science, 
Office of Biological and Environmental Research under Award Number DE-SC0018249. 
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Project Goals: We employ E. coli cell-free systems for enzyme synthesis and metabolic 
pathway prototyping to inform strain engineering in non-model organisms. Although cell-
free gene expression has become a more common technique, relatively little is known about 
the shifts in metabolism and composition that occur when cells are lysed and processed to 
generate clarified cell extracts, which have different capacities for expression based on the 
specific steps employed during extract preparation. We sought to better characterize the 
behavior and composition of differentially processed extracts at the molecular level by 
performing kinetic analysis of transcription and translation in parallel with proteomic and 
metabolomic analysis. 
 
Cell-free systems originated as simplified platforms for studying biological processes, and they 
have developed into widespread biotechnology tools for gene expression and high-throughput 
prototyping. Recent efforts have optimized cell-free systems from numerous organisms for 
applications such as biosensing, protein production, and metabolite synthesis by refining cell 
lysate preparation methods and cell-free reaction composition. However, the applied nature of 
this optimization toward improved rates or titers often limits investigation into the physiological 
mechanisms behind changes in process and chemical composition in cell-free synthetic biology. 
In this work, we assessed changes in transcription and translation activity for E. coli cell extracts 
prepared with acetate or glutamate buffer and the common post-lysis processing steps of a runoff 
incubation and dialysis. We applied proteomic and metabolomic analysis to uncover potential 
mechanisms behind these changes in gene expression with the processing steps separately and in 
tandem, highlighting the impact of runoff incubation on the proteome and the role of buffer 
composition on central metabolism. Better understanding the shifts in activity and composition 
of cell extracts will inform future cell-free biology efforts with significant implications for gene 
expression and biochemical conversion in pathway prototyping and biomanufacturing. 
 
We acknowledge the Department of Energy grant DE-SC0018249 for funding of this project. 
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Project goals: The overall goal of this project is to establish genetic sequence entanglement as a 
generalizable biocontainment strategy to improve genetic stability and to prevent horizontal gene 
transfer of genetically modified organisms. Here, we specifically sought to improve the function 
and robustness of an entanglement pair through post-entanglement modifications in an 
environmentally relevant organism.  

Abstract: 

For the past two decades, synthetic biologists have sought to genetically engineer 
microorganisms (GEMs) for a wide range of applications including therapeutic treatment and 
delivery, drug manufacturing, biofuel production, mineral extraction and waste degradation. 
Additionally, the microbiota that colonizes the rhizosphere of plant roots has been genetically 
engineered to enhance nutrient acquisition and drought resistance of agriculturally important 
crops.  In order to ensure environmentally deployed GEMs do not proliferate uncontrollably, 
transfer their genetically modified genes horizontally to neighboring bacteria or cause unforeseen 
ecological consequences, biocontainment strategies must be implemented within these GEMs. 
For example, kill-switches are a common biocontainment strategy which control cell 
proliferation by using genetically engineered sense-and-respond modules to control the 
expression of a lethal actuator, such as a toxin. However, kill-switches and many other current 
biocontainment strategies (e.g., auxotrophies, codon recoding, etc.) are vulnerable to genetic 
mutations and horizontal gene transfer (HGT). We sought to use synthetic gene entanglement—a 
technique in which two genes are encoded within the same DNA sequence but translated from 
different reading frames—to increase the mutational robustness and prevent HGT of kill-switch 
systems in environmentally relevant plant symbionts, such as Pseudomonas protegens.  

As an initial approach, we started with a previously developed [1], but poorly functional, 
entanglement pair comprised of a toxin (relE) embedded within a conditionally essential gene 
(ilvA). The gene relE is a small ~300bp sequence encoding a mRNA-degrading toxin and the 
gene ilvA is a larger ~1,000 bp sequence encoding the enzyme threonine deaminase which is 
required for isoleucine biosynthesis. When testing the function of this entangled pair in P. 
protegens, we found that ilvA/relE partially rescued the growth of an ΔilvA mutant in minimal 
media but was not lethal to cells, which suggests that the threonine deaminase enzyme produced 
by the gene ilvA in the entanglement was partially functional, but the RelE toxin was not. In 
designing this entanglement pair, significant missense mutations were forced within the ilvA 
sequence in order to accommodate a WT amino acid sequence for RelE. Because of this, we 
hypothesized that the relE gene entangled within ilvA was poorly expressed due to lack of an 

https://sc-programs.llnl.gov/biological-and-environmental-research-at-llnl/secure-biosystems-design
https://sc-programs.llnl.gov/biological-and-environmental-research-at-llnl/secure-biosystems-design


apparent upstream RBS within ilvA. To increase the expression of relE, we altered the ribosomal 
binding site (RBS) upstream of relE within the ilvA/relE entanglement. These enhanced relE 
RBSs improved the toxicity of entangled relE and surprisingly, did not reduce entangled ilvA 
function.  

Utilizing the same ilvA/relE entanglement with the improved RBS, we sought to test 
whether the entangled relE toxin could prevent the transfer of the plasmid hosting the 
entanglement to other common soil Pseudomonads. Indeed, we found that the plasmid harboring 
ilvA/relE with an enhanced relE RBS dramatically reduced transformation efficiency among a 
variety of bacterial species compared to a plasmid hosting ilvA/relE lacking an improved RBS. 
These data suggest that synthetically entangling a toxin with a gene of interest can mitigate HGT 
and that genetic sequence entanglement can be used as a biocontainment strategy in an 
environmentally relevant microbe. Work is ongoing to determine if ilvA can provide long-term 
sequence fidelity to the embedded toxin, relE. 

References  

1. Blazejewski, T., Ho, H. I., & Wang, H. H. (2019). Synthetic sequence entanglement augments 
stability and containment of genetic information in cells. Science, 365(6453), 595-598.  

Funding Statement: This work is supported by the U.S. Department of Energy, Office of 
Science, Office of Biological and Environmental Research, Lawrence Livermore National 
Laboratory Secure Biosystems Design SFA “From Sequence to Cell to Population: Secure and 
Robust Biosystems Design for Environmental Microorganisms”.  Work at LLNL is performed 
under the auspices of the U.S. Department of Energy at Lawrence Livermore National 
Laboratory under Contract DE-AC52-07NA27344. 

 



Characterization of Toxins and Their Cognate Inactivators as Kill Switch Actuators in 
Plant-Beneficial Pseudomonas fluorescens 

Halvorsen T.,1* (halvorsen1@llnl.gov), Chlebek J.,1 Park D.,1 Jiao Y.,1 and Yung M.C.1 

1Lawrence Livermore National Laboratory, Livermore, CA 

https://sc-programs.llnl.gov/biological-and-environmental-research-at-llnl/secure-biosystems-
design 

Project Goals: The LLNL Secure Biosystems Design Scientific Focus Area (SFA) aims to 
develop robust biosecurity tools at the sequence, cellular, and population levels to 
safeguard the deployment of genetically engineered, plant growth-promoting soil bacteria 
for environmental applications. In this portion of the project, we are focused specifically on 
the development of stable, effective kill switch circuits in plant-associated Pseudomonads. 

Abstract: Genetically engineered microorganisms (GEMs) are microbes programmed to treat 
disease, degrade pollutants, sustain agriculture, and produce a wide range of commodity 
chemicals. Often these engineered functions require release into the environment, where 
uninhibited GEM proliferation or horizontal transfer of recombinant DNAs to native organisms 
could result in unintended negative consequences. To prevent this, biocontainment strategies are 
needed that restrict GEM growth to defined conditions. One containment method uses protein 
toxins to kill the GEM via cytosolic expression from an engineered genetic circuit (i.e., a kill 
switch). While a vast number of new bactericidal protein toxins have been characterized in E. 
coli, with several being used to design kill switches, few toxins overall have been tested in 
industrially relevant microbes. 

In this study, we investigate the functionality and robustness of a variety of kill switch toxins in 
the agriculturally relevant Pseudomonas fluorescens SBW25, a plant growth-promoting soil 
bacterium. Using a dual regulatory system to independently control the expression of each toxin 
and its cognate inactivator in SBW25, we characterized the cell-killing efficacy of 1) toxin-
antitoxin modules (ccdB-ccdA, parE-parD, relE-relB, hicA-hicB, ralR-ralA), 2) a restriction 
endonuclease-methylase system (ecoRIR-ecoRIM), and 3) bactericidal toxin-immunity pairs 
normally deployed for direct killing of neighboring cells (colicin E1-immunity E1, colicin E2-
immunity E2, tse2-tsi2). 

While the majority of toxins we tested inhibit growth of SBW25, two are not effective in the dual 
circuit (RalR, Colicin E1). Interestingly, all functional toxins exert different levels of cellular 
burden when expressed under the same promoter; ParE and RelE exhibit the most burden and 
require expression of their cognate antitoxins to achieve wild type growth rates, while EcoRI, 
Colicin E2, and Tse2 exhibit the least burden. When we tested each kill switch under conditions 
that mimic the variable inducer levels a deployed GEM might face in the environment, we find 
that cell-killing by toxin systems with lower burden is less effective overall, which we show is 



related to the relative stability and activity of the inactivator protein. In support of this, we find 
that although EcoRI is a toxic effector in P. fluorescens, its toxicity is entirely prevented in a 
dual circuit due to complete protection by basal expression of the cognate methylase. 
Collectively, these results demonstrate that inactivator proteins are powerful drivers of kill 
switch tolerance, a characteristic that can either be optimized for ON-OFF circuit switching 
behavior or exploited for biocontainment applications requiring irreversible protection. These 
results will help to guide the design of kill switches with robust cell-killing activity in 
uncontrolled environments, such as the plant rhizosphere. 

Funding: Work at LLNL is performed under the auspices of the U.S. Department of Energy at 
Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344 (LLNL-ABS-
XXXXX). This program is supported by the U.S. Department of Energy, Office of Science, 
Office of Biological and Environmental Research, Lawrence Livermore National 
Laboratory SFA “From Sequence to Cell to Population: Secure and Robust Biosystems Design 
for Environmental Microorganisms” 
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Project Goals: Many protein design applications, including synthetic gene entanglement designs, 
rely on protein fitness models that predict protein function based on their amino acid sequence. 
This project aims to reduce the amount of data that the model requires to make reliable functional 
predictions for a protein by including sequences of evolutionarily related proteins as additional 
input.  

Abstract Text:  

There are several approaches to predict functional properties of a given protein from the protein’s 
amino acid sequence. Existing machine learning-based models of protein fitness typically learn 
from either unlabeled, evolutionarily related sequences or variant sequences with experimentally 
measured labels. To reduce the amount of data that the model requires to make reliable functional 
predictions for a protein, recent work has suggested methods for combining both sources of 
information including evolutionary and experimental data.  

Toward that goal, we propose a simple combination approach that is competitive with, and on 
average outperforms more sophisticated methods. Our approach uses ridge regression on site-
specific amino acid features combined with a probability density feature from modeling the 
evolutionary data. Within this approach, we find that a variational autoencoder-based probability 
density model showed the best overall performance regardless which evolutionary density model 
was used. Moreover, our analysis highlights the importance of systematic evaluation and sufficient 
baseline. In addition to evolutionary and assay-labeled data, we also demonstrate that our 
combination approach can be extended to include protein structure information to further improve 
fitness prediction. 
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Project Goals: The LLNL Secure Biosystems Design Scientific Focus Area (SFA) aims to 
develop robust biosecurity mechanisms at the sequence, cellular, and population levels to 
safeguard the deployment of genetically engineered, soil bacteria for environmental applications. 
In this portion of the project, we are focused on augmenting the algorithm for sequence 
entanglement design with an ML-driven design loop such as active learning feedback. 

Abstract Text: When engineered bacteria with synthetic biology designs are used in natural 
environments, their engineered functions can be lost rapidly due to genetic instability or can be 
horizontally acquired by native bacteria. One way to prolong a desired function and to limit 
horizontal gene transfer (HGT) is to design genes with overlapped reading frames (i.e., 
“sequence entanglement”). A recently published software, CAMEOS (Constraining Adaptive 
Mutations using Engineered Overlapping Sequences) [1], can design and optimize overlapped 
genes. CAMEOS is a computationally intensive sequential code requiring several precomputed 
inputs. To automate the entire process and enhance the computational scalability, we developed 
CAMEOX (CAMEOs eXtended), a computational biology pipeline based on CAMEOS. 
CAMEOX improves CAMEOS by implementing multi-thread parallelism, broadening its 
application to any target host, and enabling multiple coordinated runs. In addition, the entire 
sequence entanglement design process has been automated, starting from the target gene 
sequence alignment used to estimate models of protein fitness along with visualization tools for 
sequence selection, all integrated in a HPC (High Performance Computing) pipeline. Since a 
critical step in protein fitness estimates requires generating a high-quality Multiple Sequence 
Alignment (MSA), depending on the number of homology sequences available for a specific 
target protein, the CAMEOX pipeline offers two different methods for building MSA.  One 
method is based on UniProt’s UniRef100 to allow for a larger set of input sequences, and the 
other based on OrthoDB for starting with a curated set of gene orthologs, which are presumably 
functionally closer to the target gene [2]. 

With the enhanced performance of CAMEOX, we performed a computational screen of 
4,418 entangled gene pairs based on all conditionally essential genes present in Escherichia coli 
to assess the entanglement feasibilities. We selected the best performing gene pairs and then 
generated 20,000 putative entanglement constructs for each pair. Furthermore, CAMEOX was 
used to assess the entanglement feasibilities of other targets —specifically membrane proteins 
and toxins. Membrane proteins provide flexible regions that are amenable to gene entanglement, 



   
 

   
 

including the transmembrane regions and exposed trans loops, where a gene of interest (GOI) 
and toxin can be entangled to promote desired function in our system while effectively 
preventing HGT. Moreover, some membrane proteins are essential for growth, and thus can be 
maintained in the engineered organisms over generations. Seven genes encoding for membrane 
proteins from our model plant-commensal bacterium, Pseudomonas protegens, and four type II 
toxins were selected to test their propensity for entanglement and potentially be developed into a 
platform to entangle various GOIs. 

So far, we have focused our experimental efforts on a single overlapping pair containing 
an essential and conditionally essential gene: infA and aroB. The essential gene infA is a small 
~200 bp sequence which encodes for the translation initiation factor 1 (IF-1) and the 
conditionally essential gene aroB is a larger ~1,000 bp sequence encoding for 3-dehydroquinate 
synthase which is involved in aromatic amino acid biosynthesis. Using CAMEOX, we have 
generated thousands of infA/aroB sequence entanglements solutions, and our near-term goal is to 
perform a high-throughput genetic screen to select for functional variants. The first step in the 
CAMEOX process involves generating an MSA based on aroB and infA orthologs pulled from 
public protein databases, OrthoDB in this case. When generating this MSA, however, we found 
that most of the orthologs had <60% sequence identity to the WT sequence. We hypothesized 
that these lower sequence identity orthologs would likely be non-functional and may not provide 
meaningful data to the MSA and hence to CAMEOX algorithm. To test the utility of the 
orthologs in the MSA with low sequence identity, we randomly sampled ~20 infA and aroB 
orthologs and tested their function in vivo. Our results showed that the majority of both infA and 
aroB orthologs tested were fully or partially functional in P. protegens and therefore that relative 
sequence identity does not correlate with ortholog functionality in vivo. These data suggest using 
lower sequence identity (<60%) infA and aroB orthologs in the MSA may provide useful 
information for generating functional entanglements. Ongoing high-throughput screen will 
determine if pseudolikelihood scores and other selection criteria provided by a trained MRF 
(Markov Random Field) fitness model, are better indicators of variant functionality. 
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Project Goals:  

AIM 1. Computational redesign of all E. coli proteins with a 19 amino acid alphabet (Ec19). 
The overarching goal of this aim is to develop the necessary computational models and designs 
leading to the generation of functional proteins utilizing a reduced amino acid alphabet (Ec19).  

AIM 2. Systematic high-throughput (HT) experimental testing of 19-AA gene designs for all 
essential and highly expressed E. coli genes. The goal of this aim is to develop and implement a 
HT platform to experimentally test the function of individual gene designs (from Aim 1) directly 
in cells.  

Abstract Text:  

The amino acid alphabet of life is universally conserved from bacteria to eukaryotes. As such, all 
living organisms on Earth require at least 20 amino acids (AAs) to grow and reproduce. This 
project seeks to answer the following central question: Are all 20 canonical amino acids (AAs) 
essential for life, or can life be built with fewer than 20 amino acids? Computational analysis of 
all E. coli genes and their orthologs shows that Ile (I), and Val (V) have the lowest frequencies of 
strong evolutionary conservation. Furthermore, these amino acids exhibit highly similar 
biochemical properties and are rarely found in active sites of enzymes. Altogether, these 
observations suggest that Ile or Val may be suitable residues for global substitution. Here, we 
explore the hypothesis that Ile or Val is dispensable to biological life. We have developed five 
protein design strategies, ranging in degree of sophistication, to redesign 396 essential or highly-
expressed E. coli genes where one or both of these amino acids have been globally replaced. These 
approaches yield 1606 redesigned variants, which we have synthesized using DropSynth and 
uniquely barcoded for downstream characterization in pooled formats. Lastly, we perform the 
direct replacement of native E. coli genes with their cognate variants using a lambda recombinase-
based approach and characterize the viability of redesigned genes in multiplexed growth assays.  
We anticipate these experiments will generate a rich set of data that can be used to improve and 
refine protein models developed in Aim 1 and to provide a platform for iterative design 
improvements for all genes in E. coli. 
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Project Goals: The LLNL Secure Biosystems Design Scientific Focus Area (SFA) aims to 
develop robust biocontainment mechanisms at the sequence, cellular, and population levels to 
safeguard the deployment of genetically engineered, soil bacteria. In this portion of the project, 
we are focused on developing robust and generalizable cellular and population level containment 
mechanisms for improving the safer use of plant benefiting microbes in the rhizosphere. 

Abstract Text: Cell death and lysis play an important role in a wide array of biological niches. 
By genetically “programing” microbial cell lysis, we might provide a new methodology for 
ensuring biocontainment of cells within natural ecosystems as well as for engineered microbial 
consortia. Understanding how lysis and its control give rise to observed population dynamics is 
challenging as few methods exist that enable precise measurement and control. To this end, we 
have developed tools that link an externally applied electronic potential to initiate, measure, and 
even control genetic circuits that biologically mediate cell lysis. We first explore direct electronic 
activation of cell lysis within a clonal population of cells through OxyR-mediated expression of 
lysis protein E (here abbreviated LysisE), a lytic protein from φX174 phage that disrupts 
peptidoglycan synthesis. This genetic circuit can plug directly into electrogenetic control through 
detection of hydrogen peroxide produced at a gold electrode surface. Next, we show that by 
transforming electronically produced hydrogen peroxide into native biological signals that 
induce quorum sensing, and, in turn, LysisE expression in a separate population, we can 
dramatically enhance cell lysis overall, preventing significant regrowth or remodeling of the 
overall population for at least 6 hours. Lastly, we show that by combining the hydrogen peroxide 
induced synthesis of quorum sensing signals and the quorum sensing induced expression of 
LysisE in the same population, we can create a self-lysing transmitter of lytic signals that can 
simultaneously lyse neighboring bacteria. Each of these methods should enable deployment in 
agricultural (i.e., rhizosphere) or industrial process settings.   
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Project Goals: Our project aims to generate a map of protein localizations and protein-
protein interactions for 5,906 genes associated with the chloroplast. We use two synergistic 
organisms, the unicellular model green alga Chlamydomonas reinhardtii and the dedicated 
biofuels oilseed crop Camelina sativa. Objectives 1 and 2 are to generate a searchable online 
resource of protein localizations and protein- protein interactions for nearly all 
chloroplast-associated proteins. We seek to achieve these objectives by leveraging high-
throughput protein tagging, microscopy and affinity purification-mass spectrometry in 
Chlamydomonas. Objective 3 is to illustrate the value of this resource to biofuel crops by 
validating high-priority localizations and protein-protein interactions in Camelina and by 
building on the newly generated knowledge to advance our understanding of protein 
interaction networks that impact yield and stress resistance. 

Our efforts are focused around the chloroplast because of the organelle’s central roles in 
photosynthesis, metabolism and intracellular signaling, all of which are targets of ongoing 
biofuels crop engineering efforts. Furthermore, chloroplast-associated genes are particularly 
underrepresented in existing systems-level datasets because most high-throughput studies to date 
were performed in model systems that lack chloroplasts. As demonstrated in yeast, protein 
localization and protein-protein interaction data transform our understanding of the genes under 
study by immediately generating specific hypotheses about the mechanism of action of their 
protein products. 

So far, we have determined the localization of 1,048 proteins. Of these proteins, 585 localized to 
the chloroplast. Intriguingly, 305 of the proteins that localized to the chloroplast were also 
observed in other subcellular compartments, suggesting proteins with possible signaling roles, 
dual functions, and possible alternative targeting routes. We have collected protein-protein 
interactions of 960 tagged proteins and we are currently identifying protein-protein interactions 
of the rest and the second biological replicate by affinity purification-mass spectrometry 
pipeline. We anticipate that the localization and protein-protein interaction data will provide key 
information on the functions of thousands of uncharacterized proteins, many of which have no 



recognizable protein motifs. The project will also have a long-term impact as the scientific 
community utilizes the resource of strains, constructs, and data. 

This research is supported by the U. S. Department of Energy, Office of Science, through the 
Genomic Science Program, Office of Biological and Environmental Research, grant no. DE-
FOA-0002060. 
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Project Goals: This project aims to understand the environmental and genetic influences on 
switchgrass composition towards increasing sustainability of switchgrass production for 
biorefining by developing generalist and specialist plant ideotypes that maximize biomass yield 
and composition, stress tolerance, and carbon sequestration capacity. 

Abstract Text: Biomass composition influences biorefining yield and conversion efficiency. 
Towards optimizing composition and related physiological traits of switchgrass, this project seeks 
to understand the genetic and environmental determinants of switchgrass biomass composition. 
Switchgrass consists of multiple ecoptypes, akin to races, that possess distinctive phenotypes. 
Compared to the northern upland ecotype, the southern lowland ecotype is characterized by greater 
biomass production but reduced abiotic stress tolerance, and in some studies, compositional 
differences, including lower lignin, ash, and nitrogen content. Here we report results of ten near-
infrared reflectance spectroscopy-predicted cell wall composition traits, including in vitro dry 
matter digestibility (IVDMD), lignin, glucan and xylan, for F2 plants of a cross of lowland and 
upland genotypes grown in common gardens at 10 sites across central North America. For biomass 
harvested at the end of the season, all trait means varied significantly among genotypes and 
locations, though heritable variation was only 20-40% on average. Still, we found a total of 68 
quantitative trait loci (QTL) across all traits, of which 47 QTL (70%) showed gene-by-
environment (GxE) interactions, meaning that the magnitude of the QTL effects varied with 
location. Several QTL were pleiotropic. Consistent with single loci controlling multiple traits, we 
found many strong negative and positive genetic correlations. In contrast to the phenotypic 
correlations, which except for those with xylan were fairly strong and consistent across sites, 
genetic correlations often varied, even showing different signs at different sites. For example, 
glucan was positively genetically correlated with IVDMD at most sites, but negatively correlated 
at two southern sites. This is consistent with the strong environmental influence on composition. 
To better understand the components of the environment that influence composition, we are 



conducting a meta-regression analysis of weather on trait variation across sites using principal 
components (PCs) of seven weather statistics (e.g., coldest, warmest, driest, and wettest 14-day 
spans) in each of three intervals of the growing season. Across all modeled genotype groups, 
variation in xylan was highly influenced by weather PC1; but for most traits, models of the 
influence of weather on composition greatly varied with genotype. In one F0 lowland genotype, 
WBC, 48% of the total weather variation (PC1 and PC4) explained lignin, which was mutually 
exclusive with the 25% of the variation (PC2 and PC6) that explained glucan. On the other hand, 
for the F0 upland genotype VS16, lignin was not significantly influenced by PC1 (38% weather 
variation). WBC lignin was highly positively related to the mean daily minimum temperature and 
negatively related to the driest span; whereas, glucan was highly positively related to precipitation 
in the wettest spans. Understanding the interaction of climatic drivers with genetic covariance and 
QTL that are antagonistic across sites may help to minimize composition tradeoffs. Thus, this 
study provides insights and expands the foundation for optimal manipulation of cell wall chemistry 
to improve biorefining. 
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Project Goals:  Overall, we are striving to improve bioenergy feedstock production by 
understanding the genetic basis of plant-environment interactions. This goal includes testing for 
climate adaptation, modeling beneficial and stressful biotic interactions, and exploring the 
mechanisms of abiotic stress responses. During our earlier work (e.g. [1-2]), we discovered a 
massive amount of physiological and molecular variation in switchgrass. While this diversity is 
the raw material that allows breeders to improve feedstock production, making use of this 
variation is very challenging — the immense DNA differences between some switchgrass 
genotypes means that traditional methods to explore genetic diversity simply do not work. Under 
the work presented here, we developed and employed multiple genome resources that span this 
diversity to provide the foundation for molecular characterization of switchgrass biomass 
production, stress responses and biotic interactions. 

Abstract Text: A single haploid reference genome gives breeders the resources to connect 
alleles to traits; a significant step towards accelerating crop improvement. However, breeding 
programs often leverage highly diverged germplasm, which contain large-scale variants that are 
not readily identified by a single reference genome. For example, in switchgrass, the fast-
growing southern lowland AP13 genotype (which serves as the reference genome [1]) is ~1 
million years diverged from the cold-tolerant northern upland gene pool. To assist breeding and 
gene discovery efforts, we have developed four total reference genomes, two northern uplands 
and two southern lowlands. Each chromosome-scale genome is fully outbred representing both 
meiotically homologous chromosomes. Here, we present these genomes and a detailed 
comparison of gene presence absence, structural and copy number variation. These variants can 
serve as a priori targets for ongoing molecular breeding efforts to make switchgrass a more 
economically and ecologically sustainable biofuel feedstock. 
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Adaptive Divergence in Switchgrass across a Large Latitudinal Gradient.” Proceedings 
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Project Goals:  

• Explore the natural genetic and phenotypic variation found in octoploids sampled 
from across the geographic range of switchgrass  

• Quantify differences in genetic diversity, habitat preference, adaptability, and 
fitness responses across climatic gradients between tetraploid and octoploid 
switchgrass 

• Identify potentially novel combinations of genetic diversity present in octoploids 
that might be linked to climate adaptation and range expansion, which would 
subsequently represent a valuable breeding resource for enhancing the resilience 
and sustainability of switchgrass feedstock production 

Abstract Text:  

Polyploidy is the result of whole-genome duplication (WGD) and can have pronounced 
ecological and evolutionary implications. Approximately half of all angiosperms are polyploids, 
and polyploidy is thought to be a major component of adaptation and speciation within this 
group. Quantifying how transitions to higher ploidy can generate shifts in fitness and adaptability 



is difficult when comparing across taxa because the role of ploidy is hard to disentangle from the 
roles of other genetic changes that accumulated after taxa diverged. However, different ploidy 
levels, or cytotypes, can exist within a single species, which provides a natural experiment to test 
how ploidy variation alters genomic diversity, fitness, and adaptability.  

Switchgrass, Panicum virgatum, is a widespread, perennial C4 grass in North America 
with multiple naturally occurring cytotypes, primarily tetraploids (4X) and octoploids (8X). The 
genetic and morphological variation present in 4X switchgrass has been closely studied (i.e. 
Lovell et al. 2021), but there has been considerably less focus on the 8X and little is known about 
how this shift to higher order ploidy has altered fitness, genetic composition, or niche breadth. 
Here we contrast the molecular and quantitative genetic diversity of 4X and 8X switchgrass 
across naturally-occurring genotypes and 10 common gardens to evaluate the basis of ploidy-
associated shifts in admixture, adaptive potential, ecological niche, and fitness. Specifically, we 
discovered (1) recurrent and evolutionary distinct genesis of 8X populations containing novel 
combinations of genetic diversity, (2) similar morphological/ecotypic divisions within 4X and 
8X cytotypes but divergent cytotype fitness clines indicating a generalist-specialist tradeoff, and 
(3) niche evolution between 4X and 8X linked to climate adaptation.  Combined, our results 
indicate that mixed-ploidy systems can be used as valuable tools to bolster the resilience of 
natural and agronomic systems by providing insight on how ploidy variation enables niche 
divergence, fitness tradeoffs, and range expansion.  
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Project Goals: The primary objective of this project is to gain a better understanding of the 
genetic drivers and mechanisms contributing to variation in switchgrass (Panicum virgatum) 
production and fitness across a broad climatic gradient. We have established experiments at 
multiple sites across the United States to evaluate switchgrass as a potential source of sustainable 
bioenergy feedstock and study its effects on ecosystem processes. Specifically, we aim to 
identify beneficial traits, genes, and microbial associates that may provide locally adaptive 
benefits to switchgrass and improve establishment, growth, and resiliency. Here we focus on soil 
bacterial community dynamics in switchgrass cultivars during a 3-year period following initial 
plant establishment. 
 
Abstract text: Plants have evolved alongside soil microorganisms over hundreds of millions of 
years, resulting in the establishment of many mutualistic relationships. Soil microbial associates 
can provide protection from pathogenic microbes and regulate nutrient accessibility through 
organic matter decomposition and nutrient transformation processes. Additionally, variations in 
root morphology and/or root metabolite exudation may facilitate the active recruitment and 
enrichment of beneficial microbes, leading to the development of unique consortia of microbial 
associates, which may vary both between- and within-species depending on the local soil 
environment. Understanding the relationship between switchgrass and soil microbes, and how it 
influences the surrounding soil environment, may contribute to establishing switchgrass as an 
economically viable and sustainable bioenergy crop. 
 
To study these relationships, we collected samples from a large, multi-institutional collaborative 
project where thirty plots of monoculture switchgrass stands were established at each of three 
sites across a latitudinal gradient (Fermilab, IL; Columbia, MO; and Temple, TX). Six cultivars 
were selected to represent a broad range of genetic diversity within switchgrass and five replicate 
6m x 6m plots were arranged in a randomized complete block design. At each site, six soil cores 
were collected using a stratified random design in spring 2016 to characterize the soil 
environment prior to switchgrass planting. In 2018 and 2019, soil microbial communities in the 
root zone were targeted by collecting soil cores adjacent to switchgrass crowns at multiple time 
points throughout the growing season. Samples were homogenized and roots removed prior to 
subsampling for DNA extraction. Amplicon sequencing of the 16S rRNA gene was performed at 
DOE's Joint Genome Institute (JGI) to determine the bacterial community structure within each 
sample.  
 



Principal coordinates analyses suggest the primary drivers differentiating soil bacterial 
community structure in the root zone were site and collection date (differentiated by year in MO 
and TX, and by early vs. late season in IL). Although soil bacterial community structure in the 
root zone did not vary distinctly among switchgrass cultivars, we did find evidence that suggests 
switchgrass may recruit and enrich certain bacterial taxa. Using differential analysis (DESeq2), 
we identified 2,638 bacterial amplicon sequence variants (ASV’s) that were significantly 
(p<0.001) more abundant in samples from 2019 (3 years after switchgrass planting) relative to 
samples from 2016 (before switchgrass planting). Of those, we found 96 ASV’s with log2 fold 
changes greater than 20 (or > 1,048,576-fold change). Some taxa were enriched at multiple sites, 
indicating that regardless of the soil environment, these microbes share a tight association with 
switchgrass. For instance, we identified 3 ASV’s belonging to the genus Sphingomonas that were 
highly enriched (>20 log2 fold change) at all three sites. Sphingomonas likely play a role in plant 
pathogen resistance and may be a valuable member of the switchgrass microbial consortia by 
aiding in disease suppression.[1][2] Altogether, these results reveal specific soil bacteria that were 
affected by the presence of switchgrass and provide a first step in understanding the relationships 
between soil microorganisms and switchgrass. However, many questions remain. 
 
Future efforts will explore whether switchgrass cultivars are locally adapted to recruit soil 
microbes specific to their site of origin, and determine what, if any, functional benefits these 
microbes may provide. Using shotgun metagenomics within the context of a nitrogen 
fertilization experiment, we will focus on microbially mediated belowground processes, 
especially pathways that regulate plant available nutrient supply, and examine the potential for 
microbially-mediated pathogen resistance. We are also using high-throughput bacterial isolation 
to establish a catalog of diverse switchgrass-associated microbes. To date, we have isolated over 
1,200 unique bacterial strains from three switchgrass planting sites, with whole genome 
sequences being assembled for each isolate. The collection is diverse, encompassing over 68 
bacterial genera from 5 different phyla. We are compiling synthetic communities to test the 
impact on plant nutrition, root architecture, and disease resistance. This collection will be an 
important shared resource for the switchgrass microbiome research community and could help to 
improve efforts towards sustainable switchgrass production.  
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Project Goals 

Panicum hallii Vasey (Hall’s panicgrass) is a diploid, self-compatible, compact, perennial 
C4 grass in the family Poaceae, which has the potential to serve as a model for perennial 
bioenergy grasses like switchgrass (Panicum virgatum L.).  Our goal is to develop tools and 
resources that will enable us to use P. hallii to understand the role and function of genes of 
interest in switchgrass. 

Abstract 

Switchgrass (Panicum virgatum L.)  is native to the tallgrass prairie of North America. The high 
yielding potential and the ability to grow well in marginal lands make switchgrass an ideal 
species as a dedicated bioenergy feedstock. However, its large genomes with varied ploidy levels 
from diploid (2x) to dodecaploid (12x) with tetraploid and octoploid being the most common, 
large stature, long-life cycle, and self-incompatiblity, makes genetic and gene function analysis 
difficult. Panicum hallii is closely related to switchgrass, has a compact diploid genome, a 
shorter generation time, is perennial, and self-compatible. These features permit replicated 
experimentation in a laboratory setting. P. hallii also shows massive genetic variation in many 
important traits related to biomass production, including timing of flowering, growth rate, 
disease susceptibility, and drought tolerance. This combination of genomic and physiological 
attributes makes P. hallii an ideal genetic model for switchgrass and other C4 perennial grasses. 
Here we describe the development of genetic transformation for P. hallii using the FIL2 
genotype (P. hallii var. filipes), a representative of the lowland ecotype of P. hallii.  
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Project goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 
 
  
Lignocellulosic biomass is presently an underutilized resource due to lack of a microbial host 
that can consume all the simple and complex carbohydrates present in the biopolymer. Here we 
present a rewired central carbon metabolism approach that integrates phosphoketolase bypass in 
P. putida strain KT2440 mutants for ED (Entner-Doudoroff) pathway. We see its impact on 
reviving growth on glucose minimal medium and co-utilization of aromatics and glucose, to 
support synthesis of a key cellular intermediate (acetyl-CoA) for biofuel/chemical production. 
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Project Goals: Establish the scientific knowledge and new technologies to transform the maximum 
amount of carbon available in bioenergy crops into biofuels and bioproducts. 

There is a growing demand to produce renewable and sustainable energy from plant-based biomass. 
However, the structural support tissue of vascular plants, i.e. lignin, is recalcitrant under ambient conditions, 
which poses a considerable technical challenge to the conversion of lignin to fuels and value-added 
coproducts. Consequently, lignin requires chemical (e.g., base catalysis and ionic liquid, IL) and/or 
enzymatic pretreatment for effective depolymerization. In this regard, the physicochemical properties of 
ILs enable the efficient deconstruction and fractionation of biomass needed for conversion of 
lignocellulosic feedstocks to fuels and chemicals and offers the potential for lignin valorization towards 
enhanced economic viability of lignocellulosic biorefineries. As a result, it is imperative that the resulting 
hydrolysates from such refineries be characterized. To this end, we have developed a high-throughput liquid 
chromatography-mass spectrometry (LC-MS) method to quantify products of lignin depolymerization 
and/or residual phenolic monomers from hydrolysates produced via cholinium lysinate ([Ch][Lys]) IL 
pretreatment and enzymatic saccharification. The method showed good linearity (R2 = ≥ 0.99) and retention 
time repeatability (% RSD = < 0.5) for the analytes tested. The method revealed different phenolic profiles 
for poplar and sorghum hydrolysates, with 4-hydroxybenzoic acid being prominent in both. This suggests 
that the method can be used to determine the phenolic contents of hydrolysates, assess phenolic compound 
viability (i.e., extent of degradation) and uptake by microbes in the biorefinery, and potentially quantify the 
amounts of value-added coproducts produced.  
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Project Goals: Establish the scientific knowledge and new technologies to transform the 

maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 

 

Abstract  

Establishing sustainable cellulosic biorefineries requires the production of renewable biofuels 

and bioproducts at market-competitive prices while reducing their carbon footprints. Achieving 

these targets is challenging with a single-fuel biorefinery warranting a cellulosic biorefinery with 

multiple fuels and products equivalent to a petroleum refinery. Here, we modeled a multiproduct 

biorefinery combining high-energy-density renewable gasoline and jet fuel blendstocks as well 

as nonhazardous biomass-derived indigoidine (blue dye). The model biorefinery utilizes ensiled 

biomass sorghum feedstock. Results show market-competitive selling prices of fuels of $0.6/L-

petroleum-equivalent and indigoidine of $5.7/kg at the current state-of-the-technology. At 

present, the multiproduct biorefinery generates annual revenue of $434±10/bone-dry-metric ton 

(bdt) of biomass—141 to 156% more than single-fuel biorefinery—while meeting the carbon 

footprint reduction mandate of cellulosic biofuels. With an improved biomass conversion—

achieving targeted sugar and lignin utilizations including 95% glucose, 85% xylose, and 95% 

lignin monomers—the annual revenue and the total carbon footprint reduction, respectively, 

could increase to $697±18/bdt and  94±3%, but envisioned when the biobased dye fully 

substitutes the synthetic dye. 
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Project Goal: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts 

The development of low cost and high efficiency biomass deconstruction methods is a crucial 
step in the commercialization of biorefinery. Ensiling is an anaerobic biomass storage method 
producing some acids like lactic acids and acetic acids beneficial for biomass conservation. 
Furthermore, these acids generated during ensiling storage could serve as an in-situ mildly acidic 
pretreatment leading to improved deconstruction efficiency1,2. [Ch][Lys] based-one pot process 
has been demonstrated as an efficient method to deconstruct biomass3. The integration of the two 
processes is expected to improve the efficiency of the biomass pretreatment step. This approach 
has been investigated with different sorghum hybrids     
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Project goals: Establish the scientific knowledge and new technologies to transform the maximum amount 
of carbon available in bioenergy crops into biofuels and bioproducts. 
 

Sorghum is a unique crop for Bioenergy production, as all its parts, the grain and the stover can be used as 
sustainable feedstocks through various production routes. It also has low input requirements, making it an 
ideal candidate to improve on those natural qualities to increase feedstock production. Aromatic 
compounds are of particular interest for biofuel production in plants since they increase Octane ratings 
and the catalysis in plants provides an economic way to produce such desirable co-products. In this study, 
we compare the performance of 4 transgenic variants, expressing different aromatic compounds for 
biomass yield under non-controlled conditions: coumaric acid, Hydrobenzoic acid, Protocatechuic acid 
and aromatic metabolites from the shikimate pathway. After one growing season in the field, biomass 
yield of both grain and stover was analyzed by weight. A significant increase in total yield was only 
determined for lines expressing protocatechuic acid, with the majority of that increase coming from grain. 
These lines are therefore excellent candidates for large scale biofuel production and analysis of these lines 
is ongoing.  
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maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 
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Abstract: Lignocellulosic biomass will be a major sustainable feedstock for the burgeoning 
bioeconomy. Understanding the biosynthesis and nanoarchitecture of the plant cell wall provides 
indispensable insights to enable predictive cell wall engineering for bioenergy crops. Multi-
dimensional solid-state NMR spectroscopy allows detailed investigation of the composition and 
organization of biopolymers in the intact wild-type and engineered plant cell walls, which allows 
us to better understand the impact of genetical modification on the native plant cell wall 
architecture and refine our genetical models of the plant cell wall. Here, by successfully 
generating mature plants, including Arabidopsis, sorghum, switchgrass and poplar, with high 13C 
incorporation (>90 %) in a customized growth chamber, we employed a series of multi-
dimensional ssNMR experiments (e.g., refocused INADEQUATE, PDSD, T1 relaxation 
measurements) to understand the arrangement of biopolymers in the native secondary cell wall 
of these plants and understand the architecture of their intact cell walls. Then, using the plants 
engineered to have altered biomass, we tested the effects of these modifications, which will 
provide insights for future plant engineering strategies. 
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Project Goals: 

The vision of JBEI is that bioenergy crops can be converted into economically-viable, 
carbon-neutral, biofuels and renewable chemicals currently derived from petroleum, and many 
other bioproducts that cannot be efficiently produced from petroleum. JBEI’s mission is to 
establish the scientific knowledge and new technologies in feedstock development, deconstruction 
and separation, and conversion needed to transform the maximum amount of carbon available in 
bioenergy crops into biofuels and bioproducts. When fully scaled, JBEI’s technologies will enable 
the production of replacements for petroleum derived gasoline, diesel, jet fuel, and bioproducts. In 
doing so, JBEI will reduce the nation’s dependence on fossil fuels, significantly reduce the amount 
of carbon added to the atmosphere, reduce contamination of the environment, and provide the 
scientific tools and knowledge required to transform the bioenergy marketplace. 

Abstract: 
The oleaginous basidiomycete, Rhodosporidium toruloides (also known as Rhodotorula 

toruloides), is rapidly gaining traction as an industrial host for converting lignocellulosic biomass 
into value-added products. The yeast is naturally capable of co-utilizing multiple carbon sources 
such as pentoses, hexoses, and lignin-derived aromatics. It also naturally accumulates substantial 
amounts of acetyl-CoA and malonyl-CoA, the building blocks for many desirable biochemicals, 
within its cytosol. Many labs within the Department of Energy and academia have leveraged these 
properties to use R. toruloides to valorize biomass into compounds such as bisabolene.  

However, these efforts have largely focused on utilization of pentose and hexose 
feedstocks, while neglecting the carbon in biomass that is contained within aromatic compounds. 
To fully utilize the carbon available in lignocellulosic feedstocks, efforts must be directed to 
valorize these aromatics. Here, we describe our efforts with the Joint BioEnergy Institute to do so. 
We focus primarily on the aromatic compound p-coumarate, as the metabolic pathway to this 
compound in R. torulolides is well-established in through the enzymes phenylalanine ammonia 
lyase and 4-coumarate-CoA ligase. 

We first build upon our metabolic model of p-coumarate degradation in R. toruloides by 
employing CRISPR editing to delete key steps within the pathway. We show that this leads to 
substantial accumulation of key beachheads, protocatechuate (PCA, 6.7 ± 2.2 g/L) and 4-
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hydroxybenzoate (4HBA, 4.6 ± 0.1 g/L) in minimal media. We also show considerable buildup of 
4HBA (1.3 ± 0.1 g/L) during fermentation of one of these strains in hydrolysates derived from 
lignocellulosic biomass. We next describe our attempts to integrate four heterologous pathways 
for production of curcuminoids, naringenin, resveratrol, and 2-pyrone-4,6-dicarboxylic acid 
(PDC). We obtain the most promising results with the later compound, observing signs of its 
precursor compound 4-carboxy-2-hydroxymuconate-6-semialdehyde (CHMS) as well as 0.4 g/L 
of PDC itself. Finally, we describe our efforts to adapt R. toruloides to better utilize p-coumarate 
by employing Tolerance Adaptive Laboratory Evolution (TALE), generating an evolved strain that 
robustly grows in media with 20 g/L p-coumarate as the sole carbon source. Taken together, these 
results describe how the Joint BioEnergy Institute has sought to maximize the productive potential 
of R. toruloides as an industrial chassis for fully valorizing the carbon in lignocellulosic biomass.  
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Project Goal: 
Improve the biosynthetic performance of an engineered microorganism via machine-learning 
guided optimization of media components. Using a robotics platform, many unique media 
formulations can be tested. Titers achieved in each formulation will inform a Bayesian model 
over 5-10 iterations which will then design new improved media formulations.  
 
Abstract: 
Bioprocess optimization is often nonintuitive and requires many iterations of the canonical 
design, build, test, learn (DBTL) cycle. One method for improving biosynthetic performance is 
by altering the media conditions with design of experiment (DoE) tools. Using robotics and 
colorimetric screening, these processes can be conducted quickly and effectively. To this end, we 
chose the red compound, flaviolin, as our first product for this pipeline. A genome integrated 
production strain with a constitutive promoter driving flaviolin biosynthesis (rppA) was 
developed. This strain demonstrated highly reproducible titers in minimal media and was used as 
the reporter for media performance. A robotics platform was further developed to rapidly iterate 
over diverse media formulations and assay production via simple spectrophotometry. 
Following platform development 22 media formulations based on MOPS minimal medium were 
designed using Latin Hypercube Sampling (LHS)1. Using the LHS results as training data, a 
machine learning model developed in JBEI, the Automated Recommendation Tool (ART)2, 
designed new formulations. Following 5 DBTL cycles, ART consistently designed media with 
2x titer improvement over MOPS. Following strain construction, these improved media 
formulations were developed in less than 2 months, illustrating the cost & time effectiveness of 
this machine learning media optimization pipeline. 
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maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 

Abstract Text:  

Natural microorganisms are not optimized for industry-relevant conditions and therefore often 
show unsatisfactory performance. In this study, multifaceted Adaptive Laboratory Evolution 
(ALE) approaches were applied for Pseudomonas putida KT2440 to improve its phenotypes to 
achieve efficient biochemical production. Firstly, we constructed efficient xylose and galactose 
catabolism by continuously evolving engineered KT2440 stains in a constant or weaning-off 
condition. Secondly, we significantly improve tolerance against isoprenol by growing cells with 
gradually increased isoprenol concentrations. With these multiple ALE strategies successfully 
generated strains with improved phenotypes. Whole-genome sequencing, transcriptome 
sequencing, and reverse engineering unveiled mutational mechanisms, enabling the improved 
phenotypes. Collectively, ALE proved to be an effective method for strain optimization and 
knowledge generation which can be utilized to develop efficient microbial bioprocesses. 
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Abstract Text: Lignocellulosic biomass has great potential to provide a sustainable source of 
fuel, and enzymatic deconstruction of lignocellulose is a key component of biofuel production. 
Lignocellulose is composed of cellulose, hemicellulose, and lignin. While deconstruction of 
cellulose and hemicellulose has improved greatly in recent years, further optimization is required 
to make the process efficient enough for biofuels to compete in the energy market. Lignin is 
composed of a variety of subunits linked together with a variety of bond types. We have a 
limited understanding of the enzymatic mechanisms for the breakage of different lignin bonds. 
Lignin is highly recalcitrant, and breakdown produces a complex, heterogenous mixture of 
products. Further understanding of the activities of enzymes that degrade cellulose, 
hemicellulose, and especially lignin is required to lower biofuel production costs and increase 
efficiency. We utilized the unique mass spectrometry assay (nanostructure-initiated mass 
spectrometry or “NIMS”)1. Briefly this platform uses lignin model compounds containing target 
lignin bonds enabling bond-specific kinetic analysis of enzyme activities. In addition to the 
lignin linkages, these substrates have perfluorinated and cationic moieties enabling rapid 
separation from complex mixtures and efficient ionization from small samples. Each substrate 
has a unique mass enabling them to be analyzed from mixtures. Quantification is achieved using 
13C labeled internal standards. NIMS can be scaled up when it is combined with mass 
spectrometry imaging (MSI) and open-source MSI software2, providing rapid measurements of 
multiple samples. Additionally, coupling mass spectrometry methods with microfluidics further 
increases the high throughput power of these technologies.3 We constructed a microfluidics 
device for combinatorial screening of enzyme activities though droplet microfluidics.4 A 
commercial droplet generator is used to prepare cocktails of droplets containing different 
enzymes and substrates. Our system spontaneously merges random pairs of droplets in parallel, 
replacing deterministic liquid handling operations and providing the potential for testing many 
more combinations of enzymes and substrates. The microfluidics device was coupled with 
NIMS, depositing the reaction products onto the NIMS chip for MSI analysis. We demonstrated 
the use of these technologies with model lignocellulose compounds that represent common 
linkages in lignin (β-O-4’, β-β’, and 5-5’), cellulose, and hemicellulose. In the past we observed 



cleavage of the β-O-4’ bond, testing lignolytic enzymes alone and in combination with glycoside 
hydrolases. Through collaboration with the Deconstruction Division at JBEI, we presented 
detailed studies for the degradation of a phenolic β-O-4 dimeric model compound by lignin 
peroxidase isozyme H8 as a function of pH.5 Here we used our microfluidics device to gather 
performance data for an array of lignocellulolytic enzymes. Interestingly we demonstrated the 
oxidative cleavage of β-β’-linked lignin by fungal laccases, a phenomenon that is poorly 
characterized in the literature. Further work with the LigCHIP (our unique technological 
combination of NIMS, MSI, droplet microfluidics, and lignin substrates) will include scaling up 
and expanding these technologies to a greater number of enzymes and substrates. 
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Project Goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 
 
Abstract 
Overcoming the recalcitrance of lignin and developing conversion strategies for aromatics are 
key goals to maximize conversion of carbon in plant biomass. While monoaromatics are 
metabolized by a variety of bacteria, the metabolism of aromatic oligomers remains largely 
undescribed. Several Sphingomonad are known to depolymerize dimeric lignin model 
compounds. Beyond the dimeric model compounds, using HMW lignin directly extracted from 
lignocellulosic biomass would be beneficial to explore diverse lignin-degrading microbes and 
their enzymes. Here we generated aromatic mixtures of monomers and oligomers from IL 
pretreatment (referred to BCD liquor) then enriched microbiomes originated from diverse soils 
on the BCD liquor. Chemical analysis (GPC and 2D HSQC NMR) demonstrated lignin 
depolymerization by cleavage of β-O-4 linkage during 2-week incubation. Time series 
metatranscriptomics revealed that predominant microbes produce enzymes involved in lignin 
depolymerization to aromatic catabolism and ring cleavage. 
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Lignin, a complex and heterogenous polymer composed of phenylpropane moieties, is the most 
abundant bio-renewable source of aromatics. Due to its heterogeneity and recalcitrance to chemical 
or enzymatic depolymerization, lignin is currently under-utilized and routinely combusted to 
generate process heat in the paper and pulp industry. Chemical routes to lignin depolymerization 
and subsequent valorization are efficient, but can generate toxic chemicals, making the process 
unsustainable. Enzymatic depolymerization is selective but inefficient at degrading lignin in solid 
state. We have developed an integrated Chem-Bio route that combines the higher efficiency of 
chemical lignin depolymerization with the higher selectivity of enzymes to produce targeted value-
added chemicals and compounds amenable to biological upgrading. We first studied 
depolymerization of Pd/ZrP catalyzed hydrodeoxygenation (HDO) of ionic liquid (IL) pretreated 
lignin from poplar. GC-MS analysis and molecular weight distribution profiling showed the 
process efficiently cleaved C-O bonds as a function of temperature and time. Based on analysis of 
lignin content, the process produced high yields (>29.3%) of a lignin oil with minimum char 
formation (<15%). In general, products obtained after HDO of lignin such as phenols and guaiacols 
are not biocompatible, so we investigated the potential of highly active and thermostable laccases 
from Cerrena unicolor to upgrade the HDO products to biocompatible compounds. We observed 
that laccases could detoxify up to 89.0% non-biocompatible HDO products to such as syringic 
acid and vanillin with a selectivity of 48.2% and 40.0%, respectively. Thus, our integrated 
chemical and biological approach enables the conversion of lignin oil into platform molecules.  
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Abstract: 
Efficient conversion of lignocellulosic biomass into biofuels and bioproducts requires 
bioengineering of plants, microbes. Biomass is deconstructed using ionic liquids and enzymes, 
resulting sugars are converted by microbes into desired bioproducts. Testing the saccharification 
and conversion efficacy of hundreds of transgenic plants, various strains of microbes and Ionic 
liquids with different   possible combinations is a daunting task. Evaluation and identification of 
best candidate plants, microbes at bench scale are cumbersome and time taking. A high-throughput 
screening platform (F2F: Feedstocks-To-Fuels) is developed to address these challenges.  With 
end-to-end automated processes combined with machine learning tools the pipeline enables the 
flexibility to adjust multiple experimental parameters and predictive deconstruction of various 
biomass samples. Methods and components of the Pipeline and saccharification and fermentation 
results from screening of wild type and engineered sorghum plants are presented.  
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Lignin is one of the most abundant materials available on earth, with 300 billion tons available 
globally and 20 million tons added annually providing an extensive carbon source for sustainable 
manufacturing of products. However, lignin remains largely under-utilized due to its tough, woody 
nature and inherent recalcitrance. Efficient utilization of plant biomass especially lignin, is crucial 
for producing biofuels to scale. Enzymatic degradation of lignin is currently an area of intense 
research focus as bacteria and fungi employ a variety of ligninolytic enzyme systems to breakdown 
lignin. The aromatics derived from lignin breakdown can serve as precursors for synthetic 
pathways for the production of biofuels and high value compounds such as food additives or 
polymers. Here, we report the protein structure of PmdC (Comamonas) a homolog of LigC 
(Sphingomonas). This protein catalyzes the conversion of lignin breakdown intermediate 4-
carboxy-2-hydroxymuconate-6-semialdehyde dehydrogenase (CHMS) from the protocatechuate 
cleavage pathway to yield 2-pyrone-4,6-dicarboxylic acid (PDC), a precursor for the synthesis of 
useful polymers such as polyamides, polyesters and polyurethane. Metabolic engineering efforts 
are already underway for creating biosynthetic routes for the synthesis of PDC in appropriate host 
organisms. The structure of PmdC will yield valuable insight into the mechanism of catalysis of 
the enzyme and will support protein engineering efforts to boost PDC production. 
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Project Goals: Establish the scientific knowledge and new technologies to transform the
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts.

Abstract:
Biologically produced Isoprenol can be chemically converted to DMCO1, an aviation fuel. While
many microbial hosts have been engineered to produce isoprenol on defined growth media2,3, it is
essential to understand the host response to renewable carbon feedstocks. In this study we
compare a range of engineered microbial hosts - Pseudomonas putida, Corynebacterium
glutamicum and model microbes such as Escherichia coli, for production of isoprenol using
ionic liquid-pretreated, dry and ensiled sorghum biomass hydrolysates supplemented growth
media. Growth of all the three hosts was not significantly affected and the highest production of
~ 1 g/L isoprenol from ensiled biomass hydrolysate supplementation was observed. Residual
sugar analysis also enabled understanding of host capability to utilize the sorghum biomass
components for growth and production. The observed metabolic flux rerouting on hydrolysates
needs further investigation using functional genomics. Improving fitness using adaptive
laboratory evolution will also help to optimize this bioconversion process for sustainable
production of biofuels from real world carbon streams.
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Project Goals: The JBEI mission is to conduct basic and applied research to enable cost-
effective conversion of lignocellulosic biomass into biofuels and bioproducts.  The goal of this 
project, performed in the Microfluidic Assays group in the Technology Division at JBEI, is 
to develop a robust and easy-to-use droplet microfluidic platform to automate the steps 
involved in engineering of metabolic pathways to produce biofuel molecules.   
 
Synthetic biology offers a promising approach to produce biofuel and other chemicals.  
Optimization of metabolic pathways however, requires conducting a large number of experiments 
that are labor-intensive with repetitive pipetting and plating and require large amounts of expensive 
reagents.  Robotic liquid handling stations represent a solution to automate genetic engineering 
processes. However, they still require a large volume of reagents and their high equipment and 
maintenance cost can be prohibitive to many users. Microfluidic platforms offer a promising 
alternative as they provide improvement over their macroscale counterparts in cost, amounts of 
reagents required, speed, and integration. 
 
We are developing microfluidic devices for biofuel research applications including enzyme 
screening, enzyme evolution, and optimization of metabolic pathways.  Our droplet-based 
microfluidic platforms use digital microfluidic (DMF) format where nanoliter aqueous droplets 
suspended in oil are manipulated on an electrode array using electrowetting on dielectric concept.1-

5 The systems can handle large numbers of droplets at once as well as actively manipulate droplets 
in a programmable manner, and are capable of multiple steps of droplet manipulation including 
formation of aqueous droplets and encapsulation of reagents and cells, electric-field driven merge 
and split of the droplets to add or remove liquid, on-chip electroporation, and incubation steps with 
localized temperature control. The device uses an array format with 100 elements, each containing 
sets of electrodes for two electric field actuated operations- electrowetting for merging droplets 
and electroporation for transformation. Reagents are introduced into the chip by dispensing 
droplets, are kept separate until ready to mix, mixed on-demand by merging droplets by 
electrowetting, and transformation of cells by on-chip electroporation. 
 
A novel platform for high throughput electroporation is being developed in an automatable format. 
A 384 well microtiter plate having a novel electrode geometry is subjected to PEGylated Thiol-



Au chemistry to render the wells hydrophilic. They have individually addressable electrodes to 
improve the electric field transport for introducing the recombinant DNA into E. coli 6 as a part of 
the CRISPR-based MAGE as an example of how our microfluidic platform provides an alternative 
solution to the cumbersome traditional methods. Furthermore, with our platform, recovery, 
incubation and screening can be performed on the same chip. The configuration of the chip uses a 
384-well template and is easily integrable with liquid handling robots.  We validate our 
microfluidic chip by performing targeted genomic changes through CRISPR-based MAGE 
(CRMAGE) recombineering for the biosynthetic pathway producing the sustainable pigment 
indigoidine in E. coli.7 The automated platform for multiplexed transformation holds the promise 
of accelerating the design-build-test-learn cycle.8,9  
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Project Goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 
 
Plants and microbes share common metabolic pathways for producing a range of bioproducts 
that are potentially foundational to the future bioeconomy. However, in planta accumulation and 
microbial production of bioproducts have never been systematically compared on an economic 
basis to identify optimal routes of production. Detailed technoeconomic analysis using four 
biochemicals as exemplar compounds (4-hydroxybenzoic acid (4-HBA), catechol, muconic acid, 
and 2-pyrone-4,6-dicarboxylic acid (PDC)) is conducted with the highest reported yields and 
accumulation rates to identify economically-advantaged platforms and calculate break-even 
targets for plants and microbes. The results indicate that in planta mass accumulation ranging 
from 0.1 dry weight % (dwt%) to 0.3 dwt% achieve costs comparable to microbial routes with 
40–55% of maximum theoretical yield. At small volumes and high market prices consistent with 
specialty chemicals ($20-50/kg), in planta accumulation rates in the 0.1 dwt%–0.3 dwt% are 
sufficient to be cost-competitive. At prices more consistent with commodity chemicals, an order 
of magnitude increases in accumulation rates for plants and and/or yields nearing theoretical 
maxima for microbial platforms are needed. This comparative analysis revealed that the 
accumulation rates of 4-HBA (3.2 dwt%) and PDC (3.0 dwt%) in engineered plants vastly 
outperform microbial routes, even if microbial platforms were to reach theoretical maximum 
yields. Their recovery and sale as part of a lignocellulosic biorefinery could enable biofuel prices 
to be competitive with petroleum. Muconic acid and catechol, in contrast, are currently more 
attractive when produced microbially. Ultimately both platforms can play an important role in 
replacing fossil-derived products.  
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Project Goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 
 
Isoprenol (3-methyl-3-buten-1-ol) is a candidate for a drop-in biofuel and a precursor for 
commodity chemicals (e.g., rubber), and more recently it was demonstrated as a precursor for a 
promising sustainable aviation fuel (SAF) compound DMCO (1,4-dimethylcyclooctane)1,2. 
Isoprenol has been produced in various engineered microorganisms, including E. coli, C. 
glutamicum, and S. cerevisiae. Recently, Pseudomonas putida KT2440 has gained interest as a 
promising host for bioproduction of drop-in biofuels as it can utilize carbon sources generated 
from inexpensive plant biomass. However, the potential of P. putida KT2440 for isoprenol 
production remained unexplored. In this study, we aim to engineer P. putida KT2440 for isoprenol 
production. First, we employed opt-approaches and constrained minimal cut sets (cMCS) to 
identify gene knockout targets to maximize isoprenol production. Secondly, we established an 
“IPP-bypass” isoprenol pathway by utilizing a promiscuous mevalonate diphosphate 
decarboxylase to alleviate the toxicity imposed by an intermediate metabolite (isopentenyl 
diphosphate, IPP). Next, we further improved the isoprenol titer by optimizing the pathway protein 
expression. Lastly, we employed targeted proteomics to identify the bottlenecks in the pathway. 
Altogether, the highest isoprenol production titer of 1.1 g/L was achieved from the engineered P. 
putida KT2440 strain. 
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Project Goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 
 
Lignin in many species including Populus spp. is decorated with p-hydroxybenzoate. However, 
the molecular basis for such structural modification remains largely undetermined. Here, we 
report the identification and characterization of a Populus BAHD family acyltransferase that 
catalyzes monolignol p-hydroxybenzoylation, thus controlling the formation of p-
hydroxybenzoylated lignin structures. With in vitro systematic screening and biochemic 
characterization of Populus BAHD family acyltransferases, we reveal that a Populus 
acyltransferase PHBMT1 kinetically preferentially uses p-hydroxybenzoyl-CoA to acylate 
syringyl lignin monomer sinapyl alcohol in vitro. Consistently, disrupting PHBMT1 in Populus 
via CRISPR–Cas9 gene editing nearly completely depletes p-hydroxybenzoates of stem lignin; 
conversely, overexpression of PHBMT1 enhances stem lignin p-hydroxybenzoylation, 
suggesting that PHBMT1 functions as a prime monolignol p-hydroxybenzoyltransferase in 
planta. Altering lignin p-hydroxybenzoate modification substantially changes the lignin solvent 
dissolution rate, indicative of its structural significance on lignin physicochemical properties. 
PHBMT1 is highly induced with mechanical stress or gravistimulation along with the tension 
wood formation. Altering lignin p-hydroxybenzoylation changes plant’s autotropism and 
gravitropism behaviors. Identification of monolignol p-hydroxybenzoyltransferase offers a 
valuable tool for tailoring lignin structure and physicochemical properties and for engineering 
the industrially important platform chemical in woody biomass. 
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Project goals: 
Establish the scientific knowledge and new technologies to transform the maximum amount of carbon
available in bioenergy crops into biofuels and bioproducts.

Synthetic biology tools for integrating complex gene circuits are a necessity for creating high-yielding,
deconstructable bioenergy crops. Introducing complex gene circuits and functions into bioenergy crops
will require the coordination of multiple cis and trans elements with minimal off-target effects on the
plant.  Transcription-activator-like effectors (TALEs) offer a useful scaffold for designing targetable
synthetic trans-elements for bioenergy crop improvement due to the modular encoding of its DNA-
binding site in the protein sequence.  We assess the benefits of using different TALEs by targeting
orthogonally designed DNA-sequence space and compare its impact on endogenous gene regulatory
networks versus using literature-established trans-elements such as yeast Gal4. Using machine learning
to  assist  in  the  identification  and  design  of  orthogonal  DNA-binding  sites,  we  are  able  to  build
synthetic trans-elements and characterize their ability to regulate transgene expression in a targeted
manner in model and crop plant systems.
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Project Goals: The collaborative project "Phylogenomic discovery and engineering of 
nitrogen fixation into the bioenergy woody crop poplar" is focused on identifying the 
genomic novelties that enable the symbiotic relationship between nodulating plants and N-
fixing bacteria to support genetically engineering this capability into bioenergy crops. The 
first aim of this project is a comparative phylogenomic study of the nodulating clade to 
uncover the genomic novelties that were required for the evolution of these root nodule 
symbioses. A massively improved phylogenetic framework for the N-fixing clade that 
includes genetic data for nodulation genes for all species in the phylogeny will provide a 
robust, revised understanding of the exact ancestral origin of nodulation and the evolution 
of the predisposition to nodulate and inform a series of experiments comparing close 
relatives that nodulate or do not nodulate to identify the genes underlying nodulation. To 
achieve these goals we have completed a cutting edge phylogenetic study with an 
unprecedented sampling effort and used this to identify the origins of the symbiotic 
relationship between nodulating plants and N-fixing bacteria as illustrated by the project 
described below. 

Symbiotic nitrogen fixation via root nodulation (SNFN) is a complex trait that requires 
coordinated control of multiple plant host and bacterial symbiont genes. Pinpointing the 
evolutionary origins of SNFN is critical for understanding its genetic basis but is complicated by 
data limitations and intermittent presence in a single species-rich clade of flowering plants, the 
nitrogen-fixing clade (NFC). Here we use the largest purpose-built phylogeny for any lineage, 
along with an enhanced trait database, to reconstruct the evolution of SNFN. We show that shifts 
among heterogeneous evolutionary rates can explain how a trait can arise many times across a 
large phylogeny by identifying the evolutionary pathway to SNFN gain. Our analyses suggest a 
two-step process where an ancestral deep precursor state gives rise to a more labile state from 
which SNFN was easily gained at certain points in the NFC. Our reconstruction of ancestral 



states illustrates how this two-step pathway could have led to 15 independent gains of SNFN, in 
contrast to single-gain and losses hypotheses. SNFN may be an example of multi-level 
convergent evolution, thus requiring scaling up of genome-phenome mapping to fully elucidate 
mechanisms enabling SNFN. 
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Project Goals: The collaborative project "Phylogenomic discovery and engineering of nitrogen 
fixation into the bioenergy woody crop poplar" is focused on identifying the genomic novelties 
that enable the symbiotic relationship between nodulating plants and N-fixing bacteria to support 
genetically engineering this capability into bioenergy crops. As part of this effort, we are 
identifying new nodulation regulators using single-cell transcriptome analysis of Medicago roots 
treated with rhizobia. In parallel, we are characterizing the function of Populus homologs of known 
nodulation genes, such as the transcription factor Nodule INception (NIN).  

Legumes can establish a symbiotic relationship with nitrogen-fixing rhizobia by developing 
nodules, a modified lateral root organ. Nodule development initiates with anticlinal divisions in a 
subset of pericycle cells after root exposure to lipochito-oligosaccharides secreted by the bacteria. 
To discover new regulators of the early differentiation of pericycle cells during nodule formation, 
we isolated and sequenced the transcriptome of Medicago truncatula single nuclei derived from 
roots, 24 hours after inoculation with rhizobia. Clusters of cells were generated and annotated 
based on expression enrichment for known marker genes (Fig. 1). Clusters representing all the cell 
types expected in roots were detected. Next, we re-grouped the pericycle cells at higher resolution 
and detected two distinct sub-types of cells. Further analysis indicated that one of these clusters 
involved cells responding to the rhizobia. By following the developmental trajectory of pericycle 
cells transitioning from a steady to a response-activated state, we identified a homolog of the 
Arabidopsis STY family proteins as highly differentially expressed. STY proteins are positive 
regulators of auxin biosynthesis, as regulators of the pericycle activation during nodule initiation. 
As expected, the RNAi down-regulation of STY resulted in a significant decrease in the number 
of nodules generated in transgenic Medicago plants. While the combined activation of auxin and 
cytokinin had been previously recognized, several of the specific genetic component activated 
early in the pericycle differentiation have remained largely unknown. These genetic triggers may 
be necessary to introduce nodule development in non-legume crops. They are currently being 
tested for their potential role in inducing the formation of nodule-like structure in Populus. 



In addition to discovering 
new nodulation regulators, 
we are exploring the role in 
Populus of genes 
previously shown to 
regulate this process in 
legumes. The transcription 
factor Nodule INception 
(NIN) is critical for 
establishing root nodule 
symbioses in legumes and 
other plant groups within 
the nitrogen-fixing clade 
(NFC). Plants within the 
NFC that have lost the 
ability to develop nodules 
strongly correlate with a 
loss of NIN. Interestingly, 
NIN homologs are present 
in plants outside the NFC, 
suggesting its role in other 
developmental processes. 
We discovered that 
Populus sp. contains eight 
copies of NIN falling into 
three distinct sub-families. 

Lipo-
chitooligosaccharides 

(LCOs) produced by 
rhizobia and a wide range 
of fungi, including 
mycorrhizal ones, can 

trigger root nodule symbiosis as well as lateral root formation. We observed that LCOs induced 
all three members of the PtNIN2 sub-family, with PtNIN2b showing a rapid induction within 15 
minutes of treatment. We further observed that PtNIN2b promotes lateral root formation. 
Constitutive expression of PtNIN2b overcame the inhibition of lateral root development by 
cytokinin under high nitrate. Finally, we found that the LCO-induced, NIN-dependent lateral root 
formation is conserved in legumes. Our study suggests that the primitive function of NIN was to 
modify root architecture in response to symbiotic signals, which later evolved into more 
specialized functions in root nodule symbiosis. 

Funding Statement: This work is supported by the Biosystems Design Program from the 
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Figure 1. Single-cell analysis of rhizobia treated M. truncatula roots. 
(A) Depiction of a longitudinal section of the M. truncatula root portion 
and its cell types. (B) UMAP projection plot showing dimensional 
reduction of the distribution of 4,000 individual cell transcriptomes. Cell 
transcriptomes are clustered in seven groups. (C) Expression of known 
cell-type marker genes across cells reveals the identity of clusters. Dot 
diameter displays the proportion of cluster cells expressing a given gene; 
color shows mean expression in cells in that cluster. 
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Project Goals: Our research goal is to identify host genomic elements involved in the symbiotic 
relationship between legume roots and nitrogen (N2)-fixing rhizobium bacteria. In order to 
identify such elements, we measured and analyzed novel RNA-seq and ATAC-seq time-course 
data obtained from Medicago truncatula roots subjected to treatment with the rhizobial 
symbiotic signals, lipo-chitooligosaccharides (LCO). The gene regulatory network involved in 
the response to LCOs was predicted by using a novel computational method that defines 
dynamically transitioning genes and predicts key regulators of these genes. Prioritized regulators 
and their target genes are now validated experimentally with RNAi experiments. The RNAi 
results reveal that Ethylene Insensitive 3 (EIN3) and Ethylene Response Factor 1 (ERF1) are 
essential for rhizobium-legume symbiosis. 

Abstract Text: Rhizobia can establish symbiotic associations with legume roots resulting in the 
formation of root organs called nodules. This symbiosis triggers extensive genome and 
transcriptome remodeling in the host plant, yet the extent of chromatin changes and impact on 
gene expression is not well known. We profiled the chromatin accessibility (ATAC-seq) and 
transcriptome (RNA-seq) dynamics of M. truncatula roots treated with rhizobial LCOs over a 24 
hr period (0 (control), 15 and 30 min, and 1, 2, 4, 8, and 24 hours). 

  Using a novel approach, Dynamic Regulatory Module Networks,1 we predicted gene 
expression as a function of chromatin accessibility and accessible cis-regulatory elements within 
10 kbp upstream to 1 kbp downstream of gene transcription start sites. This approach identified 
the cis-regulatory elements and associated transcription factors that most significantly contribute 
to transcriptomic changes triggered by LCOs. Regulators involved in auxin (IAA4-5, SHY2), 
ethylene (EIN3, ERF1) and abscisic acid (ABI5) hormone response, as well as histone and DNA 
methylation (IBM1), emerged among those most predictive of transcriptome dynamics.   



 

We validated our prioritized set of regulators by knocking down regulators with RNAi 
and measuring the number of nodules in mutant and wild type plants. The knockdown of EIN3 
and ERF1 was found to reduce the nodule number in M. truncatula roots relative to the empty 
vector control suggesting that these regulators are important for nodulation. These findings are 
corroborated by previous results in L. japonicus.2 The molecular mechanisms by which EIN3 and 
ERF1 regulate rhizobium-legume symbiosis remain to be explored. Taken together, our dataset 
and results provide novel insights into the regulation of gene expression in LCO induced 
responses in legumes and should be useful to the broad community of researchers interested in 
mechanisms underlying symbiotic relationships between plants and microbes. 
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Project Goals: The goals of this project were (i) to characterize, under uncertainty, the financial 
viability (via techno-economic analysis, TEA) and environmental impacts (via life cycle 
assessment, LCA) of biorefineries producing acrylic acid via 3-hydroxypropionic acid (3-HP) 
from lignocellulosic feedstocks for the current state of technology as well as across potential 
technological improvements, (ii) to benchmark the performance of these biorefineries against 
conventional and alternative production processes, and (iii) to set specific technology performance 
targets to identify and prioritize research needs. 

Abstract Text: Lignocellulosic biomass is a promising renewable feedstock for the sustainable 
manufacturing of biofuels and bioproducts. Among emerging bioproducts, 3-HP is of particular 
interest as a platform chemical to produce commercially significant chemicals such as acrylic acid. 
In this study, BioSTEAM1—an open-source platform—was leveraged to design, simulate, and 
evaluate (via TEA and LCA) biorefineries producing acrylic acid via fermentation of sugars 
(glucose and xylose) to 3-HP. At the current state of technology, the biorefinery could produce 
high-purity (>99.5 wt%) acrylic acid at a minimum product selling price (MPSP) of $1.83·kg-1 
(baseline) with a range of $1.72−2.08·kg-1 [5th–95th percentiles, hereafter shown in brackets], a 
100-year global warming potential (GWP100) of 3.90 [3.42−4.63] kg CO2-eq·kg-1, and a fossil 
energy consumption (FEC) of 51.4 [43.1−62.1] MJ·kg-1. The environmental impacts (GWP100 and 
FEC) for the current state of technology were shown to be significantly lower than those of 
conventional (fossil-derived) acrylic acid and similar to those of algal glycerol-derived acrylic 
acid. Advancements in key technological parameters (fermentation yield, titer, and 
saccharification solids loading) could greatly enhance the biorefinery’s performance (MPSP of 
$1.29−1.52·kg-1 with ~88% probability of market-competitiveness, GWP100 of 3.00 [2.53−3.38] 
kg CO2-eq·kg-1, FEC of 39.9 [31.6−45.1] MJ·kg-1). Alternative fermentation regimes (neutral/low-
pH fermentation across titer, yield, and productivity combinations) and alternative feedstocks 
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(first/second generation feedstocks across price and sugar/carbohydrate content) were evaluated 
to map the sustainability of the biorefinery across the selected design and technology space under 
uncertainty. Overall, this research highlights the ability of agile TEA-LCA to screen promising 
biorefinery designs, navigate sustainability tradeoffs, prioritize research needs, and establish a 
roadmap for the continued development of bioproducts and biofuels. 
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Project Goals:  

In this project, we:  

1) Explore the field performance of oilcane, a sugarcane that was engineered to produce an 
abundance of lipids in the form of triacylglycerol which can be converted into biodiesel, biojet 
fuel, and bioproducts.  

2) Refine strategies for multi-gene engineering to elevate lipid yields per land area. 

These project goals support CABBI’s “plants-as-factories” paradigm, in which biofuels, 
bioproducts, high-value molecules, and foundation molecules for conversion are synthesized 
directly in plant stems. 

Abstract: 

Sugarcane is an ideal target crop to fuel the emerging bioeconomy.  It combines superior biomass 
production and photosynthetic efficiency with hyperaccumulation of sucrose in its stem, which 
offers great prospects for diversion to alternative products. We recently reported the generation of 
oilcane, a sugarcane which has been metabolically engineered for hyperaccumulation of 
triacylglycerol (TAG) in its vegetative biomass 1,2.  
 

Using constitutive promoters for metabolic engineering approaches has the advantage that analysis 
can be performed early in plant development. This is beneficial when hyperaccumulation of target 
products like TAG depend on combined expression and catalytic performance of four or more 
lipogenic factors to (1) increase fatty acid synthesis, (2) increase triacylglycerol (TAG) synthesis 
from diacyl-glycerol and acyl-CoA, (3) optimize TAG storage and (4) minimize TAG hydrolysis 
in vegetative tissues. However, high level constitutive expression of lipogenic factors may also 
lead to a reduction in field performance, while developmentally regulated or stem specific 
promoters will slow the Design-Test-Build-Learn (DTBL) cycles, which are required for step 
changes in lipid accumulation. In contrast, inducible promoters will accelerate the selection of 
most promising gene variants and synergistic gene combinations for complex multi-gene 
engineering. Inducible promoters prevent potentially deleterious effects of hyperaccumulated 
target products on regeneration of transgenic plants from tissue culture or plant vigor and allow us 



to explore synergistic effects of alternative gene combinations by expressing one factor under 
inducible promoter and the other factors under constitutive promoter.  
 

Oilcane plants expressing all lipogenic factors under constitutive promoters were evaluated in 
replicated and randomized field plots at the University of Florida-IFAS Plant Science Research 
and Education Unit, near Citra, FL under USDA-APHIS authorization.  Data will be presented 
detailing transgene expression, TAG content, total fatty acid content and biomass yield. Lipid 
accumulation varied depending on position and maturity of leaves and stems, and reached more 
than 10% of TAG per leaf dry weight at the time of biomass harvest, averaged over 15 biological 
replications. The oilcane plants grew vigorously, ratooned successfully and produced 52% of the 
biomass of the non-engineered sugarcane. 
   
Inducible promoters may allow lipid production at will, at a time when tissue culture or critical 
stages of plant development are already completed. Since sugarcane tolerates elevated 
temperatures between 40° and 45°C for an extended period of time, we explored different heat 
shock promoters (HSP) and the combination of heat inducible and constitutively expressed 
lipogenic factors to accelerate DTBL cycles. When using HSP promoters to drive the most critical 
lipogenic factors, we noted an elevated production of transgenic events and rapid establishment of 
transgenic plants in soil with vigor comparable to non-transgenic sugarcane. A time course 
experiment evaluating heat induced transgene expression informed a treatment protocol comparing 
2, 4 and 8 days of heat exposure with two 4h cycles at 40°C each day. The results showed that 
sugarcane leaves and stems can be induced for hyperaccumulation of TAG in both leaves and 
stems within 4 to 8 days of transgene expression. This strategy has great potential to accelerate 
DTBL cycles in sugarcane.  
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 Project Goals: The creation of a mass spectrometry workflow for high throughput screening of 
microbial colonies to produce medium chain fatty acids and medium chain fatty alcohols.  

Abstract 

Fatty acids and fatty alcohols are value-added compounds used as industrial chemicals and 
biofuels. There is an unmet need for medium-chain variants of these compounds because of a 
lack of supply and their greater utility. One issue slowing biocatalyst research to produce 
enhanced organisms for their production is the lack of high throughput analytical screening 
methods. We developed a high throughput mass spectrometry (MS) workflow for screening up to 
10,000 mutants per day. A custom software suite1 and a unique sample preparation workflow2 
enable the high throughput workflow. The workflow tested microbial colonies grown on Petri 
dish instead of liquid culture, greatly simplifying and accelerating the chemical screen for the 
compounds. Random mutant library of several thioesterases were screened, revealing enzyme 
variants showing modified substrate specificity towards producing medium-chain fatty acids3. 
The workflow can be applied to screen projects for a wide variety of compounds that are 
detectable by matrix-assisted laser desorption / ionization MS, and the workflow is easily 
adaptable by other labs due to the simplicity of the required experimental tools.   
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Project Goals:  
To metabolically phenotype the leaves of wild-type sugarcane and oilcane line 1566 to discern 
how much assimilated CO2 is diverted into triacylglycerol accumulation, the rate at which 
lipids are turned over, and the broader metabolic effects from engineering high-oil lines. 

Abstract Text:  
Plant oils for food, animal feed, and industrial applications have traditionally been extracted 
as triacylglycerols (TAG) from seeds, but there is growing interest in genetically engineering 
plants to accumulate oil in stems and other vegetative organs. To compare potential 
engineering strategies, we have been using isotope tracer studies to measure TAG synthesis 
and turnover in vegetative tissues. Here, we used pulse-chase labeling to compare wildtype 
and transgenic (line 1566) sugarcane. Young, fully expanded leaves were labeled with 13CO2 
for 6 hr. After 0, 15, 60, or 180 minutes of a chase period in ambient air, we analyzed 
abundance and 13C-labeling of fatty acids obtained from extracted TAG. This revealed that 
the genotypes had similarly high 13C-TAG enrichment but differed in which fatty acids were 
more enriched. The data suggest the rate of TAG synthesis is countered by degradation and 
that fatty acid content influences at least one of these processes. Next, we will repeat the 6 hr 
labeling with a  longer (24 hr) chase period to better analyze the degradation kinetics. 
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Project Goals: This project will closely link the Conversion and Feedstock themes by 
integrating techniques developed by the Conversion theme, namely high-throughput automation, 
with a major goal of the Feedstock theme: maximizing TAG output in plants using CRISPR 
genome editing.  

Abstract Text: Developing transgenic or genome-edited plants is a time- and labor-intensive 
process. However, iBioFAB offers a potential solution through high-throughput robotic 
automation of plant genome editing. In our project, we are developing automated high-
throughput processes for CRISPR genome editing of triacylglyceride (TAG) content in three 
plant protoplast systems: Nicotiana benthamiana, Maize B73, and Sorghum TX623. We first 
established protocols for isolation and transfection of protoplasts from these three plant systems 
with high efficiency. We then constructed CRISPR deletion vectors targeting two TAG-related 
and three photosynthesis genes to be used as proof of concepts for automated genome editing in 
plants. Furthermore, we have programmed the robotic protocols enabling automated protoplast 
transfection. In the coming months, we will develop robotic protocols for automated protoplast 
isolation and TAG quantification using fluorescent staining of lipids. Finally, we will employ the 
full high-throughput system to target a variety of TAG-related genes and determine their 
individual and combinatorial affects on TAG accumulation. Our work will enable rapid and 
accurate determination of the effects of specific genome edits in plants, which can later be 
applied to developing germline-edited plant varieties. 
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Project Goals:  

The specific aim of this project is to achieve a comprehensive understanding of sorghum stem 
biology by constructing molecular atlas on the scale of each specific stem cell type as well as 
bulk stem tissue by exploring their transcriptome, proteome, and metabolome data. Our goals of 
this project are:  

1. Construct sorghum stem cell-type specific gene regulatory network and advance our 
knowledge of gene regulatory mechanism and stem function on the scale of individual cell types. 
To implement such study on the single cell type scale, we develop a customized sweet sorghum 
cell type separation protocol. 

2. Exploit this information to facilitate sorghum molecular engineering to improve plant 
desirable properties, especially on the aspects of either reducing degradation difficulty of 
cellulosic biomass, or converting non-structural carbohydrate to more energy-intense substance, 
like triacylglycerol.  

Abstract Text:  

Sorghum bicolor is currently an important source of food, forage, and feedstock for bioenergy. 
Due to its advantage conferred by C4 photosynthesis, it will play a more critical role in the 
foreseeable future where population growth and environmental pressure will demand higher 
grain production and more sustainable bioenergy. Many studies have explored sorghum genome 
information and there already exist abundant resources of different sorghum genotype genome 
sequence data. However, the majority of studies related to gene expression and regulation were 
conducted on the scale of plant tissue type, and there is no study investigating this information 
with a finer resolution, like single cell or single cell type. In this study, we focus on stem cell-
type specific transcriptome data at vegetative and reproductive stage, which could advance our 
knowledge of sorghum stem biology on the finer scale over time and space. 

Transcriptome data of different stem cell types were achieved by laser capture microdissection 
(LCM) followed by RNA-Seq. Differentially expressed genes (DEGs) between two growing 
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stages were identified by edgeR (Robinson et al., 2010) pipeline and cell-type specific genes at 
each growing stage were identified by combining Tau (τ) index (Kryuchkova-Mostacci et al., 
2017) and Wilcoxon test. Enriched GO termed were pulled out by clusterProfiler (Yu et al., 
2012) for genes in each category identified as either DEGs or cell-type specific genes to indicate 
their specific functions. Finally, gene regulatory network (GRN) for each cell type at each 
developmental stage was constructed by integrating co-expression strength of cell-type specific 
genes and their predictive regulatory relationship. The transcriptome data achieved by the 
protocol developed in this study indicates that different stem cell types had distinct gene 
expression profiles, which underlay their morphological and physiological differentiation. By 
comparing two growing stages, we find that most of genes were not differentially expressed over 
time. These genes may execute basic functions that are indispensable for all the cell types in 
plant life. Furthermore, enriched GO term for these DEGs indicates that different cell type had 
both common and unique functions at each growing stage. Tau, combined with Wilcoxon test, 
successfully identified cell-type specific genes at each growing stage. The enriched functions of 
these cell type specific genes were consistent with their characteristic physiological functions, 
which added another layer of confidence for the precision and feasibility of this single cell 
separation protocol. Gene regulatory network of pith parenchyma is of great interest among all 
the cell types since this is the stem location where plant stores most of non-structural 
carbohydrate after anthesis and it focuses most engineering attention from the perspective of 
either converting cellulosic biomass to bioproducts or transforming carbohydrate to 
triacylglycerol (TAG) that have more than twofold energy than that of carbohydrate. 
Transcription factor hubs, which were identified by node outgoing degree number, had a large 
control over GRN, indicating these genes are potentially most influential regulators in pith 
parenchyma. 
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Project Goals:  

The overarching objective of this research is to improve our understanding of the environmental 
costs and benefits of pasture conversion to sugarcane, and inform sustainable land use decisions 
for bioenergy crop cultivation.  

Abstract Text:  

The Southeastern US (SE US) has the capacity to produce almost a third of the 36 billion gallons 
target established by the Energy Independence and Security Act. The expansion of cane, a 
subtropical high yielding feedstock, will likely reshape the US bioenergy landscape, although the 
consequences of this land use change on the environment are highly uncertain particularly as it 
may displace grazed pastures, a typical landscape of the SE US. Here, we investigated how the 
conversion of pastures to sugarcane in subtropical Florida impacts carbon (C) and H2O fluxes 
using eddy covariance, chamber and biometric methods. Pastures included grazed improved and 
semi-native pastures, which make up for 53% of agricultural land. Sugarcane exhibited 3-fold 
and 11-fold higher aboveground productivity relative to improved and semi-native pastures. The 
land conversion drastically reduced root C allocation from 45% and >95% in improved and 
semi-native pastures to barely 5% in sugarcane. The conversion shifted belowground C inputs 
from a root-dominated to a litter-dominated system, and decreased the contribution of root 
respiration to soil C losses by 5-10%. Given differences in the chemical recalcitrance, 
aggregation and mineral associated organic matter formation of root- and litter- derived C inputs, 
establishing sugarcane in grazed pastureland could profoundly alter the formation and 
persistence of soil organic matter, and long-term soil C storage. Immediately following 
conversion from pasture, sugarcane was a stronger net source of CO2 than grazed pastures but 
after first regrowth it became a stronger net CO2 sink (i.e. Net Ecosystem CO2 Exchange). After 
accounting for C removal (i.e. due to fire, harvest, consumed biomass by grazers), sugarcane was 
a net C source to the atmosphere (i.e. Net Ecosystem C Balance; +662 and +196 gC m-2 yr-1 

following sugarcane conversion and after first regrowth), the semi-native pasture was a net sink, 
and the improved pasture was C neutral (-223 and +5 gC m-2 yr-1 for semi-native and improved 
pastures for the studied period). These results emphasize the importance of conversion 
disturbances (i.e. tillage, cultivation, planting) and management practices (i.e. fire) in shaping the 
C balance of ecosystems. Although sugarcane produced higher yield per water consumed, 
evapotranspiration was higher in cane and improved pasture than in semi-native pasture, 
suggesting that the regional water balance implications of land use conversion will depend on the 
proportion of improved versus semi-native pastures converted to sugarcane. Overall, our results 
suggest that feedstock optimization and the implementation of management strategies targeting 
carbon storage are critical to the development of a sustainable bioenergy landscape in SE US, 



and highlight the role of bioenergy crops in potentially altering the water cycle to support 
bioenergy demand.  
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Project Goals:  

Issatchenkia orientalis is an ideal chassis for the organic acid production from lignocellulosic 
biomass because of its stress tolerance to low-pH and lignocellulosic inhibitors. However, the 
mechanisms underlying its multi-stress tolerance remain elusive. This project aims to identify the 
genetic variation contributing to the stress tolerance of I. orientalis by population genomics 
analysis and use the knowledge gained to engineer a better strain for the production of 
lignocellulosic-biomass-based bioproducts. 

Abstract: 

Issatchenkia orientalis is a non-model ascomycetes yeast with exceptional ability to 
tolerate extremely low pH, high concentrations of organic acids, and high concentrations of 
lignocellulosic inhibitors1-5. These unique characteristics make I. orientalis an attractive chassis 
for producing organic acids directly from lignocellulosic hydrolysates. Understanding how I. 
orientalis evolved to tolerate multiple stresses may allow engineering of a strain more suitable 
for industrial use than natural isolates are. We performed a population genomics study of 162 
strains collected from various habitats and identified 305,435 single nucleotide polymorphism 
(SNPs), 16,177 insertions and deletions (InDels), and other genetic variations, including 
polyploidy and gene copy number variation. The genome-wide association study identified a 
putative membrane transporter gene associated with the tolerance to hydroxymethylfurfural 
(HMF) and phenolic inhibitors. We further engineered loss-of-function mutants of this 
transporter gene from the industrial SD108 strain, and found that the mutant strains are more 
susceptible to HMF when missing this transporter gene. Therefore, overexpression of this 
transporter gene is expected to enhance the HMF tolerance in SD108 strain. Moreover, we use 
machine-learning analysis to determine genetic variants associated with the unfavorable 
fluconazole resistance. Based on the machine learning analysis and experimental validation, we 
found that deleting an ABC transporter gene in the new benchmark strain IO21 can generate a 
desirable strain with decreased fluconazole resistance and increased HMF tolerance. In sum, our 
study reveals genes involved in HMF and fluconazole stress tolerance and provides ample 
genomics resources for the communities. 

 



References/Publications 
1. Xiao, H.; Shao, Z.; Jiang, Y.; Dole, S.; Zhao, H. Exploiting Issatchenkia Orientalis 

SD108 for Succinic Acid Production. Microb. Cell Fact. 2014, 13 (1), 1–11.  
2. Mukherjee, V.; Radecka, D.; Aerts, G.; Verstrepen, K. J.; Lievens, B.; Thevelein, J. M. 

Phenotypic Landscape of Non-Conventional Yeast Species for Different Stress Tolerance 
Traits Desirable in Bioethanol Fermentation. Biotechnol. Biofuels 2017.  

3. Seong, Y. J.; Lee, H. J.; Lee, J. E.; Kim, S.; Lee, D. Y.; Kim, K. H.; Park, Y. C. 
Physiological and Metabolomic Analysis of Issatchenkia Orientalis MTY1 With 
Multiple Tolerance for Cellulosic Bioethanol Production. Biotechnol. J. 2017. 

4. Park, H. J.; Ko, H.; Jeong, H.; Lee, S. H.; Ko, H.; Bae, J.; Sung, B. H.; Han, J.; Sohn, J. 
Draft Genome Sequence of a Multistress-Tolerant Yeast, Pichia Kudriavzevii NG7. 
Genome Announc. 2018. 

5. vanRijswijck, I. M. H.; Derks, M. F. L.; Abee, T.; deRidder, D.; Smid, E. J. Genome 
Sequences of Cyberlindnera Fabianii 65, Pichia Kudriavzevii 129, and Saccharomyces 
Cerevisiae 131 Isolated from Fermented Masau Fruits in Zimbabwe. Genome Announc. 
2017. 

 
Funding Statement:  
This work was funded by the DOE Center for Advanced Bioenergy and Bioproducts Innovation 
(U.S. Department of Energy, Office of Science, Office of Biological and Environmental 
Research under Award Number DE-SC0018420). The work conducted by the U.S. Department 
of Energy Joint Genome Institute, a DOE Office of Science User Facility, is supported under 
Contract No. DE-AC02-05CH11231. Any opinions, findings, and conclusions or 
recommendations expressed in this publication are those of the authors and do not necessarily 
reflect the views of the U.S. Department of Energy. 



A New Bioenergy Model that Simulates the Impacts of Plant-Microbial Interactions, Soil 
Carbon Protection, and Mechanistic Tillage on Soil Carbon Cycling 

Stephanie M. Juice1,2* (stephanie.juice@mail.wvu.edu), Christopher A. Walter2, Kara E. Allen3, 
Danielle M. Berardi1,4, Tara W. Hudiburg1,4, Benjamin N. Sulman5, Edward R. Brzostek1,2 

1DOE Center for Advanced Bioenergy and Bioproducts Innovation; 2Department of Biology, 
West Virginia University, Morgantown; 3Manaaki Whenua Landcare Research, Lincoln, New 
Zealand; 4Department of Forest, Rangeland and Fire Sciences, University of Idaho, Moscow; 
5Climate Change Science Institute and Environmental Sciences Division, Oak Ridge National 
Laboratory, Oak Ridge, TN 

https://cabbi.bio/cabbi-models/ 

Project Goals:  

We developed a new model of soil carbon (C) in bioenergy systems that incorporates plant-
microbe interactions, microbial physiology, and mechanisms of stable soil C creation and 
loss to test hypotheses on the response of soil C to bioenergy feedstock traits and 
environmental conditions. We then used the model to address the following questions:  

(1) How do commonly used model representations of tillage vary in soil C projections as 
compared to a novel tillage mechanism that increases microbial access to soil C?  

(2) How do differences between annual and perennial bioenergy feedstocks in their 
integrated plant-microbial traits and tillage regimes impact model estimates of soil C?  

(3) To what extent do these model differences in the representation of feedstock traits alter 
the response of soil C estimates to warming temperatures?  

(4) Does the outcome of altering plant traits (i.e., increased rhizosphere C exudation) on 
model estimates of soil C vary across different feedstocks? 
 

Advancing our predictive understanding of bioenergy systems is critical to designing 
decision tools that can inform which feedstock to plant, where to plant it, and how to manage its 
production to provide both energy and ecosystem carbon (C) benefits.  Here, we lay the 
foundation for that advancement by integrating recent developments in the science of 
belowground processes in shaping the C cycle into a new bioenergy model, FUN-BioCROP 
(Fixation and Uptake of Nitrogen-Bioenergy Carbon, Rhizosphere, Organisms, and Protection).  
We show that FUN-BioCROP can approximate the historical trajectory of soil C dynamics as 
natural ecosystems were successively converted into intensive agriculture and bioenergy 
systems. This ability relies in part on a novel tillage representation that mechanistically models 
tillage as a process that increases microbial access to C.  Importantly, the impacts of tillage and 
feedstock choice extend into FUN-BioCROP simulations of warming responses with no-till 
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perennial feedstocks, miscanthus and switchgrass, having more C that is unprotected and 
susceptible to warming than tilled annual feedstocks like corn-corn-soybean (Fig. 1).  However, 
this susceptibility to warming is balanced by a greater potential for increases in belowground C 
allocation to enhance soil C stocks in perennial systems.  Collectively, our model results 
highlight the importance of belowground processes in evaluating the ecosystem C benefits of 
bioenergy production. 

 

Figure 1. Total soil carbon (C) simulated by FUN-BioCROP at the University of Illinois at 
Urbana-Champaign Energy Farm under three sets of experimental conditions: control (black 
lines; same data as shown in Figure 3), 5 °C soil warming (red lines), and increased rhizosphere 
C flux (“Rhizo C;” blue lines; augmented mycorrhizal C flux and non-mycorrhizal root C 
exudates by 5% of average daily NPP). Values on the figure indicate the difference between each 
experimental (i.e., warming, or increased rhizosphere C) final C pool value as compared to 
control, with the percent difference in parentheses. E.g., increased rhizosphere C in corn-corn-
soybean led to 18% higher SOC at the end of the simulation. Fert- fertilized, Unfert- unfertilized, 
FUN-BioCROP- Fixation and Uptake of Nitrogen-Bioenergy Carbon, Rhizosphere, Organisms, 
and Protection. 
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Project Goals: Understanding xylose metabolism in Rhodosporidium toruloides, and enhancing 
xylose utilization efficiency using a modular cloning kit 

Abstract Text:  

Rhodosporidium toruloides is an oleaginous yeast strain, which has the ability to utilize diverse 
kinds of carbon sources including glucose, xylose, fructose, xylitol, arabitol, galactitol and etc. 
[1]. However, its preference is highly biased on glucose, showing slower consumption rate and 
growth rate (50% ~) under different carbon source such as xylose. In addition, significant 
amount of arabitol is generated as a byproduct when xylose is provided as a sole carbon source, 
which is re-consumed after depletion of xylose in the media. Hence, this study aimed to improve 
the xylose utilization efficiency of R. toruloides, which would allow better growth of the strain in 
hydrolysates containing xylose as well. First of all, in order to reduce the troubles often caused 
by high GC-contents (62.01%) of R. toruloides during vector construction, we developed a 
toolkit (RT-EZ) composed of genetic modules that allows hierarchical assembly based on 
Golden Gate cloning prior to actual cloning [2]. The toolkit contains uni-/bi-directional 
promoters, antibiotic markers, terminators, 2A linkers and etc. Using the toolkit, heterologous 
Xyl1, Xyl2, and Xyl3 genes from Pichia stipitis, encoding xylose reductase (pXR), xylitol 
dehydrogenase (pXDH), and xylulose kinase (pXK), respectively, were expressed in R. 
toruloides. Although expression of pXR or pXDH did not show much difference compared to the 
parental strain, expression of pXK resulted in improved growth rate with doubled maximum 
growth rate. Surprisingly, the accumulation of arabitol, which reached up to 15 g/L in parental 
strain, was completely removed from the pXK expressing strain as well, implying improved 
overall sugar consumption rate. The low expression level of endogenous XK in R. toruloides 
with xylose [3] suggests malfunction, mis-annotation or lack of the XK activity, explaining the 
distinct effect of pXK expression. We believe that our findings will help understanding the 
xylose metabolism in R. toruloides, and also the developed toolkit to boost the research on this 
high-potential oleaginous yeast strain. 
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Triacylglycerols (TAG) provide for energy-dense carbon storage of fatty acids (FA) in 

plants. TAG (or “oil”) naturally accumulates to high levels in seeds to provide energy 

and carbon-skeletons needed for germination. By contrast, vegetative tissues typically 

only store TAG transiently, in part to protect cells from cytotoxic free FA. Here, we have 

redesigned the biomass crop sorghum (Sorghum bicolor) to accumulate TAG to high 

levels in vegetative tissues, including leaves and stalks. The goal of this work is to 

provide a TAG-derived co-product value stream in a Midwest-adapted, drought 

tolerant crop for advanced biofuels and bioproducts. Benefiting from our ability to 

transform sorghum with multi-transgene constructs, we introduced gene combinations 

to: (1) push photosynthetic carbon into FA biosynthesis using a Wrinkled1 transcription 

factor transgene; (2) pull of FA into TAG storage using a novel diacylglycerol 

acyltransferase (DGAT) transgene; and (3) protect TAG from turnover using an oleosin 

oil body coat protein transgene. After extensive primary transformants, we identified 

T0 lead events that accumulate TAG in leaves to ≥2% DW, compared to ≤0.1% DW of 

TAG found in non-transformed plants in a Tx430 grain sorghum background. We 

advanced the T1 generation of the lead events in the University of Nebraska-Lincoln 

Biotech Field Facility in Mead, NE. For field-grown Tx430 lines, TAG levels of ≥6.6% 

DW were detected in leaves after flowering (99 days after sowing) and 2.5% DW in 

stalks after harvest (127 days after sowing). No obvious differences in biomass of 

engineered lines were observed. We also generated events in the Ramada sweet 

sorghum background that has greater biomass and sucrose stem content compared 

to Tx430. These events accumulated ≥5.6% DW TAG in leaves under greenhouse 



conditions versus 0.1% DW TAG in leaves of non-transformed plants. We have 

initiated collaborative fluxomics and root-soil metagenomics experiments. A field trial 

for summer of 2022 is also planned to more fully assess the traits. Our results to date 

show the feasibility of sorghum as a vegetative oil production platform. Information 

gained from our current lines will guide iterative development of the vegetative TAG 

trait to address biosynthetic and catabolic factors that limit further increases in oil 

production and the balance of photosynthetic carbon partitioning to support growth 

and storage. 
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Project Goals: Evaluate a research plot-calibrated agro-ecosystem model performance at 
predicting harvest yields at commercial miscanthus sites and determine what environmental and 
management factors most likely explain model error. 

Abstract Text: There is evidence from both field experiments and ecosystem models that the 
perennial C4 bioenergy crop Miscanthus x giganteus (miscanthus) can provide more energy per 
sown area, reduce net carbon dioxide emissions, and lower nitrate leaching rates than corn 
ethanol in certain locations. Typically field experiments are at scales too small while ecosystem 
models predictions are often at scales too coarse to represent commercial operations. Because the 
primary goal of producers is to generate profit, it is important to identify locations where 
miscanthus can potentially compete economically with other management options while not 
compromising environmental goals. This requires resolving genotype, environment, and 
management interactions and representing those interactions in a framework capable of resolving 
variations at scales useful to miscanthus producers. Therefore, the objective of this project is to 
utilize plant- and field-scale measurements from several commercial and experimental plots of 
miscanthus in Iowa and Illinois to inform a mechanistic agro-ecosystem model (Agro-IBIS) and 
ultimately improve miscanthus yield predictions. Growing season leaf-level gas exchange, 
biomass, and leaf area data were collected from a miscanthus field experiment in central Iowa 
and were used to calibrate Agro-IBIS. The model was also calibrated and validated using 
SLOPE, a novel satellite-based product that estimates gross primary productivity, and observed 
biomass yields to calibrate and validate Agro-IBIS’s predictions at the commercial miscanthus 
sites. Utilizing a length-mass allometric model for miscanthus, we corrected Agro-IBIS yield 
predictions based on the estimated cutting height of the chopper. Preliminary results indicate that 
using subfield-scale measurements in conjunction with field-scale measurements while also 
accounting for different harvest managements will improve Agro-IBIS’s miscanthus yield 
predictions at a field-scale. This work will allow for more strategic placement of this bioenergy 
crop candidate that would optimize profit for the producer while reducing nitrate leaching and 
sequestering carbon. 
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Project Goals: Esterification of free fatty acids (oleic acid as model) with glycerol using 
immobilized lipase for deacidification of oil for improved biodiesel production. 

Abstract Text: The preferred process of biodiesel production converts triglycerides into their ester 
derivatives (biodiesel). Free fatty acids affect the efficiency and yield of the process. In this work, 
immobilized lipase was used for esterification of free fatty acid into glycerides to decrease acidity 
of oil, making the oil more suitable for biodiesel production. Several process parameters and their 
levels were optimized using a Taguchi design of experiments to achieve maximum conversion. 
The reusability of the enzyme was evaluated to allow for reduction in cost of the enzyme in the 
process. 

Biodiesel production using alkali catalyzed transesterification process is the preferred commercial 
process because it gives a high yield and requires lower capital and operating costs [1]. However, 
the process efficiency decreases in the presence of free fatty acids [2]. We have observed excess 
free fatty acids in oil recovered from engineered lipid producing crops developed by the Center 
for Advanced Bioenergy and Bioproducts Innovation (Urbana, IL). Hence, pre-processing of lipids 
for deacidification would be required for this new source of lipids. The conventional 
deacidification process requires high capital investment, generates waste, and causes loss of 
triglycerides and other phytoconstituents [3]. Therefore, a greener process of oil deacidification is 
desirable, which minimizes constituent loss and improves biodiesel yield. 

In this work, immobilized lipase (Candida antarctica lipase b) was used for the esterification of 
oleic acid with glycerol. Oleic acid was chosen as it is the dominant fatty acid of lipids in vegetative 
tissue. Several parameters including temperature (40, 50 and 60°C), enzyme dose (5, 10, 15 wt%), 
molar ratio of oleic acid to glycerol (1:1, 1:3, 1:5), and reaction time (1.5, 3 and 4.5 h) were 
evaluated. The effect of process parameters and their levels were investigated using Taguchi 
design of experiments to maximize oleic acid conversion from a feasible number of experimental 
runs. Water produced in-situ during esterification reaction can decrease enzyme activity and 
thereby the product yield. Therefore, improvement of conversion by adding a molecular sieve for 
in-situ removal of water was tested. The reusability of the enzyme was evaluated under optimal 
conditions for maximum conversion. 

The best experimental conditions (60°C, 5 wt%, 5:1 and 3 h) allowed 75.23 ± 2.19% conversion 
of oleic acid to esters. Using molecular sieves (type 3 Å) to remove produced water increased the 
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conversion to 86.73 ± 1.09% (15% increase). However, the Taguchi design predicted optimal 
parameters were 60°C, 5 wt%, 5:1 and 4.5 h. By applying these conditions, conversion of oleic 
acid was increased to 88.5 ± 1.11% and, furthermore, this was achieved without the added expense 
of a molecular sieves. The immobilized enzyme could be reused up to seven times with only a 
10% decrease in conversion. 

Thus, the developed enzymatic esterification process provides a greener alternative for oil 
deacidification. In addition, it will allow the valorization of glycerol which is produced abundantly 
in the biodiesel process.  
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The nonconventional yeast Issatchenkia orientalis is an industrially relevant platform 

microorganism for production of organic acids thanks to its unusual ability to grow in highly acidic 

conditions and tolerance to high concentrations of several organic acids. Previously, introduction 

of a reductive TCA pathway into the yeast enabled succinic acid production at titer of 11.6 g/L in 

shake flask fermentations. Here we describe further metabolic engineering efforts to enhance the 

production of succinic acid in I. orientalis. Further genetic optimizations, including deletion of by-

product pathways and heterologous expression of a dicarboxylic acid transporter, allowed 24.1 g/L 

of succinic acid to be produced from 50 g/L of glucose in shake flask fermentation. Nevertheless, 

pyruvic acid accumulated at titer of 19.8 g/L because of the lack of cytosolic NADH, which 

hindered further production of succinic acid. To increase cytosolic NADH availability, glycerol 

was used as co-substrate. Fermentation using 50 g/L of glucose and 20 g/L of glycerol allowed 

conversion of the accumulated pyruvic acid to succinic acid and attained a titer of 38.6 g/L of 

succinic acid. Deletion of a dicarboxylic acid importer and overexpression of the glycerol 

consumption pathway further improved the titer of succinic acid to 42.1 g/L. In fed-batch 

fermentation in which pH was set at 3, the best strain could produce succinic acid at titer of 103 

g/L, yield of 0.56 g/g glucose equivalent, and productivity of 0.43 g/L/h from pure glucose and 

glycerol and at titer of 120 g/L and productivity of 0.56 g/L/h from sugarcane juice and glycerol. 

This is the highest titer achieved in minimal media at low pH 3 to date from a recombinant 

organism. Overall, this work shows that I. orientalis can serve as a potential industrial platform 

for production of succinic acid. 
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Project Goals: The goal is to showcase a combination of metabolic engineering strategy to 
produce high-level 3-acetyl-1,2-diacyl-sn-glycerol. Yarrowia lipolytica QY06 strain devoid 
lipid droplet formation can serve as a platform strain to study lipid droplet bud-off 
mechanism and isolate high activity acTAG synthase. 
 
 
The triacylglycerols 3-acetyl-1,2-diacyl-sn-glycerol (acTAG) have many potential industrial 
applications such as engine lubricant oil, emulsifiers, food coatings, and plasticizers. As an 
oleaginous yeast, Yarrowia lipolytica’s high flux toward native TAG (lcTAG) synthesis serves 
as an excellent chassis for production of acTAG. The acTAG are unusual triacylglycerols (TAG) 
with an acetyl group at the sn-3 position instead of the typical long-chain acyl group. Compared 
to regular TAG, the acetyl group of acTAG confers useful physical and chemical properties such 
as reduced kinematic viscosity and lower melting points.  
 
The main challenge here is how to rewire Y. lipolytica’s native metabolism from lcTAGs to 
acTAGs. To accomplish this, the presented work provides a two-fold strategy: removing the 
competing pathways of lcTAG synthesis and identifying highly active acTAG synthases. In the 
first strategy, we generated a multi-knockout Y. lipolytica strain QY06 that deleted three 
acyltransferases, two lipases, and one dehydrogenase. This engineered strain is incapable of 
producing lcTAG and forming lipid droplets due to removal of three TAG synthase genes. In the 
second strategy, we evaluated the activities of 30 bioprospected acTAG synthase homologs in an 
engineered Y. lipolytica. An enzyme homolog from Euonymus alatus showed higher activity of 
acTAG synthesis. When evaluating the acTAG titer as function of lipid droplet content, it was 
observed that acTAG titer is proportional to the lipid droplet content (e.g. lcTAG titer), 
indicating acTAG localization in lipid droplet may help alleviating acTAG toxicity to cells by 
pulling it away from the cytosol and storing in the lipid droplet. Finally, we reported an 
engineered strain is capable of producing 12 g/L acTAG from glucose in a fed-batch 
fermentation experiment, and 4 g/L acTAG from sugarcane juice in shake flask experiments. We 
showcase that combination of metabolic engineering strategy such as blocking competing 
pathway, pulling flux towards acTAG synthesis, and alleviating toxicity by 
compartmentalization, to achieve high level production of acTAG. 
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Project Goals: Miscanthus x giganteus is one of the most efficient bioenergy crops and is 
supported by an active soil microbiome. Previous studies of the role of this microbiome in 
supplying nitrogen to miscanthus have produced inconsistent results. In this study, we 
hypothesize that this may be due to methods used to identify the active membership of the 
soil microbial community. We compared RNA-based to DNA-based soil microbial 
community structure analysis to improve the identification of metabolically active 
microbes. We also identified the impacts of management, such as stand age and nitrogen 
fertilization, on microbial community membership. These efforts provide insight into the 
best methods to study plant-soil-microbial interactions and the role of microbes in 
miscanthus production. 

Introduction 
Miscanthus x giganteus is a promising high-yielding bioenergy crop to meet growing bioenergy 
demands with little fertilizer compared to other bioenergy crops. Although plant-soil-microbe 
interactions were known to affect the productivity of M. x giganteus at various fertilization rates, 
previously performed characterization of the microbial community has been limited to DNA-
based analysis of potentially active microbial membership. Therefore, there were limitations to 
identifying metabolically active microbial membership that plays a role in the nitrogen cycle. In 
this study, we compare DNA and RNA approaches to expand our understanding of how soil 
microbiome can impact the sustainable production of M. x giganteus. 
 
Research approach 
Two-, three-, and four-year-old M. x giganteus soil samples (n=271) from replicated blocks 
receiving 0, 224, and 448 kg ha-1 N were collected in 2018.  Paired DNA and RNA extractions 
were performed using MagAttract PowerMicrobiome DNA/RNA EP kit (Qiagen, USA). The 
16S rRNA gene amplicon sequencing of both extracted DNA and RNA was performed on an 
Illumina Miseq platform (Argonne National Laboratory). The DADA2 package in R and the 
RDP classifier were used for taxonomic identification of observed ASV (amplicon sequence 
variants). Permutational multivariate analysis of variance (PERMANOVA) was used for 
statistical comparison based on Bray-Curtis dissimilarity matrix. 

Results 
DNA and RNA microbial communities were significantly different, although similar numbers of 
microbial membership were detected. The profiles of the dominant microbial membership within 



DNA and RNA showed significant differences in the proportions of Actinobacteria, Firmicutes, 
and Proteobacteria. There was a seasonal response to nitrogen fertilization only in the RNA 
microbial communities, and this difference was associated with nitrogen-cycling bacteria with a 
relative abundance 7-fold higher in RNA than in DNA. Among them, genes associated with 
denitrifying bacteria are significantly abundant in RNA, suggesting they can be underestimated 
with DNA-only approaches. 

 
Figure 1. Difference between DNA and RNA microbial communities in M. x giganteus cultivated 
soil for (A) microbial membership and (B) abundance of nitrogen cycle associated bacteria. 
  
Summary 
We found that DNA and RNA-based methods for characterizing the microbial response to 
management changes showed different results. The RNA-based method appears to capture better 
the response of microbial membership known to be associated with nitrogen cycling. Increasing 
numbers of microbial ecology studies are identifying the environment or gradient for which the 
microbial community is changing. Future work needs to highlight which taxa or function is 
changing, and our results indicate that RNA-based SSU characterization can be a resource. 
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Project Goals: 

1. To enable rapid and efficient utilization of xylose by Y. lipolytica
2. To understand the limiting factors in xylose metabolism by Y. lipolytica and to identify

critical genes capable of alleviating the limiting factors.
3. To enable the ample production of cytosolic acetyl-CoA and achieve the production of

acetyl-CoA derived products from lignocellulosic hydrolysates.

Abstract 

Y. lipolytica has received extensive attention for converting cellulosic hydrolysates due to its 
potential to produce acetyl-CoA-derived products, such as TAL, lipids, and polyketides [1]. 
However, Y. lipolytica cannot metabolize xylose, the second abundant sugar in cellulosic 
hydrolysates. Therefore, metabolic engineering to confer xylose metabolism into Y. lipolytica is 
necessary. While Y. lipolytica harbors the endogenous xylose utilizing enzymes, namely xylose 
reductase (ylXR), xylitol dehydrogenase (ylXDH), and xylulokinase (ylXK), the activities of 
those enzymes are not active enough to facilitate xylose metabolism in Y. lipolytica [2]. 
Therefore, previous researchers introduced heterologous oxidoreductase and isomerase pathways 
to enable xylose utilization in Y. lipolytica but conducted adaptive laboratory evolution to 
improve lipid accumulation [3]. As such, the causality of the identified mutations on xylose 
fermentation has not been proved yet. In this study, we introduced a heterologous XR, XDH, and 
XK from Pichia stipitis into Y. lipolytica PO1f, and the resulting transformant was evolved under 
xylose conditions. Evolved strains capable of consuming xylose rapidly were isolated, and their 
genome sequences were determined to identify genetic perturbations related to the improved 
xylose utilization phenotypes. Based on the read-depth analysis, RT-PCR, and enzymatic 
analysis, we confirmed that rapid xylose assimilation by the evolved strain was enabled by the 
amplification of heterologous XR, XDH, and XK. Several genetic variants in YALI0B12100g



coding for GTPase-activating protein, YALI0B18282g coding for cAMP-independent regulatory 
protein, YALI0F05346g coding for cutinase gene palindrome-binding protein, YALI0F32065g 
coding for CCR4 transcriptional subunit, YALI0E18117g coding for E3 ubiquitin-protein ligase, 
YALIE18700g coding for CTP_transf_like domain-containing protein, YALI0E23474g coding 
for cytochrome P450 were also identified. Among the mutations, we confirmed the positive 
effects of YALIB12100g S409F on xylose assimilation via Cas9-based genome editing. When 
lignocellulosic hydrolysates were used, the lipid titer of the evolved strains was 2.3-times higher 

(0.83 g/L → 1.94 g/L) than a control strain (before the ALE). Overall, this study provides a 
better understanding of xylose metabolism in Y. lipolytica and beneficial mutations to achieve 
economic conversion from cellulosic sugar to value-added products. 
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Project Goals: Our overall goal is to create and build DNA designs for the synthesis of specialty 
fatty acids (cyclopropane, hydroxy, and variant unsaturated fatty acids) in sugarcane. 
 
Abstract Text: Cyclopropane fatty acids (CPAs) contain a three-carbon ring, and can be used as 
industrial feedstocks for coatings, lubricants, plastics, and cosmetics. Our previous research 
showed that expression of CPA synthase in plant seeds results in low levels of CPA 
accumulation and we identified metabolic bottlenecks in acyl transfer between the site of 
synthesis (phospholipids) and deposition in TAG. Additional acyltransferases from Sterculia 
seeds increased CPA accumulation in storage oil in transgenic seeds1,2. To build DNA designs 
for synthesis of CPAs in sugarcane, we first established a rapid screening system using transient 
expression in Nicotiana benthamiana leaves for evaluating the effects of additional genes on 
CPA accumulation in vegetative tissues. We succeeded in accumulating about 1% CPA in N. 
benth leaves upon transient coexpression of Escherichia coli cyclopropane fatty acid synthase 
(CPS) in combination with WRI1, Oleosin and diacylglycerol acyltransferases (DGAT)2. The 
use of either single or double 35S promoter had no effect on CPA yield, and addition of an intron 
to EcCPS reduced CPA accumulation in benth leaves. Using the N. benth transient expression 
system, we evaluated the effects of different acyltransferases on leaf CPA production, including 
Sterculia foetida lysophosphatidic acid acyltransferase (LPAT), Litchi chinensis and Mus 
musculus DGAT2, and phosphatidylcholine:diacyl glycerol cholinephosphotransferase. Indeed, 
coexpression of acyltransferases from plants that naturally accumulate CPA increased CPA 
production in leaves, with SfLPAT showing the most significant effect. Proof-of-principle 
constructs that increased CPA in N. benth were transferred to sugarcane. The effective gene 
combination for CPA accumulation in N. benth gave the strongest effect in sugarcane yielding 
one transgenic line that accumulates approximately 1% CPA. This is the first demonstration of 
accumulation of CPA, a specialty fatty acid in vegetative tissues of oilcane. 
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Project Goals: The purpose of our research is to determine the profit-maximizing N application 
rate at different stand ages and the optimal stand age for field replanting in miscanthus and 
switchgrass (Alamo, Blackwell and Cave-In-Rock) production in the rainfed region of the United 
States. Profit-maximizing N application rate over stand ages and optimal stand age for field 
replanting are critical management decisions faced by a landowner, but there have been limited 
pieces of evidence in the literature. A few previous studies have examined the profit-maximizing 
N rates using short-term field-level data. A major limitation of these studies is that they estimate 
the profit-maximizing N by calculating net returns of constant N treatment rates applied annually 
over the years in the field trials. However, recent studies show that N requirements change at 
different maturity stages as yield responsiveness to N changes (Sharma et al., 2021). We extend 
this literature with estimating the dynamic profit-optimal N application rate and the profit-
optimal lifespan of producing these energy crops. Results of our research can guide the profitable 
production of these two perennial energy crops by improving N rate recommendations and 
optimal replanting times. 

Abstract Text: The benefits of producing perennial energy crops depend on market prices, 
production costs, and crop yields which may rely on climatic conditions, soil productivity, and 
management practices, especially nitrogen (N) fertilizer. Profitable production of these perennial 
energy crops requires understanding the yield response to management practices, especially the 
application of N fertilizer and the interaction with stand age (Sharma et al., 2021). We firstly 
propose a dynamic optimization framework where the landowner's objective is to maximize the 
net present value (NPV) of a stream of future benefits from producing perennial energy crops 
instead of conventional crops by choosing the optimal N application rate for different stand ages 
and the optimal stand age for field replanting. We use a generalized yield response function 
including N input, stand age and other factors such as weather and soil productivity for both 
miscanthus and switchgrass. Theoretically, we derive the optimal N application rate for each 
stand age given market prices and a set of parameters of the yield response function. 
Furthermore, we derive the optimal stand age that maximizes the NPV for field replanting. Next, 
we conduct numerical simulations in 2287 counties in the rainfed region (east of the 100th 
meridian) of the United States under six assumption scenarios: (1) baseline scenario (biomass 
price $70 Mg-1 , discount rate 4%); (2) higher biomass price ($90 Mg-1), (3) higher biomass 
price ($110 Mg-1); (4) higher Discount Rate (10%); (5) 50% increase in N price; (6) 50% 



2 
 

increase in land rent.  In the numerical model, we apply the yield response function parameters 
from Sharma et al. (2021) and use weather, soil productivity, and production costs data at county 
level. 

We find that the profit-maximizing N application rate varies over stand ages for miscanthus. 
Under the baseline scenario, on average, the profit-maximizing N application rate for miscanthus 
increases continuously from 10.81 kg-1 ha-1 at stand age 2 to 165.76 kg-1 ha-1 at stand age 11, 
then slightly declines at older stand ages. In contrast, the profit-maximizing N rate for 
switchgrass maintains relatively stable (around 150 kg-1 ha-1 yr-1 ) after establishment. There are 
only marginal differences in the profit-maximizing N application rate among these three 
cultivars(Alamo, Blackwell and Cave-In-Rock). Moreover, at younger stand ages, miscanthus 
requires a lower profit-maximizing N application rate than switchgrass, but the yield of 
miscanthus is higher than that of switchgrass. For middle-aged stands, switchgrass reaches 
almost the same high yield level as miscanthus while maintaining the same profit-maximizing N 
application rate as it is at younger stand ages. The profit-maximizing N application rate of these 
perennial energy crops over stand age is sensitive to the prices of biomass and N fertilizer, but it 
is not sensitive to discount rate and the land rent. Furthermore, on average, the optimal replanting 
stand age of miscanthus is 13 years, achieving the maximum NPV of $2065 ha-1  (equivalent 
ANPV is $203 ha-1 yr-1).  For switchgrass, on average, the optimal replanting stand age is 9 years 
for Alamo and Blackwell,  and 8 years for Cave-In-Rock. The corresponding maximum NPV of 
producing Cave-in-Rock, Alamo, and Blackwell is $1164 ha-1 yr-1, $1560 ha-1 yr-1, and $2303 ha-

1 yr-1 ( equivalent ANPV is $162 ha-1 yr-1, $181 ha-1 yr-1, and $274 ha-1 yr-1) averaged at county 
level, respectively. In biophysical models, the common assumptions are that the productive life 
span is 15-20 years for miscanthus and 10-15 years for switchgrass, which is longer than the 
optimal lifespan estimated from the economic perspective. Estimates of profit-maximizing N 
application rate, predicted yield, and ANPV of these two perennial energy crops also vary across 
geographic regions. These results imply that recommending the optimal N application rate over 
stand ages and across regions will help improve the economic benefits of producing perennial 
energy crops. 
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Project Goals: Develop genomic selection models to improve the efficiency of breeding 
Miscanthus for adaptation to temperate environments and for biomass yield. 

Abstract Text: The current major Miscanthus cultivar, M. ×giganteus ‘Illinois’, is not sufficiently 
winter-hardy in the Midwest U.S., which limits its productivity. Because M. ×giganteus is an 
interspecific hybrid, selecting winter-hardy accessions of its parental species, M. sinensis and M. 
sacchariflorus, will be essential for breeding new M. ×giganteus cultivars with greater hardiness. 
Miscanthus is most susceptible to winterkill and damage during the first winter after planting. In 
this study, M. sinensis and M. sacchariflorus accessions from diverse genetic and geographic 
backgrounds were evaluated for first-overwintering ability and yield performance. In an initial 
experiment, 330 half-sib families representing three M. sinensis genetic groups (North, Central, 
and South Japan; 55, 117, 158 half-sib families respectively) were evaluated in Urbana, IL for first 
winter overwintering ability in spring 2020 (planted in spring 2019), and yield data were collected 
in autumn 2020 and are currently being collected for the 2021 season. First-winter overwintering 
ability was relatively high for the M. sinensis North and Central Japan genetic groups (81% and 
82%, respectively) but low for the South Japan group (49%). Substantial variation among families 
within genetic groups was observed for overwintering ability and yield, which along with sequence 
data from JGI will facilitate development of genomic selection models for this important trait. In 
a subsequent experiment planted in spring 2020 at Urbana, IL, we assessed first-winter 
overwintering ability for diversity panels consisting of 294 M. sacchariflorus accessions and 236 
M. sinensis accessions, representing the geographic ranges and all known genetic groups of these 
species (Clark et al., 2014; Clark et al., 2019). First-year overwintering ability of both species 
varied among genetic groups, which will allow us to more efficiently target our Miscanthus 
breeding efforts to different geographic regions in the U.S.  
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Project Goals: The overall goal of this project is to design, construct, analyze and optimize a 
synthetic microbial consortium system consisting of three closely interacting members: a CO2-
fixing photosynthetic specialist, a N2-fixing specialist, and a third specialist that can convert 
organic carbon and nitrogen generated by the first two specialists to synthesize a desired product. 
By integrating complimentary expertise from multiple research labs at three institutions, we are 
pursuing three specific objectives: i) Develop tripartite microbial consortia for carbon/nitrogen 
fixation and production of bio-molecules with various nitrogen/carbon ratios; ii) Investigate 
molecular and cellular mechanisms governing the tripartite consortia via omics study and 
predictive modeling; and iii) Explore alternative spatial configurations and develop scalable 
design principles. 

Abstract: 

Microbial communities are ubiquitous in nature, exhibiting incredibly versatile metabolic 
capabilities and remarkable robustness. Inspired by these synergistic microbial ecosystems, 
rationally designed synthetic microbial consortia is emerging as a new paradigm for 
bioprocessing and offers tremendous potential for solving some of the biggest challenges our 
society faces. In this project, we focus on a tripartite consortium consisting of a CO2-fixing 
photosynthetic specialist, a N2-fixing specialist, and a third specialist that can convert organic 
carbon and nitrogen generated by the first two specialists to synthesize a desired product. In 
addition to CO2 fixation, a noteworthy feature of this design is the elimination of the requirement 
for nitrogen fertilizer, which has been produced through ammonia synthesis using the Haber-
Bosch process and accounts for an estimated 2% of global energy expenditure. We aim to 
develop a modular and flexible model system capable of producing diverse bio-molecules 
(varying C:N ratio) as advanced biofuel or platform chemicals, to dissect this complex ecosystem 
using a spectrum of cutting-edge systems approaches, and to ultimately derive scalable and 
broadly applicable design principles for maximizing the system performance.  

Our first prototype tripartite consortium employs genetically modified strains of photosynthetic 
cyanobacterium Synechococcus elongatusand and nitrogen-fixing bacterium Azotobacter 
vinelandii, that secrete sucrose and ammonia respectively, to form a symbiotic foundation for 
supporting a third producer member. We demonstrated supported growth for a range of producer 
strain candidates, including a sucrose-metabolizing Escherichia coli K-12 derivative strain, 
Corynebacterium glutamicum, and Bacillus subtilis, using a multi-chamber bioreactor system 



under continuous culture conditions. We have also developed an ODE-based mathematical 
model to capture essential molecular, cellular, ecological and process characteristics of the 
experimental system. 

Funding Statement: This research was supported by the DOE Office of Science, Office of 
Biological and Environmental Research (BER), grant no. DE-SC0022136. 
 

 



Ten Pseudomonas spp. from Svalbard Active Layer are using amino acids for energy 

Raegan Paul1, Katie Sipes1, Aubrey K. Fine1, Sean M. Schaeffer1, Tatiana Vishnivetskaya1, Karen G. Lloyd1 

University of Tennessee, Knoxville, USA1 

The goal of this project is to study the microbial decomposition within active layer permafrost in 
Ny Alesund, Svalbard.  

The in situ population of microbes in the Ny Ålesund, Svalbard permafrost active layer are mostly 
uncharacterized. It is unknown how microbes survive in this nutrient limited seasonally thawed and 
frozen soil. Our goal was to isolate representatives of the microbial community to infer their 
environmental interactions. Complementary techniques were performed by culturing, sequencing, and 
testing isolates for temperature sensitivity of enzyme activities for carbon and nitrogen hydrolytic 
enzymes. Active layer soil was rendered on R2A agar and isolates were whole genome sequenced with 
Illumina MiSeq. The annotated genomes contain metabolic pathways for carbon and sulfur assimilation 
and CO2 emission. Soil enzyme activities suggest that these organisms are accustomed to carbon and 
nitrogen starvation. Leucine aminopeptidase activities up to 200 nmol/hour signify that these isolates 
gather carbon and nitrogen compounds from amino acid degradation. The low temperature enzymatic 
activities for N-acetyl-β-D-glucosaminidase and xylosidase showed cold adaptation of Pseudomonas spp. 
These metabolic pathways combined with the low temperature enzymatic activities indicate that these 
organisms acclimate to harsh conditions in the active layer and show their potential for quick adaptation 
to increasing temperatures in the Arctic. These findings suggest that increasing temperatures associated 
with climate change could fundamentally shift microbial activity and substrate availability in these 
systems in short term. However, the microbial population may be able to adapt to these environmental 
changes long term. 
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Metagenome-assembled genomes from active layer in Ny Ålesund, Svalbard (79°N) show population 

dynamics related to seasonal thawing and soil depth 
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ABSTRACT: 

The active layer of permafrost in Ny Ålesund, Svalbard (79°N), is increasing in thickness at a rate of ~one 

vertical centimeter per year in most locations around the Bayelva River in the Leirhaugen glacier 

moraine. Microbes in the active layers may drive organic carbon degradation and greenhouse gas 

production, creating a positive feedback on climate change. However, the microbial metabolisms relating 

to the environmental geochemistry and population dynamics have not been well characterized. We tested 

if organismal abundance was related to site or stratigraphy by analyzing metagenome assembled genomes 

(MAGs) from 56 highly resolved intervals of five active layer permafrost sites. Two sites were collected 

in the winter time (April 2018) and three were collected in the summer (September 2019). The MAGs’ 

read recruitment to metagenome libraries showed an Actinobacteria population that was dominant when 

the soils were thawed (September 2019) and when the surface soil were covered in snow (April 2018). 

Inversely, another group of Actinobacteria dominated the deeper depths while the soils were frozen and 

were nearly absent during the thawed/summer season. We show that microbial populations in the 

Svalbard active layer shift by depth and season, maintaining populations of continuously metabolically 

active microbes at all depths, year-round.  
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Abstract Text: Subsurface microbes live extraordinarily slow lives, with timescales of biomass 
turnover on the order of decades or longer. Because living microbes must have functional 
enzymes, and enzyme biomass typically comprises the majority of microbial biomass, this 
implies that enzyme lifetimes must scale with biomass turnover times, and therefore that the 
enzymes of subsurface microbes are likely to be extraordinarily stable. We present 
measurements of extracellular enzyme activities from subsurface sediments near Denmark, 
combined with a simple theoretical model of the minimum feasible turnover time for 
extracellular enzymes, which suggest the minimum possible turnover time for extracellular 
peptidases in those sediments is at least 7.5 months. This is orders of magnitude slower than 
typical enzyme lifetimes. We also present preliminary analyses of the structures of those 
extracellular enzymes, which bear structural features that confer excess stability. In surface 
environments, there is little apparent selective pressure on enzymes to be more stable than 
required to maximize their activity, since biomass is turned over rapidly in those environments. 
In the subsurface, selective pressure to produce stabler enzymes may lead to novel biochemical 
mechanisms for enzyme stability that are not present in more frequently-studied, fast-growing 
microbes.  
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Comparative metagenomics of Arctic landscapes. 
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Andrew Steen1, Andrey A. Abramov2, Elizaveta Rivkina2, Karen G. Lloyd1 
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With increasing availability of metagenome datasets from different locations in Arctic, we have a 
unique opportunity to compare the diversity and functionality of microbial communities to better 
predict microbial responses to climate changes. Samples from the permafrost active layer were 
collected from three geographic locations, Bayelva, Svalbard (78.92062 N, 11.84158 E), Axel 
Heiberg Island (AHI), Canada (79.415 N, 90.75833 W), and Bykovsky Peninsula, Russia 
(71.783167 N, 129.41086 E) and were processed for the total genomic DNA extraction followed 
by metagenome sequencing. Samples from Bayelva (n=3) and AHI (n=12) were collected in early 
spring when ground was frozen using portable drill, while samples from Bykovsky (n=5) were 
collected in late summer from open pit. The amount of DNA was low for Bykovsky (10.7-14.5 
ng/g soil) and Bayelva (13.3 ng/g soil), while DNA content was significantly higher for AHI and 
showed decrease from 8.5 µg/g in upper 5 cm layer to 2.6 µg/g at 35 cm depth to 0.9 µg/g at 65 
cm. Bayelva and AHI represent mineral soil with a dominance of pebbles and coarse sands, while 
the soil in Bykovsky is loam with trace of humus. Analysis of metagenomes showed differences 
in microbial diversity depending on depth. Integrated analysis of metagenomes showed that upper 
5-7 cm layer (n=5) is dominated by Alphaproteobacteria (23.9% vs 12.0%) and Acidobacteria 
(2.9% vs 0.9%), while Actinobacteria (27.5% vs 20.6%), Bacteroidetes (1.3% vs 0.5%), 
Clostridiales (4.1% vs 2.4%), Thermotogales (0.2% vs 0.4%) and methanogenic Archaea (1.7% 
vs 0.9%) were more abundant in deeper layers (n=16). Alphaproteobacteria were represented 
mostly by aerobic and microaerophilic methanotrophic, methylotrophic, and nitrogen-fixing 
bacteria. Bacteria identified in metagenomes of the upper active layer were able to metabolize a 
wide range of organic carbon sources, degrade complex aromatic compounds, obtain energy 
through photosynthetic reactions or form symbiotic relation with plants during nitrogen fixation. 
This analysis indicates similarities in microbial community between the low organic carbon 
mineral soils collected from geographically different locations.  
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Project Goals 

The main objective of ROGUE (Renewable Oil Generated with Ultra-productive Energycane) project is to 

engineer the two most productive American crops—energycane and Miscanthus—to produce a sustainable 

supply of biodiesel, biojet fuel, and bioproducts.  

1. Increasing oil accumulation and targeting this to the mature stem 

2. Increasing photosynthetic efficiency to power oil synthesis 

3. Multi-gene construct transformation of energycane and Miscanthus 

4. Field testing, processing and techno-economic analysis 

Abstract 

Most of the plant biomass is present in vegetative tissues and strategies to accumulate triacylglycerol (TAG, 

aka oil) in these tissues provides an attractive target for increasing oil yields relative to conventional oilseed 

crops. Generally, plants accumulate less than 0.1 % DW of oil in vegetative tissues, so, our goal is to use a 

multi-gene approach employing optimized components to increase oil biosynthesis and decrease oil 

degradation. Our strategies to enhance oil accumulation align with the proven ‘push-pull-protect’ model for 

fatty acid (FA) synthesis.  

We targeted the Homomeric Acc1(HoAcc1) to the plastid to serve as a “push” factor. Accase represents the 

first committed step in FA synthesis. The native plastid-located heteromeric Accase is subject to multiple 

distinct forms of negative feedback regulation in vivo. Our previous transient expression results showed that 

targeting AtHoAcc1 to the plastids with an N-terminally fused plastid transit peptide and GFP tag can 

potentially circumvent this negative regulation, enhance FA synthesis, and promote TAG accumulation in 

tobacco leaves by increasing the malonyl-CoA supply. We stably transformed the AtHoAcc1 into Arabidopsis. 

Our preliminary analysis suggested that lines transformed with plastidially targeted AtHoAcc1 had larger seed 

size and higher seed weight without affecting the seed gemination and establishment. Moreover, they also 

showed higher vegetative TAG accumulation in 14-day old seedlings, demonstrating the effectiveness of using 

plastidial targeted HoAcc1 as a “push” factor in stably transformed plants to increase vegetative TAG 

accumulation. 
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The Pull factor used was diacylglycerol acyl transferase (DGAT), that catalyzes the final conversion of DAG 

to TAG in the ER. This can efficiently channel fatty acyl chains towards the synthesis of neutral lipid for 

storage. Overexpression of plant DGATs have been shown to increase TAG production. We identified a 

mammalian DGAT2 which was very efficient in producing TAG in tobacco transient overexpression assays. 

Tobacco leaves with DGAT2 overexpression driven by a senescence inducible promoter resulted in more than 

a 6-fold increase in TAG accumulation relative to controls. 
 

The protect factor was an engineered Sesame oleosin (Ole1), that masks the oil bodies to protect the TAG from 

hydrolysis by lipases. Previous published research suggested that Ole1 could be degraded by ubiquitin 

conjugation to lysines, cysteines, serines, threonines, or the N-terminus of a target peptide. To inhibit ubiquitin 

ligation, we choose to replace all the lysine residues with arginine (KR) and delete the cysteine residues 

(CysDel) from a Sesame oleosin peptide to create an efficient Ole1 variant, Ole1_CysDel_KR. Transient 

expression of this variant in tobacco leaves indicated that CysDel_KR modifications resulted in an increase in 

TAG content compared to a Cys_Ole1 control. As the substitutions and deletions were applied to all lysine 

and cysteine residues, respectively, we predicted some of these changes could negatively impact the oil 

accumulation. Therefore, we performed a dropout experiment reverting each of these modifications to pinpoint 

those that contribute most to increased TAG accumulation.  By combining the set of mutations that increased 

TAG accumulation we created Ole1_5 Mod. Our data from tobacco transient assays demonstrated that Ole1_5 

Mod resulted in the most significant increase in TAG content. Based on these findings, we stably transformed 

the oleosin variants into Arabidopsis. Results from the stably transformed Arabidopsis lines are consistent with 

the data from transiently transformed tobacco in which Ole1_CysDel_KR and Ole1_5 Mod lines in 

combination with mammalian DGAT2 produced higher TAG and total FA content compared to CysOle1 with 

mammalian DGAT2.  

In summary, our strategy was first to individually optimize the Push, Pull and Protect factors described above. 

We subsequently combined the optimized factors to test their ability to promote plant vegetative TAG 

accumulation. Our results show that the effects of each optimized factor are additive. When the three factors 

are transiently expressed in N. benthamiana leaves, TAG accumulation increased more than 18-fold relative 

to controls, reaching a final TAG content of ~4% (w/w) over a three-day period. The results from transient N. 

benthamiana expression were reproduced in stably transgenic Arabidopsis lines.  
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Project Goals 

The main objective of ROGUE (Renewable Oil Generated with Ultra-productive Energycane) project is to 

engineer the two most productive American crops—energycane and Miscanthus—to produce a sustainable 

supply of biodiesel, biojet fuel, and bioproducts.  

1. Increasing oil accumulation and targeting this to the mature stem 

2. Increasing photosynthetic efficiency to power oil synthesis 

3. Multi-gene construct transformation of energycane and Miscanthus 

4. Field testing, processing and techno-economic analysis 

Abstract 

Bioenergy feedstock, such as energycane (Saccharum spp.) and miscanthus (Miscanthus × giganteus), are 

some of the NADP-ME type C4 perennial grasses adapted to grow in marginal croplands which could be 

engineered to improve their photosynthetic efficiency to increase yield (Mitchell et al. 2016). These grasses 

can then be grown in marginal croplands to avoid the need to utilize more land for agriculture (Wang et al. 

2021, Mitchell et al. 2016). Regeneration of phosphoenolpyruvate (PEP) in the NADP-ME type of C4 

photosynthesis is limited by the activity of pyruvate orthophosphate dikinase (PPDK) and rubisco (Long et al., 

2013, Wang et al., 2008, Naidu et al., 2003). In order reduce the bottleneck effect of PPDK, we hypothesized 

that increased expression of PPDK in bioenergy crops could improve C4 photosynthesis. Research also shows 

that photosynthetic efficiency could be improved under fluctuating light when a faster photoprotection 

response time is observed by overexpressing violaxanthin de-opoxidase (VDE), photosystem II subunit S 

(PsbS) and zeaxanthin epoxidase (ZEP) (note as VPZ hereafter) involved in non-photochemical quenching 

(NPQ) (Kromdijk et al. 2016). 

Using the particle bombardment-mediated transformation approach, synthetic constructs of MxgPPDK and 

SbPPDK were transformed into energycane at the University of Florida and into miscanthus at the University 

of Illinois at Urbana-Champaign. A total of 3 transgenic energycane lines of overexpressed MxgPPDK gene 
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and its corresponding wild type were grown in the greenhouse and photosynthetic measurements of 8- to 12-

week-old plants showed increased Vpmax (the rate of PEP carboxylation). Field trial data of MxgPPDK 

transgenic lines are currently being analyzed. Preliminary measurements of the photosynthetic efficiency of 

29 SbPPDK transgenic lines are being carried out in the greenhouse. 

Calli induced from immature inflorescence of Miscanthus × giganteus, were transformed with synthetic 

constructs bearing VPZ or PPDK and several putatively transformed plants obtained. PCR genotyping of plants 

transformed with VPZ constructs using selection marker-specific primer pairs to detect the presence of BAR, 

NPTII or oHPT selection markers yielded 18, 9 and 29 positive lines out of 62, 114 and 46 putative 

transformants, respectively. Over 100 plants putatively transformed SbPPDK constructs in 2020 are currently 

being genotyped. Photosynthetic measurements of the miscanthus transgenic lines will be made in summer 

2022. 
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Project Goals 

The main objective of ROGUE (Renewable Oil Generated with Ultra-productive Energycane) project is to 

engineer the two most productive American crops—energycane and Miscanthus—to produce a sustainable supply 

of biodiesel, biojet fuel, and bioproducts.  

1. Increasing oil accumulation and targeting this to the mature stem 

2. Increasing photosynthetic efficiency to power oil synthesis 

3. Multi-gene construct transformation of energycane and Miscanthus 

4. Field testing, processing and techno-economic analysis 

Abstract 

Metabolic engineering to divert carbon flux from sucrose to oil in a high biomass crop like energycane has been 

proposed as a strategy to boost both energy density of high biomass crops and lipid yields per acre for biodiesel 

production. Recently, we have succeeded with metabolic engineering to drastically increase triacyl glycerol 

(TAG) content in vegetative tissues of sugarcane by upregulating fatty acid synthesis, TAG synthesis and 

optimization of TAG storage (Zale et al. 2016, Parajuli et al. 2020). Energycane is like sugarcane an interspecific 

hybrid in the genus Saccharum. In contrast to sugarcane, energycane has a high proportion of the ancestral species 

Saccharum spontaneum in its genome which contributes to higher tiller number, biomass yield and persistence in 

addition to a reduced stem diameter and sugar content. Therefore, energycane is an ideal feedstock for this 

approach due to its superior biomass production and persistence. However, energycane is among the most 

recalcitrant crops in tissue culture and genetic transformation.   

In this study, a multigene expression construct for lipogenic factors and selectable marker gene was generated by 

modular Golden Gate assembly with the goal to elevate the production of free fatty acids, catalyze their conversion 

into TAG and reduce TAG hydrolysis. Culture media optimizations included media supplementation to overcome 

browning and necrosis in tissue culture. Following biolistic gene transfer to embryogenic callus and selection of 

antibiotic resistant callus, transgenic plantlets were regenerated. The presence and expression of transgenes in the 
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regenerated plants were confirmed by PCR and qRT-PCR analysis, respectively. Transgenic plants were 

vegetatively propagated in the greenhouse and were transplanted to a field site at the University of Florida Plant 

Science and Education Center near Citra, FL in randomized and replicated plots under USDA-APHIS permit in 

March 2021. TAG and total fatty acid (TFA) content for different leaf positions, stem sections and juice as well 

as biomass fresh and dry weight were determined at the end of the growing season. The TAG and TFA content 

varied depending on tissue, maturity, stem and leaf position with the highest detected TAG and TFA content 

reaching 9.9% and 12.3% of leaf dry weight on average of three replications, respectively. 

Lipid yield per land area from high biomass crops like energycane is determined by the lipid concentration in the 

biomass, the total biomass yield and the extractability of the lipids from the biomass. Flowering of energycane 

may affect oil yield and the extractability of oil. Upon flower induction vegetative growth ceases and sucrose/oil 

that has accumulated in the stalks is re-mobilized for use in reproductive development. Flowering often leads to 

dehydration of the stalk tissues, which negatively affects stalk density, and compromises sugar extraction in 

conventional energycane or lipid extraction in metabolically engineered lipid cane. Therefore, we generated 

transgenic energycane plants harboring a construct for RNAi mediated co-suppression of multiple flowering 

genes. Since energycane is vegetatively propagated for establishment of plantings, suppression of flowering will 

not require an altered agronomic practice while improving the biocontainment of the engineered crop. Transgenic 

plants were planted in replicated field plots at the University of Florida Plant Science and Education Center near 

Citra, FL in randomized and replicated plots, following a decision letter from USDA-APHIS that these transgenic 

plants are not-regulated by USDA-APHIS. Data will be presented comparing expression of the RNAi construct 

during photo inductive period with flowering response and biomass production. 
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Project Goals 

The main objective of ROGUE (Renewable Oil Generated with Ultra-productive Energycane) project is to 

engineer the two most productive American crops—energycane and Miscanthus—to produce a sustainable 

supply of biodiesel, biojet fuel, and bioproducts.  

1. Increasing oil accumulation and targeting this to the mature stem 

2. Increasing photosynthetic efficiency to power oil synthesis 

3. Multi-gene construct transformation of energycane and Miscanthus 

4. Field testing, processing and techno-economic analysis 

Abstract  

Biofuels provide sustainable alternatives to petroleum-based fuels and lignocellulosic biomass is considered 

as the source of abundant renewable carbon. Cellulosic sugars and plant oils are particularly valued as they 

can be converted conveniently to bioethanol, biodiesel, and bio-jet. However, oilseeds that are also part of 

human food are still used predominantly for biodiesel production. To this end, transgenic bioenergy crops 

metabolically engineered to produce and accumulate high triacylglyceride (TAG) content have shown 

immense potential to replace oilseeds (Parajuli et al., 2020; Vanhercke et al., 2019; Zale et al., 2016). In 

ROGUE, bioenergy crop-energycane has been genetically modified to shift the carbon flux towards synthesis 

and accumulation of TAG molecules in their vegetative tissues. Transgenic energycane crops can be an 

excellent source of fermentable sugars and lipids/oil for biofuel production (Fouad et al., 2015). However, 

after establishing the basic characteristics of transgenic plants under controlled environmental conditions for 

genetic design and initial processing at bench-scale, it is critical to scale up the processes and test the proof-

of-concept at pilot-scale for holistic analysis needed for potential commercialization. Bioprocessing at a pilot-

scale provides industrially relevant data and helps identify research gaps for the successful commercialization 

of the project. Pilot-scale processing helps in getting better estimates for the techno-economical analysis and 

process simulation.  
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The transgenic energycane crop was cultivated under field conditions at the University of Florida-IFAS Plant 

Science Research and Education Unit, FL, USA. Upon harvesting, brown and green leaves were separated 

from the stem. A total of 223 kg (166 kg stem; 38.6 kg green leaves+tops; 18.3 kg brown leaves) were received 

at Integrated Bioprocess and Research Laboratory (IBRL), a translational research facility at the University of 

Illinois, IL, USA. Before harvest, the total TAG content in green leaves, stem, and juice were 3 to 10% 

(depending on leaf maturity and position), 0.6 to 1.3% (depending on stem maturity and position), and 1.4% 

per g dry weight, respectively. Transgenic energycane stems (97 kg) were processed in the pilot-scale facility. 

A combination of pilot-scale continuous hydrothermal pretreatment and disk milling, followed by hydrolysis 

with commercial cellulases, successfully recovered fermentable sugars and lipids. Chemical-free pretreatment 

at pilot-scale has shown no detrimental effect on oil recovery or the lipid profile from these transgenic energy 

crops. Thus, pilot-scale bioprocessing has been successfully established for transgenic energycane to produce 

fermentable sugars for bioethanol and lipids for biodiesel. 
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Project Goals: Camelina is a Brassica oilseed crop that has great potential to become a 
sustainable source of bioenergy in the US. However, the low nitrogen use efficiency and the low 
seed and oil yield compared to other major oilseed crops hinder this potential. The goal of this 
project is to decipher the genetic and physiological mechanisms that determine the nitrogen use 
efficiency and oilseed yield during the most critical processes of the camelina life cycle: 1) how 
camelina, in partnership with soil microbes, maximizes its ability to absorb and assimilate nitrogen 
into vegetative biomass; and 2) upon the transition to reproductive growth, how nitrogen is 
efficiently remobilized from senescing tissues (leaves and silicles) into sinks (seeds) to optimize 
yield potential by increasing seed size and enhancing oil synthesis. 
 
Abstract Text:  

Predictable germination is critical to the life cycle of productive crop growth. Within an optimal 
environment, isogenic seed can demonstrate considerable germination variability. We examined 
sources and causes of variable germination in camelina, with a focus on seed size. The oilseed 
camelina generally reproduces through self-pollination, with outcrossing rates of 0.09-0.28%, 
resulting in largely homozygous lines; however, the seed batch produced by a single plant still 
varies in size. Indeed, across accessions and seed size mutants, we observed differences in not 
only the mean seed size—as measured by length, width, and area—but also the variance. For 
example, the accession Suneson produced seed batches more variable in seed size compared to 
other accessions grown in the same conditions. Seed size (Huang et al 2021) is positively 
correlated to time to 50% germination. We therefore hypothesize that variable seed size across 
batches result in more variable germination. Seed size batch variability was also impacted in 
TILLING mutant lines produced in the Licalla background, with a subset of mutant families 
having highly variable seed batches relative to others. Furthermore, non-Mendelian patterns of 
inheritance of seed size in the mutant lines suggest epigenetic factors influencing seed size. 
Epigenetic factors also may play an important role in seed germination in camelina given our 
observation that some accessions were sensitive to nitrogen fertility of the previous generation. 
Low nitrogen conditions also resulted in delayed and varied germination, which may represent 
an environmentally induced dormancy effect enabling camelina seed to overwinter. An important 
candidate regulator of seed size is miR167a (Na et al, 2019), which, when overexpressed 
specifically in camelina seeds, results in larger seed size. The larger seed size may arise through 
a delay in development, wherein the expression pattern of transgenic seed 10 and 12 days after 
fertilization are similar to wild-type seed at 8 days after fertilization. Examining the genetic 



network tied to miR167a overexpression points to several candidate regulators, with one of the 
most highly connected genes, DELAY OF GERMINATION1 (DOG1) found in the module of 
genes with delayed expression in the overexpression line. Further work will tie these 
observations, examining the role of DOG1 in camelina seed size variation and impacts on 
germination variability in light of epigenetic factors. 
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Project Goals: Camelina is a Brassica oilseed crop that has great potential to become a 
sustainable source of bioenergy in the US. However, the low nitrogen use efficiency and the low 
seed and oil yield compared to other major oilseed crops hinder this potential. The goal of this 
project is to decipher the genetic and physiological mechanisms that determine the nitrogen use 
efficiency and oilseed yield during the most critical processes of the camelina life cycle: 1) how 
camelina, in partnership with soil microbes, maximizes its ability to absorb and assimilate 
nitrogen into vegetative biomass; and 2) upon the transition to reproductive growth, how 
nitrogen is efficiently remobilized from senescing tissues (leaves and silicles) into sinks (seeds) 
to optimize yield potential by increasing seed size and enhancing oil synthesis. 

 

Abstract Text: 

Camelina is an emerging oilseed crop that has great potential as a renewable, high quality, and 
sustainable source of bioenergy in the US. However, this great potential is offset by camelina’s 
low nitrogen use efficiency and low seed and oil yield compared to other oilseed crops. 
Development of camelina varieties with superior seed and oil yield characteristics requires 
careful examination and the decryption of the underlying genetic and physiological mechanisms 
critical in the camelina life cycle that govern the foraging and uptake of nutrients from the soil, 
source-sink relationships and resource allocation, reproduction, seed formation, and oil synthesis. 
This can be facilitated by new technological advancements in biotechnology in conjunction with 
modern breeding techniques. To understand the natural variation within camelina species, we 
determined the population structure of a worldwide collection of 222 Camelina sativa accessions 
using 161,301 single nucleotide polymorphisms (SNPs) derived from whole-genome 
resequencing. Additionally, when coupled with genome-wide association studies (GWAS) and 
linkage mapping using a recombinant inbred line population, QTL and candidate genes that 
control field-evaluated agronomic traits related to oilseed production such as seed size, oil 
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content, fatty acid composition, and flowering time were identified. To further locate these QTLs 
and candidate genes with high precision, we have assembled a high-quality camelina genome 
through Pac-bio HiFi genome sequencing coupled with Hi-C genome scaffolding. The sequenced 
camelina line (Suneson) has been used in our mapping studies and will provide more accurate 
genetic markers. Field trials under low and high nitrogen soils were conducted in North East and 
Central Montana, and in Eastern Washington, US in 2021 (and to be repeated in 2022) to 
generate a new set of phenotypic data from the accessions, which were used to determine the 
relationships among morpho-agronomic traits and for the GWAS to identify QTLs and candidate 
genes for increased nitrogen use efficiency and oilseed traits. Identification of QTL and genes 
together with their genetic markers will greatly facilitate breeding efforts to develop camelina 
varieties with high nitrogen use efficiency, high seed yield and oil quality, and are adaptable to 
the US northwest environments. 
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Project Goals: This work is part of the ECON, i.e., Enhancing Camelina Oilseed Production 
with Minimum Nitrogen Fertilization in Sustainable Cropping Systems project.  Camelina is a 
Brassica oilseed crop that has great potential to become a sustainable source of bioenergy in the 
US. However, its low nitrogen use efficiency, seed and oil yield as compared to other major 
oilseed crops limit its potential. The goal of this project is to decipher the genetic and physiological 
mechanisms that determine the nitrogen use efficiency and oilseed yield during critical processes of 
the camelina life cycle: 1) how camelina, in partnership with soil microbes, maximizes its ability to 
absorb and assimilate nitrogen into vegetative biomass; and 2) upon the transition to reproductive 
growth, how nitrogen is efficiently remobilized from senescing tissues (leaves and silicles) into sinks 
(seeds) to optimize yield potential by increasing seed size and enhancing oil synthesis. 
 
Abstract Text: The synthesis of fatty acids (FA), the building blocks of TAGs, is highly energy 
demanding and is therefore under tight multi-level homeostatic control. WRI1 is the master 
transcriptional activator that targets many FA synthesis genes1, overexpression of which increase 
FA accumulation in seeds.  Trehalose 6-phosphate (T6P) reduces the phosphorylation WRI by 
SnRK1, to preventing its degradation2. Overexpression of the E. coli T6P synthase, OtsA led to 
increased FA accumulation in Arabidopsis3. To improve WRI stability in Camelina, T6P 
synthase, under the control of the seed specific Phaseolin promoter was transformed into the wild 
type camelina Suneson to boost T6P level in its seeds. OstsA transgenics showed poor 
germination with only 3 out of 8 transgenic of the transgenic seeds germinating.  Additional 
transformation yielded more than 300 lines of which 36 germinated.  Seeds from these lines were 
collected for analysis of lipid composition and fatty acid content.   

The first committed and rate limiting step in FA synthesis is acetyl-CoA carboxylase (ACCase), 
which converts acetyl-CoA to malonyl-CoA in the plastid. Excess FA inhibits the 
carboxytransferase (CT) ACCase half-reaction and triggers irreversible ACCase inhibition.  This 
inhibition that is mediated by biotin attachment domain-containing (BADC) proteins, homologs 
of biotin carboxytransferase proteins (BCCPs)4. BADCs lack a critical lysine necessary for the 
covalently attachment of the biotin cofactor required for carboxylation in BCCPs5. BADCs are 
conditional inhibitors of FA synthesis that displace BCCP in the ACCase complex when 
intracellular FA accumulate. Knocking-out two of the Arabidopsis BADC genes, i.e., badc1badc3 
resulted in an increase in TAG content of 25% with respect to that of wild type4.  We are 
targeting the downregulation of BADC genes in camelina as a primary approach to increasing 
seed oil yield.  CRISPR vectors targeting single BADC genes i.e., BADC1, BADC2, and BADC3 



and the combination of BADC1 and BADC3 have been constructed and transformed into 
camelina Suneson. 5 CRISPR-CsBADC3 lines were genotyped. One line was edited in 1 allele 
of each of the BADC3 isoforms. We also obtained 8 CRISPR-CsBADC1 lines and 36 CRISPR-
CsBADC1,3 lines for which genotyping is underway. Increases in FA synthesis rates are 
expected to result in increased levels of total FA accumulation, but we anticipate additional 
factors will be required to convert excess FA into TAG and to prevent its degradation. We have 
previously used an Arabidopsis or nasturtium diacylglycerol acyltransferase, DGAT1 and an oil 
droplet protecting protein, sesame OLEOSIN (cysOLE1) to increase oil accumulation6. We 
recently found that a mammalian DGAT2 (mDGAT2) is more effective than Arabidopsis 
DGAT1 in converting FA into TAG. We have also created variants of the sesame OLEOSIN that 
significantly increases its ability to protect TAG relative to cysOLE1.  These “pull” and 
“protect” factors including Sesame oleosin, and several variants engineered to increase its 
stability, and mouse DGAT2 were employed to boost oil accumulation in camelina. Constructs 
containing the single gene for oleosins and/or mouse DGAT2 were transformed into camelina 
suneson.  Currently we obtained 15, 13, 5, 14, 26, and 28 transformants of CysOle1, 
Ole1_CysDel_KR , Ole1_5_Mod, mDGAT, CysOle1+ mDGAT, Ole1_CysDel_KR + mDGAT 
and Ole1_5_Mod + mDGAT, respectively.  

Future efforts will focus on identifying the most successful BADC suppression lines and the 
most effective additional gene combinations described above.  The optimized approaches will be 
combined to create camelina seeds with significantly elevated TAG content beyond those 
discovered by genetic variation.  Subsequently we will combine optimized oilseed accumulation 
factors in lines optimized for nitrogen use efficiency.  
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Project Goals: Camelina is a Brassica oilseed crop that has great potential to become a 

sustainable source of bioenergy in the US. However, the low nitrogen use efficiency and the 

low seed and oil yield compared to other major oilseed crops hinder this potential. The goal 

of this project is to decipher the genetic and physiological mechanisms that determine the 

nitrogen use efficiency and oilseed yield during the most critical processes of the camelina 

life cycle. Specifically, we look to address: 1) how camelina, in partnership with soil 

microbes, maximizes its ability to absorb and assimilate nitrogen into vegetative biomass; 

and 2) upon the transition to reproductive growth, how nitrogen is efficiently remobilized 

from senescing tissues (leaves and silicles) into sinks (seeds) to optimize yield potential by 

increasing seed size and enhancing oil synthesis. 

Camelina is a promising non-food oilseed crop with great potential for various applications in the 

US. It is normally grown as a rotation crop in the wheat-camelina systems, providing a biofuel 

feedstock and potentially improving cereal-based cropping systems and boosting rural 

economies. However, high nitrogen inputs and low oilseed yields hinder its great potential. To 

enhance camelina oilseed production with minimum nitrogen fertilization, it is important to 

understand how camelina plants interact with beneficial microbes that may enhance nitrogen use 

efficiency and boost oil yield. 

To address how soil microbes impact camelina growth and nitrogen use efficiency, bacteria were 

isolated and identified from 33 locations across wheat cropping zones of eastern Washington. Soils 

were collected from 33 locations and camelina cv. Suneson were grown in collected soils in the 



greenhouse for four weeks. Bacteria from camelina rhizosphere grown in 24 of the 33 location 

soils were cultured in Tryptic Soy Agar and R2A media. Over 3000 bacterial colonies were isolated 

and 920 of them were identified by 16S rRNA sequencing. A total of 51 unique bacterial genera, 

belonging to 31 families, were identified. Pseudomonas, Bacillus, Flavobacterium, and 

Arthrobacter were the most abundant genera in our bacterial collection. Interestingly, genera 

Massilia, Pedobacter, Variovorax, and Caulobacter, which are common in wheat rhizospheres,  

were also found. In addition, we found that culture media had a slight but significant effect on 

bacterial isolation, while no significant influence of locations was observed.   

To understand how camelina uses root exudates to recruit beneficial microbes under nitrogen 

stress, we profiled root exudate compositions during the early growth period. We first evaluated 

camelina growth in axenic fabricated ecosystems (EcoFABs) designed for root exudate 

collection. Camelina was cultivated under limited (70 ppm N) and replete nitrogen (210 ppm N) 

conditions in EcoFAB 2.0 with weekly collection of metabolites. We successfully cultivated 

camelina in EcoFABs for five weeks and the plants were harvested for root and shoot biomass 

measurements. The results showed that the overall camelina biomass was lower under limited 

nitrogen conditions, but only root biomass was significantly lower in the limited nitrogen group 

compared to the replete nitrogen group. We will profile exudate composition during N stress 

using LC-MS/MS metabolomics and conduct camelina plant-microbe co-culture experiments 

using isolated bacteria and synthetic communities (SynCom) to further explore how camelina 

uses exudates to recruit beneficial microbes that may help increase nitrogen use efficiency and 

oil yield. 
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Project Goals: To construct plant N flux maps (NFMs) from plant genomes and to 
determine both biochemical and system-level functionality of plant N metabolic network.  

Abstract: Nitrogen (N) is an essential element of organic molecules, such as amino acids and 
proteins, but is often limiting for important traits, like biomass, growth, and yield. In addition, 
the supply of N in the soil is often limited, and the distribution of N throughout plant metabolic 
pathways is elusive. Understanding the impact that N has on the overall (re)distribution of 
cellular resources can provide insights useful for improving N use efficiency of model plants and 
crops such as determining rate limiting pathways that hinder N flow and therefore plant growth. 
One way towards achieving this goal is to assemble the N flux map (NFM), embedded in large-
scale models of plant (Arnold & Nikoloski 2014, Küken & Nikoloski 2019), and use it to 
estimate reaction fluxes by integration of isotope labeling patterns under different N 
availabilities. However, the available metabolic network and data resources in plants cannot 
address this challenge since they are focused on simulation and integration of carbon labeling 
patterns.  

Estimation of intracellular fluxes based on isotope labeling patterns of metabolites in a metabolic 
network relies on approaches from metabolic flux analysis (MFA) (Wiechert, 2001, Basler, Fernie 
& Nikoloski 2018). Application of MFA requires a stoichiometric model with atomic mappings 
that are currently not available for most large-scale metabolic network models, particularly in 
plants. Here we established an automated workflow to apply reliable automated atom mapping 
(AAM) approaches, such as Reaction Decoder Toolkit (RDT) (Rahman, et al. 2016), on large-
scale metabolic models of Arabidopsis thaliana to facilitate estimation of fluxes By using atom 
maps from the MetaCyc database, that cannot be readily used in flux estimation, we show that the 
atom maps created by RDT are accurate. The established workflow is made available at 
https://github.com/sebahu/UniversalRDT/ and the resulting atomic mappings will be integrated in 
KBase. 

We further demonstrate the utility of our automated workflow by simulating 15N-isotope 
enrichment and identifying metabolites which show enrichment patterns that are informative 



regarding one or several fluxes and thus need to be measured in 15N-MFA studies of A. thaliana. 
To experimentally examine isotope enrichment throughout plant metabolism, 21-day-old A. 
thaliana Col-0 plants were fed with 15N-labeled nitrate and ammonia over a course of 3 days using 
a hydroponics (Conn et al. 2013) and the resulting 15N incorporation was analyzed by both GC-
MS and LC-MS/MS. Starting with amino acids, we demonstrate 15N label incorporation over 24 
hours for the labeled amino acids detected (e.g., phenylalanine, alanine) while some other 
compounds (e.g. serine, methionine) showed much slower labeling kinetics. These 15N kinetic 
labeling data for amino acids, as well as other N containing compounds, will be incorporated into 
the developed atomic mappings to determine reaction fluxes of N in the large-scale models.  

In addition to increasing plant biomass to address high demands for important crops, characterizing 
N flow and building the NFM will also allow the development of metabolic engineering of N 
pathways towards increase the production of compounds of interest and crop growth. The 
developed atom mapping of Arabidopsis metabolic network will be further expanded by 
incorporating additional connections of N flow based on novel aminotransferase (AT) activities 
identified by high-throughput AT substrate screening within this same project (as presented in a 
separate poster, Koper et al.). Beyond A. thaliana, the proposed workflow that we developed so 
far in A. thaliana will be expanded to other plant species, such as sorghum, for which metabolic 
models have been assembled and will facilitate MFA at the levels of large-scale metabolic 
networks. The comparison of NFMs from the model dicot and bioenergy monocot plants (A. 
thaliana vs. sorghum) will allow us to identify conserved and unique features of N metabolic 
network among different plants. 
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Project goals: To comprehensively characterize multi-substrate specificities of all AT enzymes 
of Arabidopsis and sorghum through high-throughput mass spectrometry-based assays, and to 
integrate novel AT reactions to construct nitrogen flux map (NFM) of plants. 

Abstract: Aminotransferases (ATs) are critical enzymes of plant nitrogen (N) metabolism that 
facilitate the transfer of amino N between biomolecules, namely amino acid donors and keto acid 
acceptors. Biochemical properties of many plant ATs have been tested with a certain substrate(s); 
however, the full spectra of AT multi-substrate specificity remain largely unexplored due to the 
tedious nature of AT characterization and poor sequence-function relationship. As a result, many 
cross-pathway N transfer reactions remain uncharacterized and unaccounted, making our 
understanding of plant N metabolic network far from complete.   

To address these major knowledge gaps here we first generated a comprehensive phylogeny 
of AT enzyme families by utilizing fully-sequenced high-quality genomes of 15 species from each 
of six kingdoms, which identified a number of AT groups (i.e., well supported monophyletic 
clades, Fig. 1A). To further examine AT functionality, we successfully expressed and purified all 
49 Arabidopsis AT candidates using E. coli and/or cell-free wheat germ expression systems (Fig. 
1B) and validated previously-reported enzymatic activity for at least ~50% of them so far. To 
comprehensively examine their substrate specificity, we established high-throughput substrate 
screening methods using nanostructure-initiator mass spectrometry (NIMS) and matrix-assisted 
laser desorption/ionization MS (MALDI-MS) and determined substrate utilization profiles of eight 
ATs against 31 amino donors with 4 different amino acceptors (124 reactions for each). Even for 
ATs with well-established functions (e.g. AlaAT), we uncovered that many of them exhibit 
previously unknown reactions and multi-substrate specificities (Fig. 1C). Notably, we identified 
an unusual pattern of multi-substrate specificity among cytosolic aromatic ATs that allows them 
to utilize Phe, Tyr, Trp, Met, His, and Leu, which were further validated and quantified by LC-
MS2-based assays. These findings revealed the presence of a novel N network linking cytosolic 
pools of these six amino acids, which could be important for recycling N and rebalancing Phe and 
Met levels, such as during lignin biosynthesis (Fig. 1D). As we are completing the multi-substrate 
specificity screening for ATs from Arabidopsis and then sorghum, the obtained biochemical data 
are being integrated into the nitrogen flux map (NFM) that we are also developing in this project 
(see the other poster by Sebastian Huss et al.). The joint effort will discovery previously unknown 
AT-mediated N metabolic connections and thereby generate accurate NFMs of plants, which will 
guide us to identify engineering targets of N metabolic network to improve nitrogen use efficiency 
in crops.  
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Figure 1: Functional characterization of Arabidopsis AT family enzymes. A. Phylogeny of ATs from 
90 species of plant, animal, fungi, protist, eubacteria, and archaebacteria kingdoms, with the rectangular 
subtree highlighting a subset of  AT clades from the representative model organisms – Arabidopsis thaliana 
(At), Saccharomyces cerevisiae (Sc), Homo sapiens (Hs), Escherichia coli (Ec) and Halobacterium volcanii 
(Hv). B. AT enzymes expressed recombinantly (left) and using the cell free wheat germ system (right).  C. 
MALDI screening of multi-substrate specificities of five AT enzymes tested with phenylpyruvate (PPY), 
α-ketoglutarate (KG), 4-methyl-2-oxopentanoate (4MTOB) or indole-3-pyruvate (IPyA) as keto acid 
acceptors and twenty proteinogenic amino acids as amino donors. D. A new network of N rebalancing 
around phenylalanine biosynthesis and metabolism along with methionine and other amino acids (red). The 
S-adenosylmethionine (SAM) cycle is in light blue.  

This work was supported by the U.S. Department of Energy, Office of Science, Office of 
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Project Goals:  

1. Leveraging our transformation methods, we will develop a comprehensive toolset for 
genetic manipulation of Lemnaceae. We will establish CRISPR/Cas9 genome editing to 
complement our artificial miRNA silencing methods. We will construct artificial 
chromosomes in Lemna minor to potentiate whole pathway engineering. 

2. Resting and over-wintering fronds have higher starch content than corn kernels, but 
the energy density of oil is more than twice that of starch. We will use regulatory 
network and metabolic flux modeling to re-engineer the carbon allocation pathways to 
optimize triacylglyceride (TAG). 

3. We will use comparative genomics of multiple Lemnaceae genome sequences, an 
extensive living collection of global accessions, and systems network analysis to 
characterize gene expression networks underpinning developmental and environmental 
responses to maximize bioenergy products while preserving rapid biomass 
accumulation. Nutrient deprivation and CO2 irrigation will be used to enhance yield. 

 
Lemnaceae species (commonly called duckweeds) are the world’s smallest aquatic flowering 
plants. Under optimal conditions, their rapid clonal growth rate can double the number of fronds 
in 30 hours and produce 64 grams of biomass per gram starting weight in a week, which is far 
beyond that of terrestrial crops such as corn (2.3 g/g /week), and unencumbered by secondary 
products such as lignin. Lemnaceae offer an attractive alternative to algae as biofuel feedstocks 
because of their robust growth in open ponds and the relative ease of harvesting dry material. 
Convenient metabolic labeling in culture makes Lemna a good system for pathway modeling and 
engineering, as nutrients are taken up from liquid growth media, and non-responsive stomata can 
utilize very high levels of atmospheric CO2. Our goal is to divert substantial accumulated carbon 
from starch to oil metabolism in Lemnaceae, using resting fronds as the storage tissue.  

The Martienssen and Lam labs have produced eight new reference quality Lemnaceae genome 
assemblies of W. australiana, L. gibba, L. minor, L. turionifera, and three allotriploid hybrid L. 
japonica (L. minor x L. turionifera) clones using Oxford Nanopore long reads and Hi-C contact 
maps. Comparisons of the chromosome-scale assemblies demonstrate a high degree of synteny 
across all 21 chromosomes within the Lemna genus, with only a single translocation consistently 
identified specifically in L. turionifera, while W. australiana has 20 chromosomes like S. 
polyrhiza, yet with significant architectural differences. In the Birchler Lab, antibodies against 
centromeric histone H3 were raised for four species to determine centromere organization and 



identify centromeric repeat sequences across the duckweeds via CUT&RUN. The sequenced 
species encode between 14,000 and 20,000 genes, significantly fewer than terrestrial monocots 
such as rice and Brachypodium, and comparable to the algae Chlamydomonas reinhardtii. 
Methylome and small RNA sequencing revealed dramatic differences between the three genera 
consistent with known pathways of RNA directed DNA methylation. Analysis of missing and 
diverged orthogroups across the Lemnaceae, 10 other monocots and 7 non-monocots revealed 
variations that likely account for these and other traits including: reduced morphology, aquatic 
habitat, clonal reproduction, dormancy, high photosynthetic rate, and lipid production.  

Key experiments in the Lam Lab have confirmed that natural genetic variation in S. polyrhiza 
leads to variable turion production. RNA-sequencing of two genotypes at the extremes of turion 
yield have identified turion-specific genes associated with dormancy, starch biosynthesis, and 
putative transcription factors that may be involved in the developmental transition. In addition, 
turion-specific expression of genes involved in lipid metabolism and oil biosynthesis were found 
in both S. polyrhiza as well as L. turionifera. Current work comparing transcript induction 
kinetics between different genotypes is underway to filter out the most promising candidate 
genes for functional validation. In collaboration with the Shanklin lab, a four- to six-fold increase 
in total TAG levels were found in turions of both duckweed species, consistent with predictions 
from RNA-seq, providing novel leads to target genes for directed modification of lipid content.  

In previous work from the Shanklin and Schwender Labs, we expressed an Arabidopsis 
WRINKLED1, (WRI1) the master transcriptional activator of fatty acid synthesis in Lemna 
japonica line Lj8627.  This resulted in <1% of DW of TAG along with large reduction in growth 
rate along and significant developmental abnormalities.  Next, we constructed a CFP-N 
terminally tagged version of the Arabidopsis WRI1 under the control of inducible estradiol 
inducible XVE promoter, co-expressed with a sesame Oleosin 1 gene variant, (ROGUE 
Biosystems Design) in which its degradation signals had been minimized to optimize its TAG 
protective function, along with a very strong mammalian DGAT2 (CABBI Energy Center 
funding) to create Lj8627-33 (ODW) transgenics.  Growth of OWD transgenics cultured in the 
presence of 100uM estradiol for four days resulted in the accumulation of 16.4% total fatty acid 
by DW compared to 5.2% in the parental line and 8.7% TAG per DW compared to 0.07 (124-
fold increase). Subsequent detailed analyses confirmed strong TAG production and accumulation 
of very long chain fatty acids in TAG, but revealed that estradiol induction of WRI1 in ODW 
lines results in an allocation tradeoff of starch to TAG and a reduction in growth rate. Work is 
underway to evaluate the extent of lipid futile cycling and to model biomass synthesis using 
physiological, biochemical, and transcriptomic data to understand the growth rate reduction and 
inform strategies for mitigation.  

Funding for this project is provided by the DOE Office of Biological & Environmental Research 
(DE-SC0018244). 
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Project Goals: In order to convert methoxylated aromatics that originate from lignin hydrolysis 
into bioproducts it is critical to manage the toxicity of formaldehyde that is generated internally 
from these methoxy groups. We have discovered both novel genetic factors in Methylobacterium 
extorquens involved in managing formaldehyde toxicity and a key role for cell-to-cell variability 
in key phenotypes. As such, our goals are to (1) identify physiological hurdles to growth/viability 
and production, (2) assess the environmental influence upon single cell heterogeneity in these 
traits, and then (3) generate genetic combinations from targets uncovered in 1 and use a model-
driven approach to synthesize knowledge regarding heterogeneous phenotypes uncovered in 2 to 
generate strains with improved butanol production and optimized combinations of environmental 
variations. 

Abstract Text: Lignin-derived compounds from plant biomass are amongst the most recalcitrant 
for microbial conversion. Hydrolysates contain a wide variety of aromatic molecules, which are 
often toxic. Furthermore, a particular issue with these molecules is that many of them are 
methoxylated: these methoxy groups are released as formaldehyde during degradation, which 
creates a second source of toxicity that can challenge standard heterotrophs. In an earlier DOE 
project, we discovered that some Methylobacterium strains grow exceptionally well on 
aromatics, and do not release formaldehyde into the medium from the methoxy groups present, 
unlike classic systems for aromatic degradation (e.g., Pseudomonas putida). One reason 
methylotrophic bacteria may be well suited for utilizing methoxylated aromatics is their high 
capacity to produce and consume formaldehyde internally during growth on single-carbon 
compounds like methanol. Beyond this, however, both Marx and Martinez-Gomez have recently 
discovered that methylotrophs also have a complex formaldehyde stress response involving 
multiple sensors and response proteins, as well as the unexpected involvement of lanthanide-
dependent dehydrogenases. 

We have been developing Methylorubrum (formerly Methylobacterium) extorquens  into a 
model system for degradation of methoxylated aromatics. Recently we have uncovered that both 
formaldehyde stress response sensors and the lanthanide-dependent systems are needed for 
effective vanillic acid utilization. In our current project, we discovered that the aromatic 
backbone converts acetyl-CoA and β-ketoadipate into acetoacetate and succinyl-CoA, this allows 
carbon to flow efficiently into the species’ high-flux glyoxylate-regeneration pathway from 



which our target product, butanol, is produced. An advantage of targeting butanol is that the 
same glyoxylate-regeneration pathway is naturally used to generate the internally-accumulated 
compound, poly-β-hydroxybutyrate (PHB). As such, we leverage PHB as a reporter, a 
visualizable single-cell proxy for production capacity through this pathway that can guide our 
design process. 

We have found that a fundamental challenge to developing M. extorquens into a catalyst for 
conversion of lignin-derived methoxylated aromatics into butanol is that populations exhibit 
tremendous cell-to-cell variability in key phenotypes. We have discovered significant 
heterogeneity in growth, viability, PHB production, and even internal accumulation of lanthanide 
granules. We hypothesize that the physiological thresholds that lead to cell-to-cell variability will 
also exist for mutations or environmental variables that affect the same processes. Indeed, we 
have observed examples of both genetic interactions between beneficial mutations and with 
environmental parameters such as substrate concentration consistent with this hypothesis. This 
variability amongst cells and the fundamental role of stress responses indicate that stability of 
growth and production, and not just catalytic capacity, is paramount to develop effective growth 
and production from these difficult feedstocks. 

Our project combines genome-scale approaches that will broadly identify the physiological 
hurdles cells face in growth and production from vanillic acid with a suite of single-cell 
approaches to examine phenotypic heterogeneity. In particular, a new optical method developed 
by Vasdekis to assay PHB in single, live cells will permit us to examine the correlations between 
growth, stress response, and production in an unprecedented manner. Using a model of 
heterogeneity as a guide, we can then combine our learnings from genetic underpinnings and 
their impact on single-cell physiology to develop improved strains of M. extorquens for 
conversion of vanillic acid to butanol. In the process, we will develop and demonstrate a novel 
approach that embraces phenotypic heterogeneity as a major source for future innovation in 
DOE-relevant biosystems design. 

Funding Statement: This research was supported by the DOE Office of Science, Office of 
Biological and Environmental Research (BER), grant no. DE-SC0022318. 
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Project Goals: To engineer a non-model bacterium, Novosphingobium aromaticivorans, for 
valorization of depolymerized lignin to value-added bioproducts. The project involves (1) 
discovery and optimization of pathways for assimilation of lignin-derived aromatic compounds, 
(2) engineering conversion pathways that match the stoichiometry of aromatic catabolism, and 
(3) development of genome-scale mapping techniques to identify new engineering targets in non-
model bacteria.  
 

Lignin is one of the abundant renewable materials found in nature. This heterogeneous 
aromatic polymer is composed of a variety of p-hydroxyphenyl (H), guaiacyl (G), and syringyl 
(S) monomers that are connected by diverse chemical linkages. Lignin valorization would 
improve biofuel economics, potentially through bacterial conversion of thermochemically 
depolymerized lignin into valuable bioproducts. Novosphingobium aromaticivorans F199 is an 
Alphaproteobacterium capable of degrading G, S, and H monomers and, due to its genetic 
tractability, is an emerging model organism for conversion of lignin-derived aromatic 
compounds. However, F199 cannot natively catabolize every component of depolymerized 
lignin, which limits conversion yields.1 

We are identifying new aromatic degradation pathways to increase the catabolic potential 
of F199, using a combination of barcoded transposon insertion sequencing, proteomics, and in 
vitro biochemistry. We demonstrated this approach with the aromatic monomer syringate,2 the β-
1 linked dimer 1,2-diguaiacylpropane-1,3-diol (DGPD),3 and, more recently, the monomer 
guaiacol. However, there are multiple aromatic compounds for which F199 lacks the necessary 
catabolic pathway. We have previously isolated additional Sphingomonads that metabolize 
several of these compounds and are currently identifying and characterizing the relevant 
pathways for transfer to F199. These new strains include a Novosphingobium isolate that can 
assimilate the β-β linked dimer pinoresinol and a Sphingobium isolate that is remarkably similar 
at the genetic level to Sphingobium sp. SYK-6 and can likewise assimilate the 5-5 linked dimer 
dehydrodivanillic acid (DDVA).  

In addition to introducing new pathways, we are also optimizing native assimilation 
pathways in F199 to efficiently channel more lignin-derived carbon into central metabolism 
intermediates. Simultaneously, we are converting the resulting intermediates into value-added 
products, such as building blocks for bio-derived polymers. Finally, to better understand the 
effect of host genetic variation on pathway function, we are adapting a novel technique, bacterial 
quantitative trait locus (QTL) mapping, to F199. We have demonstrated intraspecific 
recombination between strain of N. aromaticivorans and are currently studying and optimizing 
this process. By combining novel pathway discovery, heterologous expression, and optimization, 
we are engineering N. aromaticivorans F199 to be more efficient at valorizing lignin-derived 
compounds.  
 



This work was supported by the U.S. Department of Energy Office of Science, through the Office 
of Biological and Environmental Research (BER) Early Career Research Program. Preliminary 
data was collected through the BioEnergy Science Center and Center for Bioenergy Innovation, 
Bioenergy Research Centers funded by BER. 
 
1. Azubuike, C. C., Allemann, M. N. & Michener, J. K. Microbial assimilation of lignin-
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Project Goals: High-throughput omics technologies have made the assembly of microbial 
genomes recovered from the environment routine.  Computational inference of the protein 
products encoded by these genomes, and the associated biochemical functions, should allow for 
the accurate prediction and modeling of microbial metabolism, organismal interactions, and 
ecosystem processes.  However, a lack of scalable, probabilistic protein annotation tools limits 
the full potential of metabolic modeling.  Our approach to inference of improved models relies 
on developing new computational tools in three main areas: 1) improved protein annotations, 2) 
iterative cycles of gap-filling metabolic models with improved protein annotations and informing 
probabilistic protein annotations based on metabolic models, and 3) integrating improved protein 
annotations with community-level flux balance metabolic models.  We aim to make these tools 
broadly accessible via the DOE Systems Biology Knowledgebase (KBase)1. 
 
Abstract Text: To improve the inference of protein annotations, we have made improvements 
over the past year to the comprehensive annotation pipeline, Distilled and Refined Annotation of 
Metabolism (DRAM)2. We have significantly improved DRAM to incorporate new functionality, 
bug fixes, and speed gains, to improve the speed and sensitivity of viral annotations, to allow for 
custom HMM sets, and to expand the metabolic repertoire (e.g. polymeric carbons / polyphenols, 
carbohydrates, organic nitrogen / methylamines, and bile salts). We have also improved 
annotation precision by including gene-customized cutoffs for specific functional genes that are 
problematically annotated using homology, as well as visual validation with pre-constructed 
phylogenetic trees. In summary, DRAM now provides faster, phylogenetically informed 
community profiles and genome annotations. 
We have also improved the model reconstruction pipelines in KBase to directly utilize improved 
annotations from the DRAM KBase app3. Metabolic models are now capable of representing 
many ecologically important metabolisms, including methanogenesis, nitrogen cycling, and 
sulfur reduction. DRAM annotations of viral genomes are now in the KBase infrastructure and 
integrated to automatically ingest outputs from other virus-specific applications on KBase 
(e.g.VirSorter). Ultimately, our improvements to DRAM alongside tight KBase integration will 
lead to more accurate community metabolic models of microbiome systems. 



We are also evaluating these improved annotations and model reconstructions with experimental 
data.  We computationally predicted growth of 350 genomes on 60 carbon sources, comparing 
the predicted phenotypes with experimentally observed data from Biolog studies. Although 
DRAM and RAST individually performed with similar accuracy, RAST displayed more false 
negatives while DRAM displayed more false positives in comparison with experimental data. 
However, a gap-filling approach combining RAST and DRAM annotations boosted accuracy 
dramatically, while also identifying gene candidates for many gapfilled reactions. This gapfilling 
approach requires a priori knowledge of phenotypes to work; to provide this knowledge for a 
much broader set of genomes (including MAGs), we also developed machine learning classifiers 
to predict phenotypes based on annotated gene functions genome-wide. 
Now that we have an established cyberinfrastructure with integration of high-quality annotations 
and models, we can next evaluate the scalability and performance using more complex datasets. 
As a use case, we demonstrate these improvements to genome annotation and modeling using 
Metagenome Assembled Genomes (MAGs) from the Genome Resolved Open Watersheds 
database (GROWdb). This growing resource samples a large number (currently 250) of river 
microbiomes worldwide, and offers a metadata-rich, complex, real-world dataset with which to 
evaluate the utility and scalability of our annotation and modeling efforts in KBase. We have 
ingested a snapshot of 163 samples from US surface waters into KBase, including genome-
resolved metagenomics, extensive geospatial metadata, metatranscriptomics, and metabolomics 
(FT-ICR). To inform metabolic modeling, we used DRAM to genomically inventory the 2,093 
nonredundant surface-water-derived MAGs for complete energy biosynthesis systems and 
analyze these results organized by phylogeny and geospatial metadata.   
Finally, over the last year, we have focused on developing improved representations for 
biological sequence data by adapting universal language models from the Natural Language 
Processing (NLP) community for two specific applications: protein annotation and taxonomic 
binning.  We are currently extending the ProteinBERT model4 to 1) use the primary protein 
sequences to derive representations for the sequences in an unsupervised manner, and 2) utilize 
Enzyme Commission (E.C.) annotations for supervised training of the model to capture global 
representations of function.  These models can be extended with other global features, such as 
E.C. numbers of adjacent genes, or inferred 3D protein structure classes.  Encouraged by the 
improvements to metabolic modeling we have shown above when using multiple annotation 
sources, we will add an additional, orthogonal NLP-based annotation using these approaches.   
References: 
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Project Goals 
 
Recent analysis of hundreds of thousands of public microbial genomes has resulted in the 
discovery of over a million biosynthetic gene clusters (BGCs). However, the connection of these 
BGCs to their molecular products has not kept pace with the speed of microbial genome 
sequencing. Currently, the molecular products for the majority of BGCs remain unknown. Global 
natural product social (GNPS) molecular networking infrastructure harbors billions of mass 
spectra of natural products with unknown structures and BGCs. In order to bridge the gap between 
large scale genome mining and mass spectral datasets for natural product discovery, we developed 
hypoNPAtlas, an Atlas of hypothetical natural product structures, which can be readily used for in 
silico database search of tandem mass spectra. HypoNPAtlas is constructed by mining the genomes 
of 22,671 microbial strains from the RefSeq database using seq2ripp, a novel machine learning 
tool for prediction of ribosomally synthesized and post-translationally modified peptides (RiPPs). 
Searching the hypothetical molecules from our Atlas against 46 mass spectral datasets from GNPS 
resulted in the discovery of numerous RiPPs, including two novel lassopeptides and one 
lanthipeptide from Streptomyces sp. NRRL B-2660, WC-3904 and WC-3560. Moreover, seq2ripp 
discovered two plant RiPPs from Oryza sativa and Elaeagnus pungens with a novel post-
translational modification (PTM) [1]. 
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Project Goals: The goal is to develop a consolidated biological process to upcycle waste 

polyethylene terephthalate. 

Abstract Text:  

The use of petroleum-based products has negative impacts on our planet, leading to climate 
crisis. Polyethylene terephthalate (PET) represents 8% of global solid waste. PET chemical recycling 
has been an option to solve this global problem, but it suffers from its relatively high process cost 
and the extremely low price of virgin PET. One solution to address this issue is to upcycle waste 
PET rather than recycle it to generate the same PET typically with low quality. PET upcycling can 
be achieved by depolymerizing PET into terephthalic acid (TPA) and ethylene glycol (EG) and 
biologically converting these monomers into value-added products. However, there are only a 
handful of reports demonstrating microbes capable of growing on both TPA and EG generated from 
PET as sole carbon sources. To overcome this limitation, we have performed strain screening to 
discover a Rhodococcus strain RPET that can grow well on the alkaline hydrolysis products of PET 
as the sole carbon source without any purification step. Notably, this strain can grow on a mixture 
of TPA and EG at extremely high concentrations (up to 0.6M) and high osmolarity resulting from 
alkaline hydrolysis and pH neutralization. The resultant media supported RPET’s growth without 
any purification and sterilization step except for their dilution to make up to 0.6M of monomer 
concentrations. In addition, many synthetic biology tools, developed for a related species 
Rhodococcus opacus (1,2), were functional in RPET, facilitating its engineering. We will discuss 
our effort to develop this novel chassis for waste PET valorization with PET conversion into 
carotenoids and muconate as two demonstration products (3). 

1. DeLorenzo, Rottinghaus, Henson, Moon. 2018. ACS Synthetic Biology 7:727-38 
2. DeLorenzo, Diao, Carr, Hu, Moon. 2021. An improved CRISPR interference tool to 

engineer Rhodococcus opacus. ACS Synthetic Biology 10:786-98 
3. Moon et al. 2021. U.S. Provisional Patent Application  
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Project Goals: This project seeks to elucidate key microbiological and geochemical controls 
on nutrient exchange within the rhizosphere and the role that spatial organization within 
the root-rhizosphere-soil continuum plays in directing nutrient acquisition by the host 
plant. Spatially resolved understanding of nutrient exchange through this dynamic zone 
will identify key variables that may form part of an effective rhizosphere management 
program targeting enhanced plant productivity. Our aims are directed towards identifying 
the microbial and geochemical factors that stimulate enhanced plant investment (in the 
form of root exudation) into specific regions of the rhizosphere and assessing the 
implications of this carbon input on the microbial and geochemical response.  
 
While small in physical stature, rhizosphere embodies the dynamic interface between plants and 
soil and can impart profound impacts on overall plant performance. Rhizosphere development is 
spurred by carbon delivery into the subsurface through a variety of plant processes collectively 
termed rhizodeposition. In this work, we are probing the ability of plants to spatial focus their 
subsurface carbon delivery in response to the heterogenous 
distribution of nutrients typical of soils. Rhizodeposition can be 
viewed as an investment by the plant, used to establish 
beneficial microbial and geochemical relationships to enable 
more effective nutrient extraction from soil and to help 
maintain defenses against pathogens and environmental 
stresses. The intense spatial heterogeneity in nutrient 
distributions in soil exemplifies the potential advantage 
conferred to a plant by spatially focusing its carbon investment 
at specific location conducive to highest nutrient 
extraction/return. Previous studies demonstrated a phenomenon 
of root proliferation in even small zones of increased nutrient 
availability within soil. Here, we are applying a multi-faceted 
approach to attempt capturing the functional plasticity of roots 
themselves, the resulting implications on the rhizosphere 
microbiome, and the propagation of these effects on plant 
growth. As a test platform, we cultured switchgrass (Panicum 
virgatum, var. Cave-in-rock) under marginal conditions in 
rhizoboxes containing a mixture of sand (as a low-nutrient 
growth medium to establish marginal growth conditions) and 
soil harvested from the Kellogg Biological Station (Hickory 
Corners, MI; to serve as a microbial inoculum and nutrient 
source). Within these rhizoboxes, we established a thin (approximately 1 cm in vertical 
thickness) horizon of soil amended with various nutrient resources included organic/inorganic 

 
Figure 1: Sample set up utilized a 
series of rhizoboxes having a 
horizontal resource amendment 
midway through the rooting zone as 
seen above in the darkened soil band.  

mailto:james.moran@pnnl.gov


phosphorus, chitin, or a combination of organic phosphorus and chitin. We applied a a stable 
isotope tracer (13CO2) in concert with bulk isotope analysis, leveraged proteomic analysis to 
identify microbial uptake of plant-derived carbon, applied a chitinase enzyme mapping technique 
to spatially map enzyme activity, and tracked carbon transformations. Combined, we attempted 
to quantify the resulting plant-microbe adaptation to the applied nutrient heterogeneity.  
 
We observed increased plant biomass in the experimental replicates containing a thin horizon of 
chitin-amended soil as recorded through larger aboveground biomass production. While we 
leveraged our 13CO2 tracer to observe root exudation in all systems containing a plant, we 
observed the highest rates of root exudation specifically in the chitin-amended samples. Most 
importantly, in agreement with our hypothesis related to the ability of plants to spatially focus 
their carbon deposition, the increased root exudation was spatially focused within the chitin 
amendment zone and dropped off above and below this layer. The spatial focusing of root 
exudation was not observed in our controls nor in systems amended with various forms of 
phosphorus, suggesting this phenomenon was motivated by the presence of chitin, likely as a 
source of nitrogen.  
 
To leverage increased carbon supply toward improved 
nutrient extraction from the amended chitin, it needs to 
first be broken down to release its organic nitrogen. We 
developed a fluorescent-based mapping approach for 
tracking chitinase activity in these systems. Briefly, we 
removed the rhizobox side panel and performed a 
membrane blotting technique to extract chitinases from 
the soil. We synthesized and applied a molecular chitin 
surrogate containing a fluorescent probe which becomes 
activated upon reaction with chitinase. Importantly, this approach more closely tracks chitinase 
potential activity versus quantifying in situ rates. Still, we observed a statistical increase in 
chitinase activity spatially focused within the amended band. We are following up on these 
observations by performing a more thorough proteomic analysis with specific attention to the 
exchange of plant derived carbon (here containing a 13C tracer) into proteins associated with 
various microbial taxa to assess the impact of the observed changes on the rhizosphere 
microbiome.  
 
Taken together, we sought to test the hypothesis that plant roots can spatially regulate their 
interactions with soil to target regions with higher potential for resource extraction. When grown 
in simulated marginal growth media, we observed spatial focusing of switchgrass root exudates 
and associated chitinase activity within a thin band of soil amended with chitin and that these 
plants outperformed experimental control cohorts. We are furthering this study to explore 
selective shifts in plant-microbe carbon transfers accompanying these spatially applied nutrient 
amendments to gain insights to the mechanisms supporting spatially driven subsurface responses. 
Understanding the adaptability and drivers that guide subsurface carbon flow can help contribute 
to better plant performance in marginal soils and inform future efforts to direct carbon deposition 
in soil systems to specific locations or horizons.  
 
This research was supported by the U.S. Department of Energy (DOE), Office of Biological and 
Environmental Research (BER). This contribution originates from an Early Career Research Award 
granted at the Pacific Northwest National Laboratory (PNNL). 

 
Figure 2: We developed a molecular chitin 
surrogate that, when cleaved by a chitinase 
enzyme, activates a fluorescent tag for spatially 
tracking chitinase activity.  
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Project Goals: 

The overall aim of this project is to advance our understanding of the microscopic complexity 
of non-sterile engineered hydrocarbon systems as they evolve from completion into mature 
use. Here, we characterize the effects of salinity and hydraulic retention time (HRT) on 
membrane features of persistent shale taxa. 

Deep subsurface shale reservoirs are increasingly being engineered in the United States and 
globally using unconventional techniques including horizontal drilling and hydraulic fracturing, to 
meet rising demands for natural gas which is a cleaner alternative energy source to other fossil 
fuels. Halotolerant anaerobic microbial communities, dominated by Halanaerobium, colonize 
fractured shale and adapt to extreme subsurface conditions such as anoxia, elevated pressure, 
brine-level salinities and high temperatures. Despite the role these microorganisms play in altering 
biogeochemical reactions, effective energy capture, and well longevity, in situ growth kinetics and 
activities, including interactions with fluids and shale matrices are poorly understood. The 
microbial membrane protects the cell from external stressors and mediates critical physiologies, 
including transport, metabolism, aggregation and cell-surface interactions. Membrane functions 
are associated with the activities of peripheral and integral proteins, which in turn depend on 
biophysical properties such as bilayer symmetry, viscosity, curvature, elasticity and thickness. 
These properties are collectively dictated, to a large extent, by the membrane lipidome comprised 
of polar head groups and hydrophobic fatty acid tails.  

For Halanaerobium and other persistent microbial taxa of fractured shale, salinity and hydraulic 
retention time (HRT) are important perturbants of cell membrane structure. Hence, we used a suite 
of analytical techniques including gas chromatography-mass spectrometry (GC-MS), dark-field 
hyperspectral imaging, dynamic light scattering and atomic force microscopy to investigate the 
effects of salinity (7%, 13% and 20% NaCl) and HRT (19.2 h, 24 h and 48 h) on membrane fatty 
acid composition and mechanics of Halanaerobium congolense WG10 and mixed enrichment 
cultures from hydraulically fractured wells in West Virginia. For these experiments, cultures were 
grown in chemostat vessels operated in continuous flow mode under strict anoxia and constant 
stirring. Our findings show that salinity and HRT induce changes in membrane fatty acid chemistry 
and biophysical properties of H. congolense WG10 in distinct and complementary ways. Notably, 
under suboptimal salt concentrations (7% and 20% NaCl), H. congolense WG10 elevates the 
proportion of polyunsaturated fatty acids (PUFAs) in its membrane, and this results in an apparent 
increase in fluidity (homeoviscous adaptation principle) and an experimentally-determined 
decrease in bilayer elasticity (Figure 1). Taken together, these results provide insights into our 
understanding of how environmental and engineered factors might disrupt the physical and 
biogeochemical equilibria of fractured shale by inducing physiologically relevant changes in the 
membrane of persistent microbial taxa.  

mailto:chikajude.ugwuodo@unh.edu


  
Figure 1. Salinity induces changes in membrane fluidity and elasticity of Halanaerobium 
congolense WG10. 

Funding Statement: This research was funded by the U.S. Department of Energy, EPSCoR, 
Office of Science, Office of Biological and Environmental Research (BER), grant no. 181078 
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Project Goals: Our long-term objective is to exploit bacterial aromatic compound metabolism for 
biotechnology. Applications range from lignin valorization to the degradation of environmental 
pollutants. A critical first step is to expand natural pathways using foreign and modified genes to 
create synthetic pathways with high conversion efficiency. A soil bacterium, Acinetobacter baylyi 
ADP1, is being used in this project to create a novel route for the catabolism of syringol, an 
aromatic component derived from lignin pyrolysis. To enable syringol consumption, for which 
there is no known metabolic route, we are combining parts of characterized pathways. Biosensors 
are being developed to facilitate the modification of enzyme substrate specificity, and laboratory 
evolution is being used for growth-based selection. The genetic malleability and catabolic 
versatility of this strain make it an ideal host for synthetic pathways. New catabolic functions can 
be used in ADP1 and/or ported for use in other organisms.  

Abstract Text: Lignin is a vastly underutilized renewable resource. Initial processing yields a 
heterogenous mixture of compounds, including many aromatics. One approach to produce 
commercially valuable compounds from a lignin-derived mixture is to funnel as much carbon as 
possible through bacterial central metabolism and then into a desired product. To increase the 
consumption of lignin-derived mixtures by A. baylyi ADP1, our goal is to expand its repertoire for 

using lignin-derived aromatics. There is no 
known route for biological degradation of 
syringol. The development of a novel route for 
syringol degradation would contribute to 
lignin valorization and to a generalizable 
method to create catabolic modules. A three-
part pathway was designed with candidate 
enzymes (indicated for each step, Fig. 1). 

Multiple strains were constructed with 
foreign/synthetic DNA integrated in the 
ADP1 chromosome. To obtain a functional 
pathway, we are using two approaches: (1) a 
method for growth-based selection and 
evolution and (2) a method for improvement 
based on the ability of biosensors to detect 
pathway intermediates independently from 
growth. Fig. 1. Synthetic pathway for syringol catabolism 



The first approach involves selection for growth on syringol during adaptive evolution with a 
method called EASy (Evolution by Amplification and Synthetic Biology) [1]. This method 
specifically amplifies a chromosomal region of ADP1, leading to a tandem array of that region. 
Multiple gene copies increase enzyme expression, thereby enhancing catalytic activity of a non-
optimal enzyme. In addition, gene duplication provides a larger segment of DNA for the 
occurrence of advantageous mutations. In short, EASy is a way to offer an advantage to engineered 
strains prior to selective growth. Unlike in previous applications, I sought to amplify two different 
chromosomal regions of the same strain. The goal of this novel use of the method is to increase 
the number of copies of genes encoding separate parts of the pathway independently to prevent 
the accumulation of toxic intermediates. I successfully accomplished the simultaneous and 
independent EASy amplification of two chromosomal regions. Numerous amplified strains were 
constructed, and qPCR confirmed a wide range of the number of genes and different ratios of gene 
dosage in the two regions. These strains provide the starting cultures for laboratory evolution. 

Since growth is an imperfect metric for enzyme activity, a parallel approach is being used to create 
this pathway: biosensor-based detection of pathway intermediates. Strains were constructed to 
express an O-demethylase variant GcoA(F169)B that demethylates syringol [2] (Fig. 1). To 
optimize this activity in our pathway, a biosensor is being developed to detect the reaction product, 
pyrogallol. For this purpose, we successfully respecified a biosensor that detects a similar 
compound [3] to detect pyrogallol in E. coli. An approximately two-fold response to pyrogallol 
was observed with no induction by its native inducer. Current work will improve the range of 
fluorescent response to pyrogallol, and this biosensor will be introduced into ADP1.  

Initial successes with both approaches provide a foundation for continuation. Expansion of the 
“traditional” EASy method allows us to select the optimum ratio of initial gene expression in a 
pathway. Strains with various gene dosages are being used in experiments to select for growth on 
syringol. To complement this approach, we will improve biosensors for the detection of pyrogallol, 
allowing us to perform directed evolution of strains based on pathway flux rather than growth. 
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Project Goals: The Pacific Northwest National Laboratory Persistence Control Scientific Focus 
Area is focused on developing fundamental understanding of factors governing the persistence of 
engineered microbial functions in rhizosphere environments. From this understanding, we will 
establish design principles to control the environmental niche of native rhizosphere microbes. In 
our first funding period, we are examining the efficacy of genome reduction and metabolic 
addiction to plant root exudates in environmental isolates as persistence control strategies using 
the bioenergy crop sorghum and defined microbial communities as a model ecosystem. Effective 
persistence control will lead to secure plant–microbe biosystems that promote stress-tolerant and 
highly productive biomass crops. Our supplemental KBase collaboration project to develop a 
protein functional annotation tool and reference database will support robust evaluation and 
modeling of SFA project systems and be broadly applicable to general microbiome research. 

Abstract Text: Advances in sampling and sequencing technologies have led to rapid expansion 
of the size of microbial sequence databases and the diversity they represent. Existing functional 
annotation tools are not built to scale with current or anticipated large datasets and are 
increasingly hampered in their ability to perform analyses due to the time or hardware 
requirements.  Annotation resources based on protein families can accelerate searches but require 
curation during construction and maintenance as additional sequence diversity is discovered. 
Should funding to support these tasks be lost, these resources will not keep pace with sequence 
information. We propose that a process compressing protein sequence space and constructing 
universal protein families would be a scalable and computationally efficient solution to this 
grand challenge in computational biology, capable of accurately predicting membership of 
unobserved sequence diversity. 

Here we present Snekmer, a Python tool which constructs protein family models based on short 
subsequences of length k (kmer) profiles of protein sequences recoded into reduced-complexity 
character sets. The program is configurable by recoding scheme and kmer length. Snekmer has 
two modes of operation: 1) modeling a user-provided protein family and searching for members 
of the family from a collection of sequences; 2) unsupervised clustering of an input dataset and 
construction of protein family models for each identified cluster. In each mode, the sequences 
provided are first recoded into a user-specified reduced character alphabet. Several alphabets of 
varying complexity are available. The alphabets group amino acids with similar chemical 
properties and/or high observed frequency of substitution. The proteins are then divided into 
kmers – subsequences of length k – and represented as vectors of kmer composition (simple 
binary presence/absence). Snekmer machine learning algorithms input the vectors for supervised 
classification model construction or unsupervised clustering. We will deploy the code under an 
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open-source license on github and implement Snekmer as an app in the DOE Systems Biology 
Knowledgebase (KBase). 

We are exploring the utility of Snekmer for the Persistence Control SFA by modeling proteins 
hypothesized to be important for catabolizing sorgoleone, a compound exuded by sorghum 
plants which is an attractive substrate to demonstrate persistence control through metabolic 
addiction. The models are being used to search bulk soil and rhizosphere microbiome 
metagenomic data sets to determine distribution of these genes in communities under different 
selective conditions. 

Funding Statement: This research was supported by the U.S. Department of Energy (DOE), 
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Project Goals: Our overarching research goal is to engineer the green alga Chromochloris
zofingiensis for the production of biofuels. Our strategy involves large-scale multi-omics systems
analysis to understand the genomic basis for energy metabolism partitioning as a consequence of
carbon source. Enabled by cutting-edge synthetic biology and genome-editing tools, we will
integrate the systems data in a predictive model that will guide the redesign and engineering of
metabolism in C. zofingiensis.

C. zofingiensis is an emerging model system for the production of biofuels and bioproducts. It is an
especially attractive system because it produces astaxanthin along with a large amount of lipids.
Astaxanthin is a high value product (~$7,000 per kilogram) with uses in the pharmaceutical, nutraceutical,
and cosmetic industries. It also demonstrates high levels of triacylglycerol accumulation and low
photosynthetic productivity when additional organic carbon sources are provided1, making it ideal for
metabolic or genetic engineering focused on increasing algal lipid production.

First, we created a genome-scale metabolic model of this organism, iCre19252, using a new computational
algorithm, Rapid Annotation of Photosynthetic Systems3 (RAPS). The results of flux balance analysis
(FBA) studies conducted using this model predicted the excretion of lactate, among other products when
C. zofingiensis is grown on glucose. This prediction was later affirmed with experimental data on
extracellular metabolites in C. zofingiensis cultures.

To investigate intracellular flux distributions during C. zofingiensis growth on glucose, an isotopically
assisted metabolic flux analysis (MFA) experiment was performed. A model of central metabolism was
created by pulling 140 reactions from iCre1925. Atom transitions were assigned for each reaction, and
this network was then simplified by combining series of linear reactions to ease computational load in
running simulations. A combination of 13C labeled glucose tracers was chosen for this experiment based
on isotopic tracer simulations performed on central metabolism. C. zofingiensis cultures were grown in
the presence of this labeled substrate until isotopic steady state was reached, at which point the culture
was harvested and samples quenched for metabolite analysis. Amino acids, organic acids, and sugars were
derivatized from labeled biomass and analyzed via GC-MS to determine mass isotopomer distributions
(MID) for relevant fragments. This MID data was used along with experimentally determined uptake and
excretion fluxes and the central metabolic network model to calculate intracellular fluxes using the
isotopomer network compartmental analysis (INCA) software package. Results of this analysis indicate
that glucose is transported to the plastid after uptake and is either directed into starch biosynthesis or

https://sites.google.com/view/czofingiensis/home


utilized by the pentose phosphate pathway (PPP). This high flux through the PPP seems to indicate a need
for reducing equivalents in the plastid, which is consistent with the high energy requirements for
astaxanthin synthesis. Future MFA studies will be needed to continue probing intracellular flux
distributions under various perturbations.

To generate additional phenotypic data for model refinement, we conducted a C. zofingiensis time-course
experiment, by analyzing its metabolome and measuring alterations in media composition resulting from
algal growth. During the heterotrophic growth of C. zofingiensis, we observed a decreased concentration
of intermediates of the tricarboxylic acid cycle and amino acids, indicating a possible redirection of
energy flux toward triglyceride synthesis. Our results showed that C. zofingiensis secreted more diverse
exometabolites during its heterotrophic growth stages when supplemented with glucose. We find that C.
zofingiensis has a clear nutrient (carbon/nitrogen source) preference order and recaptures secreted
metabolites when the exogenous glucose is limited. To examine this observed diauxic growth in more
detail, we screened 15 carbohydrates, including pentose, hexose, disaccharide, trisaccharide, to investigate
their abilities to suppress algae photosynthesis and support heterotrophic growth. From this found that
four hexoses: glucose, fructose, galactose, and mannose are able to serve as organic carbon sources for
heterotrophic growth yet not all of these sugars were observed to inhibit algal photosynthesis.

The metabolic model that has been developed, used in combination with this extensive data set, has great
potential to provide insights into this organism's metabolism and elucidate dramatic metabolic shifts
within the organism. This will enable informed strain engineering strategies to maximize lipid
productivity in this organism.
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Project Goals: Our overarching research goal is to design and engineer high-level production 
of biofuel precursors in photoautotrophic cells of the unicellular green alga Chromochloris 
zofingiensis. Our strategy involves using large-scale multi-‘omics systems analysis to 
understand and model the genomic basis for how the energy metabolism of the cell is 
redirected based on the carbon source. Here, we focus on elucidating the effects of nutrients 
and the master regulator target of rapamycin (TOR) kinase on regulation of photosynthesis 
and metabolism to ultimately improve production of biofuels and bioproducts. 
 
Microalgae have the potential to become a major source of biofuels and bioproducts without 
exacerbating environmental problems. Photosynthetic microbes can utilize solar energy, grow 
quickly, consume CO2, and be cultivated on non-arable land. However, there are presently 
considerable practical limitations in the photosynthetic production of biofuels from microalgae, 
resulting in low productivity and high costs. Insight into regulation of photosynthesis and 
metabolism will accelerate bioengineering of microalgae to maximize production of biofuels and 
bioproducts.  
 
Photosynthetic organisms respond to multiple signals to produce, use, and store energy in diverse 
environments. We have exploited proteomics in the oleaginous green alga Chromochloris 
zofingiensis to understand the influence of essential nutrients and master regulators of energy 
pathways on photosynthesis and the accumulation of biofuel precursors. Previously, we showed 
that glucose (Glc) sensing and signaling via hexokinase (HXK1) increases growth, enhances 
triacylglycerol accumulation (TAGs), and completely switches off photosynthesis (1, 2). However, 
here, we found that the switching off of photosynthesis only occurs under iron deficiency. 
Multifactorial proteomics revealed that C. zofingiensis switches off photosynthesis to prioritize 
iron resources for respiration and de novo fatty acid synthesis. Our combinatorial iron and Glc 
experimental design effectively identified novel candidates involved in photosynthetic regulation, 
lipid accumulation, and iron partitioning across algae and plants.  
 



Furthermore, we investigated the role of TOR kinase in Glc perception in C. zofingiensis. In the 
plant Arabidopsis thaliana, Glc sensing and signaling pathways are regulated by TOR kinase, and 
together they are important for the regulation of growth and metabolism. In algae, in contrast, the 
role of TOR kinase in glucose signaling and regulation of photosynthesis is unknown. Using the 
TOR kinase domain inhibitor AZD8055, we found that TOR inhibition causes inhibition of 
photosynthesis and accumulation of TAG and ketocarotenoids in C. zofingiensis, a phenotype 
similar to the Glc-mediated switch. However, TOR inhibition in the presence of glucose prevents 
biomass accumulation, whereas glucose on its own promotes accumulation of biomass. Using a 
phosphoproteomic approach, we identified novel targets of TOR kinase, whose phosphorylation 
changes in response to TOR kinase inhibition by AZD. Intriguingly, many proteins involved in 
TAG degradation appear to be targets of phosphorylation by TOR kinase. We also found that 
inhibition of TOR kinase resulted in mobilization of major membrane lipids into TAGs and not de 
novo TAG biosynthesis as was observed upon Glc addition. Altogether, these studies show the 
power of using C. zofingiensis for gene discovery and pathway elucidation related to nutrient 
physiology, photosynthesis, and carbon flow regulation, which will enable metabolic redesign and 
bioengineering for sustainable biofuels.    
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Project Goals: The fundamental research goal of this project is to design and engineer 
photoautotrophic green algae for scalable production of biofuel precursors and higher value 
bioproducts. Results from a series of “multi-omic”systems analyses of the model Chlorophyte, 
Chlamydomonas reinhardtii, and an oleaginous relative, Chromochloris zofingiensis, have 
improved our understanding of the genomic basis for remodeling of energy metabolism as a 
consequence of carbon source. Additional transcriptomic and proteomic analyses of 
Chromochloris under macro- and micro-nutrient stress conditions will provide information about 
how the organism maintains photosynthesis. Leveraging discoveries from green algal genomics, 
transcriptomics and proteomics, we are now building and applying new synthetic biology tools to 
modify metabolism in the genetically tractable, oleaginous Trebouxiophyte, Auxenochlorella 
protothecoides. 
 
Rationale: Continued combustion of fossil fuels and production of greenhouse gases is 
incompatible with maintaining a stable climate regime. Various biological systems are being 
explored as platforms for the sustainable production of replacement fuel and chemical precursors 
that are commonly derived from petroleum. Crop plants provide readily scalable systems for 
synthetic biology, but raise concerns around diversion of arable land away from food production. 
Engineered prokaryotes and fungi have long been used for synthesis of alcohols, carboxylic acids, 
enzymes, therapeutic proteins and pharmaceuticals, but these organisms require a reduced carbon 
feedstock for growth. Facilities for large-scale heterotrophic fermentation are expensive and 
energy-intensive, and it can be difficult to reduce production costs to a sufficiently low level to 
justify making fuel or industrial biochemicals. Utilization of photosynthetic microalgae as host 
organisms for bioproduction could bridge some of the problems with crop plant and heterotrophic 
microorganisms. While it is not possible to achieve the high cell densities of heterotrophic 
fermenters, many algae have substantially higher photosynthetic productivity per unit area than 
plants. They can also be grown in marginal areas that are inappropriate for agriculture, and some 
can tolerate brackish or salt water and so do not increase pressure on potable water sources. While 
not as inexpensive as planting seeds, capital outlays to build algae ponds and bioreactors are 
substantially less than for industrial fermentors. Problems with large-scale outdoor algae 
production include reduced productivity due to self-shading, maintenance of monoculture, 
predation, and obtaining a positive energy balance when considering mixing, harvesting, de-
watering and extraction of energy-rich compounds such as lipids. 
 
Progress: Over the course of this project, systems analyses of the oleaginous freshwater 
Chlorophyte, Chromochloris zofingiensis, during trophic transitions between photoautotrophic 
growth and heterotrophic growth in the presence of glucose, have revealed the genomic basis for 
remodeling of cellular metabolism in the presence of different carbon sources1–3. Of particular 
interest to our group is how the organism responds to trace metal starvation, a situation faced by 
algae in nature and one that limits photosynthetic productivity. We have performed initial 
physiological characterization of photoautotrophic Chromochloris cells in order to define 
concentrations of copper, iron and zinc that are limiting, deficient and replete for growth, and we 
have used ICP-MS measurements to understand how starvation affects cellular quotas of macro- 
and micronutrients. Transcriptomic and proteomic analyses of how Chromochloris responds to 
trace metal starvation are in progress. 

Chromochloris is a robust producer of triacylglycerides when supplied with glucose or 
another reduced carbon source. However, the Chromochloris cell wall has hindered efforts to 



transform and engineer this species. Therefore, we have developed Auxenchlorella protothecoides, 
an oleaginous Trebouxiophyte that undergoes analogous trophic transitions, as a potential host 
strain for synthetic biology. We have developed methods for Auxenochlorella transformation, 
nuclear gene targeting and high-level transgene expression by means of homologous 
recombination, and we demonstrate the utility of this species as both a reference organism for basic 
research and as a potential biotechnology platform. To develop the system, we took advantage of 
public genome sequences for A. protothecoides Cp0710/UTEX 25 and UTEX 2341. These haploid 
assemblies were all highly fragmented, but we were able leverage these sequences to resolve 
polymorphic diploid alleles at multiple loci for A. protothecoides UTEX 250. Public transcriptome 
datasets were used to improve models for genes involved in central carbon metabolism, fatty acid 
and lipid biosynthesis, chlorophyll biosynthesis, light-harvesting and photosynthetic electron 
transfer. 

We chose to demonstrate application of the system for reverse genetics and transgene 
expression by disrupting chlorophyll biosynthesis, since as the primary light-harvesting and 
photochemical pigment, chlorophyll is fundamental to bioenergy, and chlorophyll biosynthetic 
mutants have readily scorable, visual phenotypes. The CHL27 gene encodes the di-iron component 
of Mg-protoporphyrin IX monomethylester (Mg-PIXMME) cyclase, a key enzyme that catalyzes 
formation of the chlorophyll isocyclic E ring. Sequential ablation of both CHL27 alleles resulted 
in non-photosynthetic mutants that were completely chlorophyll-deficient and accumulated a red 
intermediate pigment with an absorption spectrum that was consistent with Mg-PIXMME. 
Chlorophyll biosynthesis and photosynthetic growth were restored to chl27 double knockouts by 
knock-in of a synthetic, codon-optimized CHL27 gene. Knock-ins could be targeted to a neutral 
locus, DAO1, encoding a non-essential D-amino acid oxidase, and expression of the CHL27 
transgene could be driven by any of three strong promoters that were expressed in 
photoautotrophic cells. Alternatively, knock-ins could be targeted to one of the mutated chl27 
alleles, and in situ expression of the transgene was driven by the native regulatory elements at 
CHL27.  

We recently reported discovery of evolutionarily conserved polycistronic transcripts in 
several species of green algae4. Auxenochlorella strains transformed with synthetic bicistronic 
constructs co-expressed both a SUC2 selectable marker gene, enabling growth on sucrose, and a 
BKT1 reporter gene, encoding beta-carotene ketolase and catalyzing synthesis of red keto-
carotenoids. In vivo comparison of SUC2 and BKT1 activity from polycistronic transcripts driven 
by two different promoters suggested an inverse relationship between the amount of translation 
from the upstream and downstream ORFs. This would be consistent with the hypothesis, suggested 
by in vitro results, that the abundance of proteins produced by polycistronic transcripts is 
determined by the relative strength of the Kozak sequences associated with each ORF. Collectively, 
these results demonstrate our ability to precisely and reversibly target Auxenochlorella nuclear 
genome sequences, and to control transgene expression, which will facilitate future metabolic 
engineering of strains for photosynthetic production of biofuels and value-added bioproducts. 
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Project Goals: To develop robust and optimized anaerobic ethylene pathways in photosynthetic 
and lignocellulosic bacteria for high-yield conversion of renewable CO2 and lignocellulose into 
bioethylene. This will be accomplished by:   
1: First, bioinformatically mining and experimentally screening methylthio-alkane reductase 

homologs from cultivated and uncultivated organisms for functional enzymes that enhance 
ethylene yields.  

2: Next, constructing and employing predictive systems-level models of ethylene production. 
Using a physics-based R. rubrum model, we predict enzymes that participate in competing or 
supporting pathways and are thus targets for knockdown or selection studies to increase 
ethylene yields. This will direct engineering strategies of top-performing genes (Aim 3) to 
maximize ethylene yield and minimize trade-off costs.  

3: Finally, we metabolically engineer bacteria for enhanced, sustained ethylene production from 
CO2 and lignocellulose. We assemble the best-performing genes under control of optimized 
active transcription elements on a modular DNA fragment in a combinatorial manner with 
guidance from predictive models (Aim 2).  

Abstract Text: Ethylene is the highest production industrial platform chemical on earth and 
constitutes a $300 billion global industry. Because of its versatility, ethylene is used to 
manufacture most plastics including polyethylene films, polyester fabrics, polystyrene packaging, 
and PVC piping. Plants and select fungi and bacteria naturally produce ethylene in a regulated 
manner as a signaling hormone. Known aerobic pathways employ one of two oxygen-dependent 
enzymes that specifically catalyze the oxidation of substrate to ethylene. However, both systems 
have faced scale-up challenges due to oxygen-ethylene combustion hazards and formation of 
cytotoxic products (hydrogen cyanide and guanidine). We uncovered a novel and previously 
uncharacterized methylthio-alkane 
reductase in Rhodospirillum rubrum 
that produces ethylene in the absence 
of oxygen (Fig. 1, rxn 4) [1]. The goal 
of this project is to optimize this 
anaerobic ethylene production 
pathway, as outlined above. This 
report describes predictions from a 
physics-based model for 
gene/enzyme  engineering and the 
experimental outcomes. 

Biology and Physics: The physics-
based model is based on recent 
developments in statistical 

Fig. 1 Anaerobic Ethylene Cycle for microbial synthesis of ethylene. 
Reactions probed by thermo-kinetic modeling for their effect on 
pathway flux and ethylene yields are numbered. DHAP, 
dihydroxyacetone phosphate; CoA, coenzyme-A. 

1 2 3 
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thermodynamics of non-equilibrium processes that rigorously describe time-dependent 
thermodynamic processes, in which classical thermodynamics and kinetics are united in the 
formulation of entropy production rates. Rate parameters needed for solving the differential 
equations describing metabolism are obtained by considering that natural selection is a 
thermodynamic process in which the fittest organisms seek to maximize their entropy production 
rates, which includes the process of replication, relative to their neighbors. Knowledge of these 
maximal rates allows for back-calculation of rate parameters. In addition, machine 
learning/mathematical optimization is used to predict regulation of pathways needed to keep 
metabolite concentrations in the feasible range and to optimize the activity of the metabolic 
pathways to be consistent with physiology [2]. Metabolic control analysis, a form of control theory 
specific for metabolism and systems of coupled reactions, is used to predict which enzymes and 
reactions influence the production of ethylene the most, either positively or negatively.   
Metabolic Engineering: The proposed targets for metabolic engineering to enhance ethylene 
production were five reactions directly on the ethylene biosynthetic pathway (Fig. 1, rxn. 1-5) and 
two reactions that act to drain the ethylene pathway of precursors. The proposed on-pathway 
targets were the (1) isomerase, (2) aldolase, (3) alcohol dehydrogenase, (4) methyl-thioalkane 
reductase that directly produces ethylene, and (5) the sulfhydrylase that recycles products of the 
methyl-thioalkane reductase reaction. The proposed off-pathway targets are two enzymes that 
drain the aldolase substrate, 5-methylthio-ribulose-1-phosphate, from the ethylene biosynthetic 
pathway: (6) a RubisCO-like isomerase that converts 5-methylthio-ribulose-1-phosphate to 1-
methylthio-ribulose-5-phosphate, and (7) a reductase that converts the latter product to 
deoxyxylulose-5-phosphate for isoprenoid synthesis. 
The model suggested that down regulating the off-pathway RubisCO-like isomerase reaction 
(reaction 6, above) would change flux to ethylene by 2-10 fold, which has experimentally verified 
(9-fold increase ethylene yield). The model also predicted that the on-pathway isomerase (Fig. 1 
rxn 1) would have the least impact on ethylene production, which has so far been the case in on-
going experimental studies (max 2-fold increase in ethylene yields).  The on-pathway aldolase and 
alcohol dehydrogenase activities (Fig. 1; rnx. 2, 3) are predicted to have intermediate impacts on 
ethylene production, and engineering of the aldolase reaction through overexpression or use of 
more catalytically active homologs has increased ethylene yields up to 4.8-fold, consistent with 
predictions. Modeling indicated the ethylene and sulfhydrylase reactions (Fig. 1; rxn. 4, 5) would 
have the largest impact on ethylene production. Indeed, overexpression of the native methylthio-
alkane reductase increased ethylene yields directly from substrate, 2-methylthioethanol, by ~7-
fold, and the sulfhydrylase reaction is being investigated experimentally now. 
References: 
[1] J. A. North et al., "A nitrogenase-like enzyme system catalyzes methionine, ethylene, and methane 

biogenesis," Science, vol. 369, no. 6507, pp. 1094-1098, Aug 28 2020, doi: 10.1126/science.abb6310. 
[2] S. Britton, M. Alber, and W. R. Cannon, "Enzyme activities predicted by metabolite concentrations and 

solvent capacity in the cell," J R Soc Interface, vol. 17, no. 171, p. 20200656, Oct 2020, doi: 
10.1098/rsif.2020.0656. 

Funding: This project is supported by the U.S. Department of Energy’s Office of Biological and 
Environmental Research under contracts DE-SC0022091 and DE-SC0019338 (Ohio State 
University) and 78266 (PNNL).  



High Throughput Screening of Enzymes that Bolster Anaerobic Ethylene Synthesis 

Adrienne Narrowe2, Sarah J. Young1* (young.1517@osu.edu), Hannah Lucero2, Maider E. 
Medrano2, F. Robert Tabita1 (Former PI, deceased), William R. Cannon3, Kelly C. Wrighton2, and 
Justin A. North1  
1The Ohio State University, Columbus, OH; 2Colorado State University, Fort Collins, CO; 3Pacific 
Northwest National Laboratory, Richland, WA.   

Project Goals: The overall long-term objective is to develop an industrially compatible microbial 
process to synthesize ethylene in high yields from CO2 and lignocellulose. To optimize the activity 
of the recently discovered dihydroxyacetone phosphate (DHAP) ethylene pathway for increased 
ethylene yields, the following specific goals are:  
1. Discover effective and active DHAP ethylene pathway enzymes encoded in cultured and 
uncultured organisms from anoxic environments. (Wrighton and North) 
2. Construct a modular set of optimized genes on a DNA fragment containing specific regulatory 
elements that will allow high level gene expression in model organisms. (North and Cannon) 

Abstract Text: Our previous work identified 
a novel anaerobic microbial pathway (DHAP-
Ethylene Pathway) [1] that converted 5’-
methylthioadenosine (MTA) to 
stoichiometric amounts of ethylene.  MTA is 
a metabolic byproduct of methionine 
utilization in a multitude of cellular processes. 
The initial steps of the DHAP-ethylene 
pathway sequentially convert MTA to 
dihydroxyacetone phosphate (DHAP) and 
ethylene precursor (2-methylthio)ethanol 
(Fig. 1; gray), followed by reduction to the 
methionine precursor, methanethiol, and 
ethylene via a novel nitrogenase-like 
methylthioalkane reductase (Fig. 1; red box) 
[2]. Kinetic characterization of the initial 
DHAP-ethylene pathway enzymes from the 
photosynthetic bacterium, Rhodospirillum 
rubrum, revealed that while the 
phosphorylase had relatively high specific 
activity (MtnP = 3.2x105 M-1 s-1; Fig. 1, blue 
arrow), the subsequent MTR-1P isomerase 
and MTRu-1P aldolase had relatively lower 
specific activity (MtnA = 0.75x103 M-1 s-1; 
Ald2 = 1.7x103 M-1 s-1; Fig. 1, green and 
yellow arrows, respectively) [3]. This 
suggested that introduction of more 
catalytically efficient isomerase and aldolase 
homologs could increase ethylene yields by 
increase the DHAP-ethylene pathway flux. 

Fig. 1. Anaerobic ethylene cycle (DHAP-ethylene 
pathway), which is composed of the DHAP shunt (gray 
box) and methylthio-alkane reductase methionine synthesis 
pathway (red box). (1) Methylthio-alkane reductase 
(marHDK), (2) homoserine acetyltransferase (cysE), (3) 
acetylhomoserine Sulfhydrylase (met17). MT-EtOH, (2-
methylthio)ethanol; DMS, dimethylsulfide. 
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Indeed, introduction of more catalytically active aldolases from E. coli increased ethylene yields 
by 2-fold in initial trials [1,3].  

High-throughput screening of isomerases and aldolases from genome sequences of isolated and 
environmental bacteria – To identify and isolate enzymes with robust catalytic properties that 
enhance ethylene production, we adopted a high-throughput cell lysate activity screening approach 
for enzymes heterologously produced in E. coli. Mining of JGI IMG/M genome and metagenome 
sequence databases for candidate orthologs to the MTR-1P isomerase (mtnA) and the MTRu-1P 
aldolase (ald2) genes yielded 1,371,813 and 96,049 candidate genes for mtnA and ald2, 
respectively. We selected two hundred syntenous mtnA / ald2 gene pairs that represented the 
phylogenetic breath of sequences and considered proximity to active orthologs. Gene product 
activity in E. coli was quantified by colorimetric detection of phenylhydrazine adducts with (2-
methylthio)acetaldehyde produced from MTA via coupled enzyme assay in 96-well plate format. 
The isomerase library screen: recovered 42 soluble and active isomerases out of 250 sequences 
with in extracto specific activity ranging from 3.3-8800 nmol/min/mg total protein. Introduction 
of a subset of these isomerases into the R. rubrum isomerase deletion strain via a plasmid resulted 
in restored conversion of MTA into ethylene. Select sequences increased ethylene yields by 30% 
and 60% compared to when the native R. rubrum isomerase was expressed from the plasmid or 
chromosome, respectively.  The aldolase library screen: recovered ~120 soluble and active 
aldolases out of 250 sequences with in extracto specific activity ranging from 2.0-7996 
nmol/min/mg total protein. Introduction of a subset of these aldolases into the R. rubrum aldolase 
deletion strain via a plasmid similarly resulted restored conversion of MTA into ethylene. Select 
sequences increased ethylene by 35% and 5-fold compared to the R. rubrum aldolase expressed 
from the plasmid or chromosome, respectively.   
Conclusions and future directions: Orthologs of DHAP-ethylene pathway isomerases and 
aldolases with potentially increased catalytic properties were recoverable from bacteria isolates 
and metagenomes spanning firmicutes, alpha, beta, gamma, and deltaproteobacteria. An increase 
in  DHAP-ethylene pathway isomerase activity, either through overexpression and/or 
introduction of more active orthologs in R. ruburm increased ethylene yields by only 60%, 
indicating a potential limitation in pathway flux enhancement that can be achieved through 
modifying the isomerase alone. In contrast, increasing aldolase activity clearly increased 
pathway flux, resulting in a 5-fold increase in ethylene production. Future studies will quantify 
the combined effect of efficient isomerases and aldolases.  
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Project Goals: This project will develop ‘twin’ lab and field ecosystems to create a new 
capability that scales-down field observations inside fabricated ecosystems to uncover plant-
microbial system responses to drought. The ‘twins’ will be integrated using sensor networks 
and interrogated through the development and application of novel in situ sensors, imaging, 
Omics analysis, and autonomous controls. 

Discovering the fundamental biology that regulates ecosystem responses to changing climate is 
vital for predicting and managing ecosystem outcomes. To accurately identify biological drivers 
of ecosystem responses, technical approaches are needed to scale-down field observations to 
determine causal mechanisms. The goal of the TWIN ecosystem project (‘TWINS’) is to pilot 
laboratory and field ‘twin’ ecosystems that use sensors and autonomous controls to test the 
hypothesis that compositional changes in root exudates during drought stress select for beneficial 
rhizosphere microbes. The field ‘twin’ will define climate conditions and hyperspectral signatures 
of drought stress enabling the lab ‘twin’ to characterize the composition, localization, and 
dynamics of microbes and exudates. As such, the lab ‘twin’ will also provide powerful 
environmental controls and measurements which are not possible in the field. More specifically, 
TWINS is investigating molecular interactions in the rhizosphere to gain insights into the types of 
rhizosphere microbial communities that tall wheatgrass (Thinopyrum ponticum) exudates select in 
response to drought. Tall wheatgrass is a widely distributed species adapted to dry northern 
latitudes that is known to develop soil “resource islands” or “hot spots” that may impose 
heterogeneous spatial distribution of important plant exudates impacting the soil microbiome. 
These effects on the soil microbiome may be more prominent in response to drought when plants 
may differentially allocate photosynthates to roots.  

To investigate microbiome selection and the formation of hot spots of microbial activity by 
wheatgrass we will integrate existing soil and environmental sensor technology at the laboratory 
(EcoFABs and EcoPOD) and the field irrigation trial of the PNNL soil SFA. Integrated 
technologies include multispectral imaging for the measurement of above-ground plant response, 
minirhizotrons for root imaging, and novel microbe-based biosensors for surveying below-ground 
microbial activity. 



We have successfully excavated and relocated soil monoliths containing whole tall wheatgrass 
plants from PNNL’s field site at Washington State University to the Berkeley Lab for incubation 
in the EcoPOD. Minirhizotrons were installed to enable imaging of the root system within the 
EcoPOD and the plants incubated under controlled conditions of photosynthetically available 
radiation (PAR), humidity, and temperature (Fig. 1). Hyperspectral cameras are being added into 
the EcoPOD to analyze plant responses to environmental manipulations, such as drought and 
changes in temperature. Next, and as part of the optimization of environmental sensors (PAR, T, 
atmospheric and soil humidity) we will simulate normal and drought conditions (50% vs 20% soil 
WHC) to analyze the differential recruitment and microbial network formation in the rhizosphere 
of the tall wheatgrass plants. 

 

 

 

 

 

 

 

 

 

Fig. 1. Tall wheatgrass monoliths were excavated and relocated to the Berkeley Lab for incubation 
in the EcoPOD. The image shows the EcoPOD housing the plants with connected minirhizotrons. 
The upper inset image shows an image of roots photographed with the minirhizotron camera. 

Funding Statement: This research is supported by the U.S. Department of Energy, Office of 
Science, Office of Biological and Environmental Research, Genomic Science Program under 
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Research and located at PNNL. PNNL is a multi-program national laboratory operated by Battelle 
for the DOE under Contract DE-AC05-76RLO 1830. 
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 Project Goals: Understanding the interactions, localization, and dynamics of grass 
 rhizosphere communities at the molecular level (genes, proteins, metabolites) to predict 
 responses to perturbations and understand the persistence and fate of engineered genes 
 and microbes for secure biosystems design.  To do this,  advanced fabricated ecosystems are 
 used in combination with gene editing technologies such as CRISPR-Cas and bacterial virus 
 (phage)-based approaches for interrogating gene and microbial functions  in situ  —addressing key 
 challenges highlighted in recent DOE reports. This work is integrated with the development of 
 predictive computational models that are iteratively refined through simulations and 
 experimentation to gain critical insights into the functions of engineered genes and interactions 
 of microbes within soil microbiomes as well as the biology and ecology of uncultivated 
 microbes. Together, these efforts lay a critical foundation for developing secure biosystems 
 design strategies, harnessing beneficial microbiomes to support sustainable bioenergy, and 
 improving our understanding of nutrient cycling in the rhizosphere. 

 Abstract: 

 The  rhizosphere  is  a  critical  interface  between  plants  and  microbial  communities  that 
 mediates  ecosystem  processes  such  as  nutrient  cycling  and  carbon  stabilization.  Plants  exude  a 
 variety  of  nutrient-rich  compounds  (exudates)  that  maintain  a  selection  of  microbes  from  the 
 surrounding  soil  environment.  The  rhizosphere  microbial  community,  in  turn,  can  directly 
 influence  plant  growth  and  development  through  plant-growth  promoting  and  nutrient 
 scavenging  functions.  We  assessed  the  distribution  of  microbial  communities  in  the  rhizosphere 
 (biogeography)  of  microbes  colonizing  the  roots  of  Brachypodium  distachyon  in  fabricated 
 ecosystem  devices  (EcoFABs)  as  a  result  of  spatially-distinct  root  exudation.  In  addition,  we  also 
 examined key rhizobial isolates for their plant-growth promoting traits. 

 Distinct  parts  of  the  root  can  vary  in  exudation  patterns.  Specifically,  fine  roots,  occurring 
 at  the  tips  of  the  root  system,  have  higher  exudation  rates  than  coarser  roots  that  occur  near  the 
 base.  However,  the  influence  of  these  spatial  patterns  on  the  biogeography  of  rhizosphere 
 microbial  communities  is  not  well  understood.  We  analyzed  the  microbial  community  of 
 Brachypodium  distachyon  at  two  distinct  areas:  roots  collected  at  the  tips  of  the  primary  root  and 
 roots  collected  at  the  base.  Furthermore,  we  grew  plants  in  unamended  natural  soil  and  compared 
 results  among  plants  grown  in  standardized  fabricated  ecosystems  known  as  EcoFABs,  as  well  as 
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 in  traditional  pots  and  test  tubes.  Our  results  showed  similar  microbial  community  distributions 
 across  the  different  growth  chambers  and  a  higher  degree  of  reproducibility  within  EcoFAB 
 grown  plants.  We  were  also  able  to  enrich  for  less  characterized  lineages  such  as 
 Verrucomicrobia  and  Acidobacteria  in  addition  to  Actinobacteria  ,  Bacteroidetes  ,  Firmicutes  ,  and 
 Proteobacteria  .  Genome-resolved  metagenomics  indicate  higher  abundances  of  biofilm 
 formation,  flagellar  assembly,  and  simple  sugar  transporter  genes  in  microbial  communities  from 
 the  base  and  root  tips  in  comparison  to  bulk  soil.  Furthermore,  bulk  soil  and  plant-base 
 microbiomes were highly abundant in genes related to prokaryotic defense and transcription. 

 Next,  we  used  rhizosphere  samples  from  each  growth  chamber  to  enrich  for 
 rhizobacteria  on  single  and  mixed  carbon  media  to  examine  the  influence  of  carbon  source  on 
 microbial  community  composition.  We  used  media  that  reflected  known  B.  distachyon  exudates 
 (i.e.,  glutamine,  succinate,  and  asparagine)  and  sequentially  transferred  cultures  every  three  days 
 into  fresh  media  to  form  reduced  complexity  communities  amenable  to  targeted  rhizosphere 
 assembly  studies.  Our  results  indicate  that  different  carbon  sources  resulted  in  the  enrichment  of 
 differing  abundances  of  genera.  For  example,  we  found  that  cultures  from  glutamine  and 
 succinate  contained  higher  abundances  of  Burkholderia  and  Enterobacter  but  that  mixed  carbon 
 sources  such  as  R2A  yielded  smaller  abundances  of  each  but  with  a  higher  diversity  of  genera 
 present.  Furthermore,  we  measured  key  plant-growth  promoting  traits  in  axenic  isolates  obtained 
 from  these  enrichments.  Initial  assessment  of  indole-3-acetic  acid  (IAA)  phytohormone 
 production  indicated  that  all  of  our  recovered  isolates  are  capable  of  producing  auxin  to  some 
 degree  (0.3  µg  IAA  ml  -1  to  10.54  µg  IAA  ml  -1  ).  Further  assays  will  include  measuring  other 
 plant-growth  promoting  traits  related  to  nutrient  acquisition  such  as  phosphorus  solubilization 
 and siderophore production. 

 Our  research  reveals  patterns  in  the  distribution  of  bacteria  and  gene  abundances  in 
 different  areas  of  the  root.  Furthermore,  we  showed  the  comparable  performance  of  EcoFAB 
 devices  with  regards  to  traditional  plant  growth  chambers  and  also  their  higher  reproducibility  in 
 plant-microbial  studies.  Lastly,  reduced  complexity  communities  formed  using  sequential 
 transfers  in  media  containing  single  and  mixed  known  B.  distachyon  exudates  indicate  a  common 
 ability to produce indole-3-acetic acid, a phytohormone known to induce growth in plant roots. 

 Funding statement. 
 This material by m-CAFEs Microbial Community Analysis & Functional Evaluation in Soils, 
 (  m-CAFEs@lbl.gov  ) an SFA led by Lawrence Berkeley  National Laboratory is based upon work 
 supported by the U.S. Department of Energy, Office of Science, Office of Biological & 
 Environmental Research under contract number DE-AC02-05CH11231 
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 Project Goals: Understanding the interactions, localization, and dynamics of grass 
 rhizosphere communities at the molecular level (genes, proteins, metabolites) to predict 
 responses to perturbations and understand the persistence and fate of engineered genes 
 and microbes for secure biosystems design.  To do this,  advanced fabricated ecosystems are 
 used in combination with gene editing technologies such as CRISPR-Cas and bacterial virus 
 (phage)-based approaches for interrogating gene and microbial functions  in situ  —addressing key 
 challenges highlighted in recent DOE reports. This work is integrated with the development of 
 predictive computational models that are iteratively refined through simulations and 
 experimentation to gain critical insights into the functions of engineered genes and interactions 
 of microbes within soil microbiomes as well as the biology and ecology of uncultivated 
 microbes. Together, these efforts lay a critical foundation for developing secure biosystems 
 design strategies, harnessing beneficial microbiomes to support sustainable bioenergy, and 
 improving our understanding of nutrient cycling in the rhizosphere. 

 Abstract 

 The plant rhizosphere microbiome is both dynamic and complex, with many host and 
 environmental factors governing its assembly and function. Here, we explored the assembly of 
 the model plant  Brachypodium distachyon  root microbiome  over time using a synthetic 
 community (SynCom) of 17 microbes. Using 16S ribosomal sequencing, we demonstrate that 
 both time of inoculation (0, 3, 8 days after germination) and duration of the experiment (14, 24 
 and 29 days) affected microbiome composition in fabricated ecosystems (EcoFABs). Next, we 
 tested the role of root exudates and root glycans in this process. This was initially done by 
 mapping the colonization pattern of a fluorescently tagged member of the SynCom,  Rhizobium 
 OAE497, in the  B. distachyon  plant mutant PMT that  over expresses 
 p  -Coumaroyl-CoA:monolignol transferase (Petrik et  al. 2014) and has an altered root cell wall 
 composition.  Further, we discovered a potential role  for several plant cell wall-derived glycans in 
 enriching for novel microbes that have proved challenging to culture, including members of the 
 Acidobacteria,  to develop reduced complexity microbial  communities. Finally, we identified 
 specific microbial genes and pathways responsible for colonization under multiple growth 
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 conditions through use of an RB-Tnseq mutant library developed in another SynCom member, 
 Burkholderia OAS925  . Collectively, these orthogonal  approaches deepen our knowledge of the 
 genetic and metabolic basis of rhizosphere assembly. 

 References 
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 Spatio-temporal genome-scale metabolic modeling of the rhizosphere microbiome 
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 Project Goals: Understanding the interactions, localization, and dynamics of grass rhizosphere 
 communities at the molecular level (genes, proteins, metabolites) to predict responses to 
 perturbations and understand the persistence and fate of engineered genes and microbes for secure 
 biosystems design.  To do this, advanced fabricated  ecosystems are used in combination with gene editing 
 technologies such as CRISPR-Cas and bacterial virus (phage)-based approaches for interrogating gene 
 and microbial functions  in situ  —addressing key challenges  highlighted in recent DOE reports. This work 
 is integrated with the development of predictive computational models that are iteratively refined through 
 simulations and experimentation to gain critical insights into the functions of engineered genes and 
 interactions of microbes within soil microbiomes as well as the biology and ecology of uncultivated 
 microbes. Together, these efforts lay a critical foundation for developing secure biosystems design 
 strategies, harnessing beneficial microbiomes to support sustainable bioenergy, and improving our 
 understanding of nutrient cycling in the rhizosphere. 

 One of the key methods we employ to understand the complexity of the rhizosphere microbial community 
 is computational modeling. With the increasing availability of sequenced genomes and methods for 
 building genome-scale metabolic models of organisms, such as the ones provided in the KBase 
 platform  [1]  , we are in position to harness the power  of genome-scale stoichiometric reconstructions in 
 order to reach predictive modeling capabilities  [2]  .  Our software platform COMETS (Computation Of 
 Microbial Ecosystems in Time and Space)  [3]  was developed  with the purpose of predictive modeling of 
 the complex dynamics of interactions in microbial ecosystems where the spatial structure may play a 
 crucial role. COMETS combines genome-scale metabolic modeling using dynamic flux balance analysis 
 (dFBA) with spatio-temporal simulations of the growth and propagation of the biomass and extracellular 
 metabolites in spatially structured environments. With COMETS we are able to simulate a variety of 
 spatially structured microbial communities, from simple assays in a Petri dish to complex natural 
 environments such as a plant root. We have recently released a significantly improved version of 
 COMETS  [3]  (2.0, see  http://runcomets.org  ), which includes  enhanced biophysical models for biomass 
 propagation, evolutionary dynamics, extracellular enzyme activity and night/day light cycles. COMETS 
 2.0 also includes user-friendly Python and Matlab interfaces, as well as the documentation and the source 
 code in a publicly accessible github repository (  https://github.com/segrelab/comets  ). 

 Our current modeling effort is focused on two main goals. The first goal is to make the best use of our 
 computational platform and the experimental capabilities of the m-CAFEs team to construct, curate and 
 test metabolic models starting from sequenced genomes and phenotypic data. Notably, the dFBA core 
 algorithm of COMETS allows us to generate predictions of whole growth curves, which require 
 knowledge of kinetic uptake parameters. We have been focusing on the important rhizosphere bacterium 
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 Pseudomonas simiae  as a test case. After building a draft model using automated pipelines, we compared 
 COMETS-predicted growth curves under different nutrient limitations to corresponding experimental 
 measurements, and generated new hypotheses on the resources that limit growth under different 
 conditions. Further comparison with experimental data, including growth curves and metabolite 
 uptake/secretion rates under different media, as well as TnSeq data, will allow us to implement rounds of 
 gap filling and refinements of the genome-scale reconstruction. This approach is in parallel being 
 extended to systematically study multiple rhizosphere microbes and their interactions. 

 Second, we are enhancing COMETS in order to improve its capacity to capture biological and biophysical 
 processes that may be crucial for the spatio-tempotral dynamics of communities around the plant roots. In 
 order to start testing our capacity to accurately predict the dynamics of communities in gradients of 
 nutrients and signals, we have been developing in parallel a microfluidic experimental device, the 
 μEcoFab (MicroEcoFab), and a corresponding  in silico  COMETS version. In order to make COMETS 
 simulations more realistic, we have introduced a new module that can simulate bacterial chemotaxis. This 
 module is based on the Keller-Segel  [4]  model of chemotaxis,  which adds to the biomass density equation 
 a convective term proportional to the gradient of the chemoattractant (or chemorepellent). Preliminary  in 
 silico  experiments demonstrate that our module can  predict the dynamics of  colony shapes as they 
 propagate towards the chemotactic signal.  Ongoing experiments with the μEcoFab are being compared to 
 COMETS simulations, based on a newly developed layout that captures the properties of this device. We 
 expect that this concerted effort, combining experimental measurements and computational simulations, 
 will allow us to better understand how molecular complexity and spatial structure of the environment 
 shape rhizosphere microbiome properties, further facilitating our ongoing efforts towards designing and 
 controlling communities for specific goals. 
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 Project Goals: Understanding the interactions, localization and dynamics of grass 
 rhizosphere communities at the molecular level (genes, proteins, metabolites) to predict 
 responses to perturbations and understand the persistence and fate of engineered genes 
 and microbes for secure biosystems design.  To do this,  advanced fabricated ecosystems are 
 used in combination with gene editing technologies such as CRISPR-Cas and bacterial virus 
 (phage)-based approaches for interrogating gene and microbial functions  in situ  —addressing key 
 challenges highlighted in recent DOE reports. This work is integrated with the development of 
 predictive computational models that are iteratively refined through simulations and 
 experimentation to gain critical insights into the functions of engineered genes and interactions 
 of microbes within soil microbiomes as well as the biology and ecology of uncultivated 
 microbes. Together, these efforts lay a critical foundation for developing secure biosystems 
 design strategies, harnessing beneficial microbiomes to support sustainable bioenergy, and 
 improving our understanding of nutrient cycling in the rhizosphere.  

 Plant root exudates recruit microbes and regulate interactions which vary over the plant life 
 cycle. For example, root secreted metabolites can regulate plant-soil-microbiome interactions by 
 affecting the colonization of symbiotic microbes in the root rhizosphere. These relationships in 
 turn play an important role in plant health by altering nutrient availability and both biotic and 
 abiotic stress tolerances over the course of plant development. Here we examine how these 
 interactions influence plant productivity and morphology across scales using fabricated 
 ecosystems (centimeter-scale EcoFABs and meter-scale EcoPODs). EcoFABs and EcoPODs 
 facilitate the examination of complex interactions under highly controlled and replicated 
 conditions to explore plant-microbial-soil interactions. Both systems are specifically designed to 
 be compatible with biosafety workflows. EcoFABs allow for the extremely controlled 
 manipulation of abiotic and biotic factors in small scale, high-throughput experiments with plant 
 seedlings, while the EcoPOD system allows for precise control and monitoring of conditions 
 across several growth parameters, including light intensity, temperature, humidity, water 
 availability, and other important climatic parameters both above and below ground over the main 
 developmental stages of the plant. The EcoPOD’s large size and soil depth allows for the 
 experiments where plants experience conditions similar to the field, yet provides for a high 
 degree of control in the manipulation of engineered microbial communities. Together, these two 
 systems allow for complete system development to study the persistence and fate of engineered 
 genes, microbes and SynComs over the entirety of plant life cycles as well as the role of these 
 interactions in tolerances to biotic and abiotic stressors. Currently we investigate plant-microbe 
 interactions across scales (  i  ) to uncover the role  of aromatic acid in rhizosphere microbiome 
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 assembly and stability; (  ii  ) to engineer and test microbial enrichments under limited N 
 conditions; (  iii  ) to study the effect of drought stress  on plant-microbial relationships.  

 Aromatic acids are one of the important classes of metabolites involved in 
 rhizosphere-microbiome interactions and are widely exuded by plants. However, the role and 
 mechanisms through which these molecules influence rhizosphere microbiome establishment are 
 unknown. To dissect the role of aromatic acids as metabolic handoffs that strengthen 
 plants-microbe interactions we identified  Brachypodium  distachyon  accession lines with altered 
 aromatic acid exudate profiles using EcoFABs. We pair these lines with SynComs utilizing these 
 aromatic acids and evaluate dynamics of SynComs in response to different levels of exuded 
 aromatic acids. In parallel, we utilized a RB-TnSeq mutant library of  Bulkholderia  and identified 
 the microbial genes protocatechuate 3,4-dioxygenase alpha chain and 3-oxoadipate 
 CoA-transferase subunit B, which are related to the microbial degradation of aromatic acids, as 
 required for optimal growth on shikimic acid. We are currently constructing targeted mutants of 
 these genes to demonstrate how the structure of SynCom changes when microbes are unable to 
 utilize aromatic acids. Lastly, we used the EcoPOD to conduct an experiment that paired 
 SynComs in tandem with  Brachypodium  distachyon  accession  lines that expressed altered 
 production of aromatic acids at a field-relevant scale.  

 Limited N availability is a significant factor affecting plant growth. In this project, we aim to use 
 a host-mediated microbiome engineering approach to develop a beneficial microbiome for low-N 
 conditions. In this approach,  Brachypodium  distachyon  plants are inoculated with a native soil 
 microbiome, exposed to low-N inside EcoFABs over several rounds of selection, and the 
 best-performing plants will have their microbiomes harvested and perpetuated onto the next 
 round of selection, in this way 'evolving' a beneficial microbiome with a tight host association. 
 We have successfully established an assay for inducing negative growth phenotypes in 
 Brachypodium  in response to decreasing N levels and  performed pilot inoculation with soil 
 enrichments of microbes. Future experiments will involve testing alternate soil sources to find 
 one with more beneficial microbes. Once the effect of the enrichment is established in the 
 EcoFAB, it will be tested at a more field-relevant scale using the EcoPOD. 

 Plant response to drought stress may be in part affected by root microbial relationships. We have 
 used the EcoFAB system to develop a baseline dataset of  Brachypodium distachyon  response to 
 drought in the presence of PEG6000, and identified an osmotic stress level that reduced growth 
 without inducing mortality. We then used a soil bacterium (  Pseudomonas putida  KT2440) 
 expressing mCherry as a proof of concept to test the effects of drought on root colonization. The 
 EcoPOD system carefully controls water availability and enables mimicking field drought in the 
 lab. We are currently testing the  Brachypodium-Pseudomonas  -drought  system in the 
 EcoPOD-mini, and comparing the findings with our small scale EcoFAB results. 

 Funding statement. 
 This material by m-CAFEs Microbial Community Analysis & Functional Evaluation in Soils, 
 (  m-CAFEs@lbl.gov  ) an SFA led by Lawrence Berkeley  National Laboratory is based upon work 
 supported by the U.S. Department of Energy, Office of Science, Office of Biological & 
 Environmental Research under contract number DE-AC02-05CH11231 

mailto:m-CAFEs@lbl.gov




 A rapid  Brachypodium distachyon  transformation method  using leaf whorl explants 

 Hsiao-Han Lin  1*  (  hsiaohanlin@lbl.gov  ), Tallyta Silva  1  , Nick Downs  1  , Jenny C. 
 Mortimer  1,2*  (  jcmortimer@lbl.gov  ), Adam M. Deutschbauer  1  , and  Trent R. 
 Northen  1*  (  TRNorthen@LBL.gov  ) 

 1  Lawrence Berkeley National Laboratory, Berkeley;  2  University of Adelaide, Australia 

 http://mCAFEs.lbl.gov 

 Project Goals: Understanding the interactions, localization, and dynamics of grass 
 rhizosphere communities at the molecular level (genes, proteins, metabolites) to predict 
 responses to perturbations and understand the persistence and fate of engineered genes 
 and microbes for secure biosystems design.  To do this,  advanced fabricated ecosystems are 
 used in combination with gene editing technologies such as CRISPR-Cas and bacterial virus 
 (phage)-based approaches for interrogating gene and microbial functions  in situ  —addressing key 
 challenges highlighted in recent DOE reports. This work is integrated with the development of 
 predictive computational models that are iteratively refined through simulations and 
 experimentation to gain critical insights into the functions of engineered genes and interactions 
 of microbes within soil microbiomes as well as the biology and ecology of uncultivated 
 microbes. Together, these efforts lay a critical foundation for developing secure biosystems 
 design strategies, harnessing beneficial microbiomes to support sustainable bioenergy, and 
 improving our understanding of nutrient cycling in the rhizosphere. 

 Abstract 

 To fully understand grass rhizosphere communities, it is important to consider the role of the 
 plant root in shaping the rhizosphere microbiome. However, this is poorly understood, in part 
 due to the difficulties in generating plant mutants, since plant transformation, particularly of 
 grasses, is time-consuming and laborious. The m-CAFEs project uses  Brachypodium distachyon  , 
 as it is an excellent model for  bioenergy feedstocks. The current transformation method for  B. 
 distachyon  ecotype Bd21-3 uses immature embryos as  the explant material, and has a cycle of 
 22-31 weeks from non-transgenic seed to the first generation of transgenic seed. Immature 
 embryos are both technically challenging to isolate and only available from plants during a short 
 developmental window. Recently, a novel method using leaf whorls as the explant material has 
 been developed in sorghum  (Silva et al., 2020). Here, we demonstrate that the leaf whorl-based 
 transformation can be adapted to  B. distachyon  , thereby  shortening the cycle to 14-20 weeks. 
 Advantages include that since the explant material is derived from 3-week-old seedlings, rather 
 than mature plants, total experiment length is reduced. Second, callus can be generated from the 
 plants continuously until the plant starts to set seed (~8-12 weeks depending on ecotype). Third, 
 isolating leaf whorls is much less technically challenging and laborious compared to immature 
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 embryos. Finally, we have been successful in generating calli from late-flowering ecotypes, such 
 as Bd1-1, which can be difficult to isolate immature embryos from under lab conditions 
 (Schwartz et al., 2010). This method can be integrated with other advances in plant 
 transformation, such as the expression of morphogenic regulations (e.g. BBM/WUS or 
 GRF-GIF4) to further accelerate plant transformation. 

 References 

 Schwartz, C.J., Doyle, M.R., Manzaneda, A.J., Rey, P.J., Mitchell-Olds, T., and Amasino, 
 R.M.  (2010). Natural variation of flowering time and  vernalization responsiveness in 
 Brachypodium distachyon  . BioEnergy Research  3  : 38–46. 

 Silva, T.N., Kelly, M.E., and Vermerris, W.  (2020).  Use of  Sorghum bicolor  leaf whorl 
 explants to expedite regeneration and increase transformation throughput. Plant Cell, Tissue and 
 Organ Culture (PCTOC)  141  : 243–255. 

 Funding statement. 

 This material by m-CAFEs Microbial Community Analysis & Functional Evaluation in Soils, 
 (m-CAFEs@lbl.gov) an SFA led by Lawrence Berkeley National Laboratory is based upon work 
 supported by the U.S. Department of Energy, Office of Science, Office of Biological & 
 Environmental Research under contract number DE-AC02-05CH11231 



 m-CAFEs Phage Engineering for Targeted Editing of Microbial Communities 

 Avery Roberts  1  *(larober4@ncsu.edu), Matthew A. Nethery  1  ,  Ben Adler  2  , Brady Cress  2  , Ben 
 Rubin  2  , Spencer Diamond  2  , Jill Banfield  2  , Jennifer A. Doudna  2  , N. Louise Glass  3  , Rodolphe 
 Barrangou  1  , Adam M. Deutschbauer  3  , and  Trent R. Northen  3 

 1  North Carolina State University, Raleigh;  2  University  of California, Berkeley;  3  Lawrence 
 Berkeley National Laboratory, Berkeley. 
 https://mcafes.lbl.gov/ 

 Project Goals: Understanding the interactions, localization, and dynamics of grass 

 rhizosphere communities at the molecular level (genes, proteins, metabolites) to predict 

 responses to perturbations and understand the persistence and fate of engineered genes 

 and microbes for secure biosystems design.  To do this, advanced fabricated ecosystems are 

 used in combination with gene editing technologies such as CRISPR-Cas and bacterial virus 

 (phage)-based approaches for interrogating gene and microbial functions  in situ  —addressing key 

 challenges highlighted in recent DOE reports. This work is integrated with the development of 

 predictive computational models that are iteratively refined through simulations and 

 experimentation to gain critical insights into the functions of engineered genes and interactions 

 of microbes within soil microbiomes as well as the biology and ecology of uncultivated 

 microbes. Together, these efforts lay a critical foundation for developing secure biosystems 

 design strategies, harnessing beneficial microbiomes to support sustainable bioenergy, and 

 improving our understanding of nutrient cycling in the rhizosphere. 

 Abstract:  Investigation of microbial gene function is essential to elucidation of the ecological 

 roles and complex genetic interactions that take place in microbial communities. While 

 microbiome investigations have increased in prevalence, the lack of viable  in situ  editing 

 strategies impedes experimental design and progress, hindering genetic manipulation of 

 microbial communities and genetic discovery in community contexts. Here, we demonstrate the 

 utility of phage-delivered CRISPR-Cas payloads to perform targeted genetic manipulation within 

 a community context deploying a fabricated ecosystem (EcoFAB) as an analog for the soil 

 microbiome. We provide a roadmap for engineering phages T7 and λ for community editing 

 using Cas9-mediated recombination in non-essential genes. We further engineer λ to deliver 
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 antibiotic resistance and fluorescent genes to an  Escherichia coli  host. Expanding on this 

 platform, we engineer λ to express an APOBEC-1-based cytidine base editor (CBE), which we 

 leverage to perform C to T point mutations guided by a nuclease-deficient Cas9 (dCas9). We 

 strategically introduced these base substitutions to create premature stop codons in-frame, 

 inactivating both chromosomal (  lacZ  ) and plasmid-encoded genes (mCherry and ampicillin 

 resistance) without perturbing the surrounding genomic regions and maintaining host viability. 

 Further, using a multi-genera synthetic soil community, we employed phage-assisted base editing 

 to induce host-specific phenotypic alterations in a community context both  in vitro  and within 

 the EcoFAB, observing editing efficiencies from 10% to 28% across the entire bacterial 

 population. Future work aims to harness the enzymatic diversity of CRISPR-Cas systems to 

 expedite and innovate on phage engineering workflows. The concurrent use of Cas nucleases, a 

 synthetic microbial community, soil matrix, and EcoFAB device provides a controlled and 

 reproducible model to more closely approximate  in  situ  editing of the soil microbiome. 

 This  material  by  m-CAFEs  Microbial  Community  Analysis  &  Functional  Evaluation  in  Soils, 
 (  m-CAFEs@lbl.gov  )  a  Project  led  by  Lawrence  Berkeley  National  Laboratory  is  based  upon 
 work  supported  by  the  U.S.  Department  of  Energy,  Office  of  Science,  Office  of  Biological  & 
 Environmental Research under contract number DE-AC02-05CH11231  . 
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 Project Goals: Understanding the interactions, localization, and dynamics of grass 
 rhizosphere communities at the molecular level (genes, proteins, metabolites) to predict 
 responses to perturbations and understand the persistence and fate of engineered genes 
 and microbes for secure biosystems design.  To do this,  advanced fabricated ecosystems are 
 used in combination with gene editing technologies such as CRISPR-Cas and bacterial virus 
 (phage)-based approaches for interrogating gene and microbial functions  in situ  —addressing key 
 challenges highlighted in recent DOE reports. This work is integrated with the development of 
 predictive computational models that are iteratively refined through simulations and 
 experimentation to gain critical insights into the functions of engineered genes and interactions 
 of microbes within soil microbiomes as well as the biology and ecology of uncultivated 
 microbes. Together, these efforts lay a critical foundation for developing secure biosystems 
 design strategies, harnessing beneficial microbiomes to support sustainable bioenergy, and 
 improving our understanding of nutrient cycling in the rhizosphere. 

 Our  functional  understanding  of  microbial  DNA  is  predominantly  founded  on  the  principles  of 
 isolate  genetics,  where  the  effects  of  genetic  manipulations  on  cultivable  organisms  are  observed 
 in  isolation.  Unfortunately,  this  provides  limited  insight  into  the  workings  of  genes  in  the 
 complex  and  societally  relevant  microbial  communities  that  exist  in  nature.  In  order  to  move 
 beyond  the  paradigm  of  manipulating  microbes  in  confinement,  we  have  created  a  generalizable 
 toolset  for  targeted  genome  editing  of  individual  organisms  within  complex  microbial 
 communities.  First,  we  have  developed  environmental  transformation  sequencing  (ET-Seq)  to 
 determine  in  situ  which  microbes  within  a  community  can  be  edited  by  untargeted  transposases, 
 and  with  what  efficiency.  Second,  we  have  repurposed  RNA-guided  CRISPR-Cas  transposases  to 
 paste  customized  DNA  into  unique  target  sites  within  the  genomes  of  specific  microbes  in  a 
 community.  Third,  we  have  applied  these  technologies  to  track  the  fitness  effects  of  genetic 
 mutants  in  communities,  as  well  as  for  enrichment  and  isolation  of  edited  organisms.  The  ability 
 to  make  organism-  and  locus-specific  changes  within  microbiomes  will  lead  to  improved 
 understanding  of  microbial  communities  and  enable  us  to  effect  meaningful  changes  within 
 them. 
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 Project  Goals:  Understanding  the  interactions,  localization,  and  dynamics  of  grass 
 rhizosphere  communities  at  the  molecular  level  (genes,  proteins,  metabolites)  to  predict 
 responses  to  perturbations  and  understand  the  persistence  and  fate  of  engineered  genes 
 and  microbes  for  secure  biosystems  design.  To  do  this,  advanced  fabricated  ecosystems  are 
 used  in  combination  with  gene  editing  technologies  such  as  CRISPR-Cas  and  bacterial  virus 
 (phage)-based  approaches  for  interrogating  gene  and  microbial  functions  in  situ  —addressing  key 
 challenges  highlighted  in  recent  DOE  reports.  This  work  is  integrated  with  the  development  of 
 predictive  computational  models  that  are  iteratively  refined  through  simulations  and 
 experimentation  to  gain  critical  insights  into  the  functions  of  engineered  genes  and  interactions 
 of  microbes  within  soil  microbiomes  as  well  as  the  biology  and  ecology  of  uncultivated 
 microbes.  Together,  these  efforts  lay  a  critical  foundation  for  developing  secure  biosystems 
 design  strategies,  harnessing  beneficial  microbiomes  to  support  sustainable  bioenergy,  and 
 improving our understanding of nutrient cycling in the rhizosphere. 

 The  plant  rhizosphere  is  ecologically  important  and  houses  diverse  microbes  including  Archaea, 
 bacteria,  and  fungi.  Filamentous  fungi  in  the  genus  Trichoderma  are  ubiquitous  in  soil,  and  have 
 well  characterized  mycoparasitic,  biocontrol,  and  plant  growth  promoting  effects  (Harman  2007). 
 In  this  work  we  carry  out  the  mutagenesis  of  all  the  genes  of  the  Trichoderma  atroviride  genome 
 to  characterize  their  function  under  different  growth  conditions  and  in  interactions  with  bacteria 
 and  the  rhizosphere.  To  do  this,  we  used  t-DNA  and  Agrobacterium tumefaciens  to  insert 
 barcodes throughout the fungal genome (  Coradetti et  al., 2018)  . 

 The  preliminary  t-DNA-seq  in  T.  atroviride  showed  that  more  than  75%  of  the  reads  obtained 
 from  the  genome  have  inserted  barcodes,  and  we  did  not  observe  bias  due  to  %GC  content  or  an 
 enrichment  of  insertions  in  any  contigs.  The  barcode  analyses  showed  that  7,115  of  the  11,816 
 predicted  genes  in  the  T.  atroviride  genome  have  at  least  one  insertion.  We  then  performed  a 
 Bar-seq  experiment  under  nutrient  deficiency  conditions  to  assess  fitness  of  our  insertional 
 library  of  mutants.  We  observed  that  under  glucose  deficiency,  strains  with  mutations  in  67  genes 
 showed  lower  fitness,  while  mutants  in  36  genes  have  a  positive  fitness  under  these  conditions. 
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 Under  nitrogen  starvation,  mutants  in  53  genes  had  a  negative  effect  while  36  mutations  had  a 
 positive  effect  on  fitness.  Under  phosphate  deficiency,  only  mutants  in  13  genes  had  a  significant 
 change  in  fitness.  These  results  pave  the  way  to  deciphering  genes  and  pathways  important  for 
 nutritional  signaling  and  utilization  in  T.  atroviride  ,  as  well  as  tools  to  define  processes  important 
 for interactions with other organisms in rhizosphere communities. . 
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Project Goals: Short statement of goals. The TEAMS project (Trial Ecosystems for the 
Advancement of Microbiome Science) is focused on the development of technologies and 
protocols to facilitate plant and soil microbiome experiments using fabricated ecosystems 
(EcoFABs). EcoFABs are intended to provide standardized methods for understanding microbial 
interactions in complex environments through the creation of environments that capture relevant 
aspects of their natural environment like spatial heterogeneity, but do so in a reproducible 
manner better suited for inter-laboratory investigations and designed to allow for multiple 
avenues of investigation (e.g., microscopy, metabolomics). Through the TEAMS project two 
types of EcoFABs have been developed, the EcoFAB 2.0, which can be mass produced and is 
compatible with robotics for automated plant-microbiome experiments, and the soil EcoFAB, 
which is designed to study microbial interactions within a defined spatial structure. Finally, the 
EcoBOT is being developed to facilitate automated EcoFAB experiments in a single system 
containing an integrated growth chamber, liquid handling robot, inverted microscope and 
hyperspectral camera. An automated arm allows the remote or programmed transfer of EcoFABs 
between stations to monitor plant development and collect metabolite and microbial samples 
throughout its growth to facilitate automated EcoFAB experimentation.  

Abstract text:  

The TEAMS project has organized inter-laboratory experiments to evaluate the reproducibility 
of microbial community analyses in plant microbiome experiments within the EcoFAB 2.0. 
These experiments follow up on a previously published inter-laboratory study that demonstrated 
that the impacts of growth media on the exudation, and root and shoot phenotypes of 
Brachypodium distachyon 21-3 were reproducible between laboratories when cultivated in 
EcoFABs1. This iteration is focused on the interactions between B. distachyon 21-3 and 
microbial communities and includes DNA sequencing to evaluate microbial colonization as well 
as metabolomics and phenotyping analyses. This study utilizes a  standardized consortium of 
isolates made from a field grown switchgrass plant and selected to represent a phylogenetically 
diverse set of bacteria. All 17 of these isolates  have been sequenced and evaluated for their 
reproducible growth in vitro under different nutrient conditions. Pilot EcoFAB experiments have 
demonstrated that inclusion of the entire community vs 16 members that exclude a 



Paraburkholderia sp. have a significant impact on shoot fresh weight and root/shoot mass ratios. 
The details of this process will be investigated as part of a five institution intercomparison study. 
The results of this study will lay the foundation for an comparison study by scientists at all four 
of the DOE Bioenergy Research Centers. Together these studies will establish a common plant-
microbiome experimental system to enable collaborative research studies. The results of these 
intercomparison studies will also be used to benchmark the automated EcoBOT system vs. 
conventional experimentation. 

Researchers at PNNL have developed soil EcoFAB devices designed to complement the plant-
microbe focused devices described above. These EcoFABs take advantage of custom polymers 
compatible with advanced mass spectrometry approaches to facilitate spatial mass spectroscopy 
imaging. They also provide solid structures of defined sizes and spacing to support microbial 
growth. Initial experiments were performed by inoculating each quadrant of the EcoFABs with 1 
of 4 phylogenetically diverse bacteria expressing a fluorescent protein. After a week, confocal 
microscopy revealed that the bacteria each colonize the device in distinct, but reproducible 
manners. The reproducibility of the developed soil EcoFAB experiments will also be assessed 
using inter-laboratory evaluations involving laboratories at 4 separate institutions.  

Together these capabilities provide a powerful new platform for scientists to build on each 
other’s research and collaborate to advance microbiome science.  
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Project Goals: Arbuscular mycorrhizal fungi (AMF) are ancient symbionts that form root 
associations with most plants. AMF play an important role in global nutrient and carbon 
cycles, and understanding their biology is crucial to predict how carbon is stored and 
released from soil. This Early Career research investigates the basic mechanisms that 
underpin synergistic interactions between AMF and microbes that drive nitrogen and 
carbon cycling, addressing DOE’s mission to understand and predict the roles of microbes 
in Earth’s nutrient cycles. By coupling isotope-enabled technologies with next generation 
DNA sequencing techniques, our project investigates soil microbial interactions in situ 
using natural levels of soil complexity. This work will provide a greater mechanistic 
understanding needed to determine how mycorrhizal fungi influence organic matter 
decomposition and will shed light on large-scale nutrient cycling processes in terrestrial 
ecosystems. 
 
The arbuscular mycorrhizal association between the Glomeromycota fungi and land plants is 
ancient and widespread; approximately 80% of all land plants form symbiotic associations with 
AMF. Recent work has shown that mycorrhizal fungal type is one of the key predictors of soil C 
storage in terrestrial ecosystems. However, studies have come to opposing conclusions about the 
direction and magnitude of soil C accumulation in relation to mycorrhizal colonization. A greater 
mechanistic understanding is needed to determine how mycorrhizal fungi alter decomposition to 
help predict large scale C cycling processes in terrestrial ecosystems.  
 
While AMF are obligate symbionts that depend on their host plant for C and cannot decompose 
soil organic matter (SOM), AMF can stimulate the decomposition of SOM and dead plant 
material. Our prior research strongly suggests that AMF partner with their microbiome in the 
zone surrounding hyphae, or hyphosphere, to encourage decomposition. The molecular 
mechanisms underpinning synergistic interactions between AMF and the microbial community 
during N uptake from SOM is a key knowledge gap limiting our ability to model these 
interactions. To determine how AMF harness hyphosphere microbial communities to stimulate 
decomposition, we are first using 13C-Stabile Isotope Probing (SIP) to identify the genomes of 
organisms in the fungal hyphosphere. We have sequenced 13C-SIP hyphosphere metagenomes 
collected from a 13CO2 labeling experiment using living soil. Additionally, we are developing 
sterile plant-mycorrhizal microcosms (“MycoChips,” based off the EcoFAB platform) that we 
can use to interrogate hyphal-microbial interactions in-situ. For notoriously heterogeneous 
environments such as soil, it is critical to develop and apply systems biology tools with the 
ability to interrogate soil microbial communities at their natural levels of complexity. Using this 
framework, our work aims to deconstruct complex interkingdom interactions in living soil. 
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Project Goals: Clostridium thermocellum is a promising organism for the production of fuels
and chemicals from cellulose, but it has an atypical glycolysis that is poorly understood, which
limits commercial applications. The overall goal of this project is to develop an improved
systems-level understanding of C. thermocellum metabolism. We will do this by performing
kinetic measurements of purified enzymes and kinetic analysis of enzyme modules in cell
lysates. Results from these analyses will be synthesized with a novel multi-scale kinetic
modeling approach. This improved understanding will be demonstrated by producing
2,3-butanediol from cellulose in vivo.

Abstract Text: Elementary decomposition (ED) provides a way to generate mechanistic kinetic
models from reaction stoichiometry, and also a mathematical framework for determining kinetic
parameters through non-linear optimization (Gopalakrishnan, Dash, and Maranas 2020) or
screening sets of stochastically chosen kinetic parameters (Tran, Rizk, and Liao 2008), both of
which attempt to determine enzyme kinetics through global fitting of kinetic parameters (i.e. a
top-down approach). These approaches are somewhat limited in that the kinetic parameters
estimated in this manner are based on relative enzyme and metabolite concentrations and often
make use of lumped reactions and kinetic parameters. For critical metabolic enzymes where
more accurate kinetic knowledge is desired, we are interested in using the ED approach for
estimating kinetic parameters from progress-curve data for individual enzymes for
parameterizing kinetic models of C. thermocellum (i.e. a bottom-up approach). To do this, we
have created a Nonlinear Programming (NLP) approach. Using spectroscopy data, our approach
minimizes error between the measured and calculated concentrations of one reaction participant
by solving a system of equations describing the ED kinetics with variable kinetic parameters and
participating species concentrations. The process as a whole then performs a bottom-up and
absolute estimation of kinetic parameters. To validate our system, we are testing it on formate
dehydrogenase (EC 1.2.1.2), a commercially available enzyme that is commonly used for
recycling of NAD+ to NADH in redox reactions. Furthermore, this is one of the few enzymes
where a kinetic model has been validated on a complete progress curve, rather than just initial
rates (Schmidt et al. 2010). We are interested in addressing the following questions:

1. How does prediction accuracy compare between the two models?
2. For each model, which parameters are well-resolved by time-course kinetic data?
3. How much inaccuracy is introduced by assuming the reaction is irreversible?

https://sciwheel.com/work/citation?ids=9167806&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1238221&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1238221&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1238221&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=9008189&pre=&suf=&sa=0


4. To what extent can the kinetic mechanism be determined from progress curve data?
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Project Goals: This project will leverage a “synthetic rumen” consortium composed of 
anaerobic fungi and chain-elongating bacteria to study which metabolites are shared and 
exchanged between microbes and identify strategies to bolster lignocellulose conversion to 
value-added products. Our approach will develop high-throughput systems and synthetic biology 
approaches to realize stable synthetic consortia that route lignocellulosic carbon into short and 
medium chain fatty acids (SCFAs/MCFAs) rather than methane. Key research objectives are to 
(1) design and predict anaerobic fungal and bacterial consortia that efficiently convert 
lignocellulosic biomass into medium-chain fatty acids (MCFAs), (2) understand how 
fermentation parameters and microbe-microbe interactions regulate and drive microbiome 
metabolic fluxes, and (3) use genomic editing to alter the fermentation byproducts of anaerobic 
fungi and bolster MCFA titers and yields. 

Abstract Text: Lignocellulose deconstruction and conversion in nature is driven by mixed 
microbial partnerships rather than the action of a single microbe. For example, microbes are 
particularly well optimized to recycle organic matter in anaerobic habitats, ranging from landfills 
to intestinal tracts, via interspecies H2 transfer and methane release. Compared to aerobic 
processes, anaerobic digestion can be far more efficient in converting substrate to chemical 
products, largely because far less carbon is funneled to cell growth resulting in higher yields, and 
far less energy inputs are required because pre-treatment, aeration, mixing, and heat removal are 
greatly reduced. Compartmentalizing difficult biomass deconstruction and production steps 
among “specialist” anaerobes is an exciting new route to convert biomass into value-added 
products, especially if consortia can be built predictively, and engineered for stability. 

Recently, we established a model bacterial consortium enriched from the rumen that converts 
lignocellulosic biomass into high titers of C4 VFAs (butyrate), based on a chain elongation 
process that inhibits archaeal methanogenesis. Several consortia were selectively enriched from 
the feces of cows and goats using sorghum as a substrate while suppressing methanogenesis with 
2-bromoethanesulfonate (BES) addition. Metagenomic and metatranscriptomic analysis 
identified the key chain elongating bacteria in these consortia to be unique species of the 
Lachnospiraceae family that maintain high expression of the reverse β-oxidation pathway 
responsible for C4-C8 VFA production. This analysis also revealed several other bacterial 
species in the consortia that compete with Lachnospiraceae and reduce overall C4-C8 VFA 
yields by diverting carbon to unwanted products. Therefore, building synthetic consortia that 



eliminate these competing bacteria would bolster product yields and enable great control over 
VFA chain length. In parallel, we also demonstrated that anaerobic rumen fungi within the 
Neocallimastix genus are superior biomass degraders compared to anaerobic bacteria from these 
enrichments. Moreover, the biomass degradation products lactate, acetate, and ethanol from 
Neocallimastix are optimal substrates for Lachnospiraceae and other chain elongators. 
Accordingly, partnering anaerobic fungi and chain elongating bacteria in synthetic consortia 
represents a novel strategy for maximizing lignocellulose conversion to C4-C8 VFAs. Here, we 
further describe our efforts to systematically characterize and model the production of VFAs 
from synthetic bacterial/fungal communities that have been grown on representative 
lignocellulosic grass substrates.  

Funding Statement: This research was supported by the DOE Office of Science, Office of 
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 Project Goals: 

The overarching goal is to expand the understanding of interactions and fundamental activities 
involved in cycling of carbon and nutrients by syntrophic methanotrophic archaeal-bacterial 
consortia and associated viruses in anoxic sedimentary environments. Specific objectives are to 
(1) quantify energy and nutrient exchange [e.g., nitrogen (N), phosphorus (P), iron (Fe) and 
vitamins] within AOM consortia and between ANME-bacterial partners; (2) identify virus-host 
interactions associated with AOM and assess C and N transfer through viruses in methane - 
impacted sediment ecosystems; (3) model energy and nutrient exchange in AOM consortia and 
viral-host interactions (i.e., viral activity), and their environmental distribution patterns. 

 Abstract: 

Understanding the cycling of carbon and nutrients in the sediment environments requires an 
accounting of the feedback between microbial activities and environmental conditions. We 
approach this through the development of (1) flux balance community metabolic models consisting 
of methanotrophic archaea (ANME) and sulfate reducing bacteria (SRB) and (2) a reactive 
transport model that establishes a connection between processes at the pore scale and the 
macroscopic environment. 

To build a community flux model, we started with the construction of flux balance models of 
ANME and SRB individually using ModelSEED in the DOE Systems Biology Knowledgebase 
(KBase) platform (www.kbase.us). ANME microbes are related to methanogenic bacteria but 
these organisms support “reverse methanogenesis” as the biochemical model for methane 
oxidation pathway and eventually for defining syntrophy. Towards this end, we curated pathways 
and model templates for archaeal microbes in our latest build of the ModelSEED genome-scale 
model reconstruction tool. The ModelSEED now has an archaea template with an archaea-specific 
biomass reaction and a more complete representation of archaeal metabolic pathways. On average, 
models of archaeal species constructed by the ModelSEED have 150 additional genes compared 
to before our curation efforts. To correctly mimic methane utilizing consortia behavior, flux 
constraints were also adjusted to ensure proper implementation of ANME behavior with respect 
to the flow of electrons along the methanogenesis pathway. In addition to archaeal template, 
significant progress was also made to improve the representation of the bacterial sulfur reduction 
pathway in the ModelSEED,curating the reactions and annotations based both on literature and 

http://www.kbase.us/


experimental data. This resulted in the addition of at least ten new reactions and unique annotations 
in a single sulfate reduction pathway. We will apply this improved ModelSEED tool to construct 
models for exemplar ANME and SRB strains assembled and binned from metagenomic data 
collected for this project. Presently, we are combining these models together in community flux 
simulations, while integrating transcriptomic data, to predict potential trophic interactions between 
various ANME and SRB strains under various conditions. Ultimately, these predictions will be 
tested in the reactive transport simulations described below, as well as new experimental studies. 

To establish a connection between processes at the pore scale and the macroscopic environment, 
ongoing work aims at integrating microCT and multi-model imaging analysis into models that 
resolve the pore structure of carbonate rocks formed due to the alkalinity produced in the anaerobic 
oxidation of methane. CT scans of the rocks are collected through an x-ray microscope at an 8-
micron isotropic resolution for the modeling component. Select, higher resolution scans are also 
collected at 0.8 microns for resolution of smaller pore network structures and the biomass of 
interest. This structural information is then being used to estimate the residence time distribution 
and local biogeochemical conditions that result from and shape niches for microbial metabolism.  

Funding statement - This work was supported by the U.S. Department of Energy, Office of 
Science, Office of Biological and Environmental Research, Genomic Science Program under 
Award Number DE-SC0020373. 
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Project Goals:
The overarching goal is to characterize the role of viruses in the ecology and biogeochemical
cycling in methane saturated sediments , especially their impact on the syntrophic
archaeal-bacterial consortia that perform the anaerobic oxidation of methane (AOM). Specific
objectives are to (1) Characterize the viral community in methane-saturated sediments and their
environmental distribution patterns using viral metagenomics and transmission electron
microscopy; (2) Identify virus-host interactions associated with AOM and potential viral
auxiliary metabolic genes (AMG) involved in key sedimentary biogeochemical cycles. (3)
Develop activity-based methods for fluorescently-labeling viruses for microscopy and flow
sorting to achieve single virus level resolution of newly produced viruses and their genomic
diversity; (4) Quantify viral activity and constrain how the production of new viruses relates to
host physiology and AOM.

Viral communities in sediment and soil environments are largely unexplored, though initial
evidence exists for their large contribution to the dissolved organic carbon pool. In
methane-saturated anoxic sediments, the process of anaerobic oxidation of methane by
syntrophic consortia of methanotrophic archaea (ANME) and sulfate-reducing bacteria (SRB), is
the dominant pathway by which methane is oxidized prior to release to the atmosphere.

To understand the role of viruses in this process, we have established a series of
microcosm anoxic incubations of multiple sediment depths from four discrete cores collected
from sites of active AOM. From these incubations, we have assembled viral metagenomes that
yielded more than 3,400 complete and nearly complete viral metagenome-assembled genomes
(vMAGs), along with thousands more contigs longer than 15kb. The viral community from this
environment is very diverse and the majority of the vMAGs are unclassified followed by
Siphoviruses and Halovirus-like viruses. Our data are dominated by site-specific abundance
patterns rather than clustering by sediment depths. Auxiliary metabolic genes (AMG) involved in
heme metabolism and assimilatory sulfate reduction are highly abundant throughout our dataset,
pointing at the potential role of viruses in sulfur metabolism and possibly extracellular electron
transfer.



To further characterize the impact of viruses on AOM and sulfate reduction a set of
incubations were amended with 15NH4

+, 13CO3 and L-Homopropargylglycine (HPG). An
additional set of incubations were also amended with anthraquinone-2,6-disolfonate (AQDS), an
external electron acceptor that decouples the syntrophic relationship between the ANME and
SRB. TEM analysis of a previous incubation series showed preliminary differences in viral
capsid morphologies between decoupled and non-decoupled samples. The current incubation
series seeks to track such changes in the viral community over time, and correlate it with
metabolic activity of the hosts, viral production rates and the rate of elemental transfer between
hosts and virus-like particles (VLP). Biorthogonal Non-Canonical Amino Acid Tagging
(BONCAT)2 with click-chemistry was used to fluorescently label newly-synthesized viruses and
quantify viral production. BONCAT methodology was optimized for maximizing the ratio of
viral signal to noise, which is crucial for flow cytometry detection and sorting of positive
BONCAT tagged viral particles. Finally, we present preliminary results of a method that
combines optimized viral-BONCAT with fluorescence-activated sorting (FACS) on an Influx cell
sorter with Single Virus Genomics3 (SVG) that can be used to identify and sequence the genomes
of newly produced viruses in sediments from active host cells, correlated to geochemical data
from the incubation.
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Abstract  
Cyanobacteria, oxygenic photosynthetic prokaryotes, are emerging as promising platforms for cost 
effective conversion of sunlight and CO2 into high value end products. Recent discovery of fast-growing 
cyanobacterial strains, with growth rates comparable to their heterotrophic counterparts, have alleviated 
one of the long-standing bottlenecks in the commercialization of these organisms for bio-production. 
Anabaena sp. ATCC 33047, a heterocystous cyanobacterium, stands out in this category for its ability to 
utilize atmospheric N2 in addition to CO2 and generate biomass at unprecedented rates. Developing such a 
strain as a chassis can eliminate the need for fixed nitrogen in production systems, a significant step towards 
cost reduction. Our work aimed to develop Anabaena 33047 into such a bioproduction platform.  

Anabaena 33047 exhibits rapid growth (~3.8h doubling time) utilizing high light, CO2 and N2 [1]. 
Under controlled culture conditions, this strain can fix up to 3.0 g CO2 L-1 day-1, 
the highest conversion rate of atmospheric CO2 known for cyanobacteria. Much of 
this fixed carbon (~47%) is secreted into the medium in the form of 
exopolysaccharides (EPS) with production rates as high as 1.4 g L-1 [2]. 
Cyanobacterial EPS exhibits unique physical and chemical properties and harbors 
bioactive potential which can be explored for a variety of applications [3]. 
However, this strain was previously known to be recalcitrant to genetic 
manipulation and hence, despite its many appealing traits, remained largely 
unexplored. During this project, we have successfully developed a genetic 
manipulation system that has enabled targeted genome modifications.  

Genome-scale metabolic models (GSM) facilitate comprehensive 
understanding of the metabolism of non-model organisms and metabolic 
engineering for over production of target chemicals [4]. In the course of this 
project, we developed a genome scale metabolic model, iAnC892 [5] for Anabaena 33047. This model will 
help expand our understanding of its metabolism and identify genetic interventions to divert carbon and 
nitrogen flux towards products of interest. The model was constructed by retrieving annotations from 
multiple databases: KEGG [6], MetaCyc [7] and ModelSEED [8] and a recently published model for the 
closely related strain Anabaena 7120 [9]. iAnC892 contains 953 unique reactions representing the 
annotation of 892 genes. The diazotrophic life cycle of Anabaena 33047 is captured by accounting for both 
vegetative and heterocyst cell types. This is achieved by creating super-compartments that reflect the 
metabolic differences and interactions between these two cell types (Figure 2). The model provided insight 
into importance of light dependent electron transport in the heterocyst and pointed pathway combinations 
that can supply reducing equivalents and ATP in the appropriate ratio for optimal N2 fixation [5]. The model 
was used alongside the strain design algorithm, OptForce [10], to identify genetic interventions that would 
lead to overproduction of nitrogen-rich compounds [5]. 

To validate the existing metabolic models and to have a better understanding of the metabolism of 
Anabaena sp. ATCC 33047 under mixotrophic, heterotrophic, autotrophic and diazotrophic growth 
conditions, we performed a series of stable-isotope tracing experiments and quantified metabolic fluxes 
using state-of-the-art tools for 13C-metabolic flux analysis (13C-MFA). Our results validated the core 

Figure 1. Anabaena 33047 
image showing high 
frequency of heterocysts.  



metabolic network model 
assumptions for this 
organism. To assess 
metabolite exchange between 
vegetative cells and 
heterocysts during 
diazotrophic growth, we 
attempted to obtain 
independent metabolomics 
and stable-isotope labeling 
data from vegetative cells and 
heterocysts. While we were 
able to successfully separate 
the two cell types, we 
observed significant leakage 
of metabolites from the cells, 
suggesting that further 

refinement of our protocol is needed to obtain more reliable metabolomics data. 

Using our newly developed engineering strategy and based on our model predictions, we generated a 
∆nblA strain of Anabaena 33047. NblA is 
involved in the degradation of 
phycobilisomes (PBS), light harvesting 
antenna proteins. The ∆nblA mutant 
exhibited resistance to PBS degradation and 
retained high amounts of these antenna 
proteins in its heterocysts. Quantitative 
analysis of PBS in individual heterocysts of 
the mutant and the WT (using a 
Fluorescence Kinetic Microscope - FKM) 
revealed ~ 8-fold higher amounts of PBS in 
the heterocysts of the mutant (Figure 3) [1]. 
Intriguingly, the ∆nblA mutant displayed ~ 
2.5 folds higher rates of nitrogen fixation 
compared to the WT. Spectroscopic analysis 
revealed altered PSI kinetics in the mutant, with increased cyclic electron flow around PSI, a route that 
contributes to ATP generation and nitrogenase activity in heterocysts. Thus the ∆nblA mutant of Anabaena 
33047 offers an improved platform for bioproduction. Overall, this project has laid the foundation for 
developing the non-model cyanobacterium Anabaena 33047 into a highly efficient chassis for 
bioconversion of solar energy and atmospheric CO2 and N2 into high value bio products. 
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Figure 3. FKM analysis of WT and ∆nblA 
heterocysts. Bright signal from PBS in heterocysts 
of the ∆nblA mutant compared to the WT (arrows). 
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Figure 2: Two cell model of Anabaena 33047. The genome scale 
metabolic model, iAnC915, has two super-compartments, the 
vegetative cell and the heterocyst, in-order to capture the diazotrophic 
and heterocyst forming lifestyle of this cyanobacterium. 
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Project Goals: Our goal is to genetically increase constitutive terpene defenses of loblolly and 
slash pine to enhance protection against pests and pathogens and at the same time expand 
terpene supplies for renewable biofuels and chemicals.  
 
Abstract: Today, the southeastern U.S. hosts the world’s largest biomass supply chain, annually 
delivering 17% of global wood products, more than any other country. This well-developed 
regional supply chain supports southern pine genetic improvement, seedling production and 
planting, silviculture, harvesting, and transportation annually delivering ~250 million tons of 
pine wood to integrated manufacturing facilities. In the SE U.S., 39 million acres of land not 
suited for food production are planted with genetically improved loblolly and slash pine 
seedlings selected and managed for fast growth and high wood yields. The SE also houses the 
U.S. pine chemicals industry the oldest and one of the largest renewable hydrocarbon chemical 
industries with favorable cost-competitiveness with petroleum derived feedstocks. Our focus is 
on increasing constitutive terpene production to enhance loblolly and slash pine resistance to 
pests and pathogens. Enhanced resistance in these commercial species is critical to protect 
against widespread losses as biotic pressures increase due to global warming, landuse change 
and introduced exotic organisms. 
 
Increasing pine terpenes also is aligned well with the needs of the developing bioeconomy.  
Today, commercial scale collection of pine terpenes occurs from live trees by tapping, stumps 
by solvent based steam extraction, and from pulp mills as co-products. US pulp mills recover 
~900,000 tonnes y-1 of terpenes and fatty acids supporting specialty chemical biorefineries that 
compete in markets with petroleum derived feedstocks supporting our concept that biofuels 
from pine terpenes could be profitable without subsidy if supply was increased. Proven 
technologies exist to efficiently convert pine terpenes to biofuels: a 30 million gallon y-1 bio-
refinery produces renewable diesel from pine terpenes and fatty acids and pine monoterpenes 
can be efficiently dimerized to produce a replacement for JP10, the highest density jet fuel. 
Higher wood terpene content will increase the yield of bioenergy per unit mass in the rapidly 
developing wood pellet industry. Pine terpene supply is limited by the relatively low average 
wood terpene content. 
 
Pine terpenes evolved as a primary chemical and physical defense system and are a main 
component of a durable, quantitative defense mechanism against pests and pathogens. The 
terpene defense traits are under genetic control and can be improved by breeding and genetic 
engineering. Our goal is to genetically increase constitutive terpene defenses of loblolly and 
slash pine to enhance protection against pests and pathogens and at the same time expand 
terpene supplies for renewable biofuels and chemicals. Objective one will integrate existing and 
new genome wide association genetic results with RNA expression, QTL mapping, and allele 
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frequency information in known high oleoresin flow selections and our breeding populations to 
discover and validate loblolly and slash pine alleles/genes that are important for resistance. 
Objective two will use information from objective one to accelerate breeding for increased 
resistance in loblolly and slash pine through marker assisted introgression, and will develop and 
test genomic selection models to accelerate breeding of resistant slash pine. 
 
Funding: U.S. Department of Energy – USDA Biomass Feedstocks DE-SC0 019099  
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Project Goals: Microorganisms play key roles in soil carbon turnover and stabilization of 
persistent organic matter via their metabolic activities, cellular biochemistry, and 
extracellular products. Microbial residues are the primary ingredients in soil organic 
matter (SOM), a pool critical to Earth’s soil health and climate. We hypothesize that 
microbial cellular-chemistry, functional potential, and ecophysiology fundamentally shape 
soil carbon persistence, and we are characterizing this via stable isotope probing (SIP) of 
genome-resolved metagenomes and viromes. We focus on soil moisture as a 'master 
controller' of microbial activity and mortality, since altered precipitation regimes are 
predicted across the temperate U.S. Our SFA’s ultimate goal is to determine how microbial 
soil ecophysiology, population dynamics, and microbe-mineral-organic matter interactions 
regulate the persistence of microbial residues under changing moisture regimes. 
 
Abstract: Linking the identification of uncultivated microbes with their environmental function 
is a key ambition for microbial ecologists. While many techniques attempt to meet this goal, 
stable isotope probing—SIP—remains the most comprehensive for studying whole microbial 
communities in situ. In DNA-SIP, microbes who take up an isotopically heavy substrate end up 
with heavier DNA, which can be divided into multiple fractions containing DNA of different 
densities. Compounds labeled with 13C or 15N are frequently used to study the ecophysiology of 
organisms that consume a substrate of interest, while 18O water is used as a universal tracer to 
measure the taxon-specific growth of all active taxa. However, SIP is not as broadly used as it 
could be because it requires specialized equipment, requires expensive reagents, is relatively low 
throughput and very time-consuming.  
  
We designed a high throughput semi-automated DNA-SIP pipeline that can be combined with 
either amplicon or metagenomic sequencing. Our pipeline decreases operator time, reduces 
operator error, and improves reproducibility by targeting the most labor-intensive steps of 
traditional SIP—fraction collection, cleanup, and DNA processing. Fractionation is 
accomplished by connecting a SIP tube to an HPLC fraction collector (Agilent Infinity Fraction 
Collector), which aliquots four SIP tubes into a single plate 96-well plate. DNA precipitation and 
Picogreen quantification are then automated on a liquid handling robot (Hamilton STAR), which 
allows us to process density fractions from 16 SIP samples simultaneously. In addition, we have 
developed a method for pre-screening nucleic acids for isotopic enrichment, to ensure samples 
are adequately enriched prior to density gradient separation. Since establishing our pipeline, we 
have run over 1000 SIP samples, including well-replicated studies of annual grassland soil taxa 
active during key points in the water-year (fall wet up, spring growing season), plus analyses of 
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soil water limitation, redox, habitat and mycorrhizal effects. Overall, the pipeline reduces the per 
sample processing time from 9 hours to 1.7 hours, with ca. 30 minutes of manual work per 
sample. Using in silico analysis, we determined that 9 fractions are an ideal number to identify 
enriched organisms in samples with greater than 5 atom percent enrichment—this level of 
resolution balances of financial costs of extra fractions versus the benefits of error reduction [1].  
  
We further improved our SIP practices by including internal standards during ultracentrifugation, 
which can calibrate per sample conversions of GC content to mean weighted density and 
determine the 18O atom percent enrichment of a taxon’s genome. The internal standards are two 
9Kb PCR products of known isotopic enrichment. The more isotopically enriched standard 
typically appears in ultracentrifuge tubes approximately 0.05 g/ml heavier than the non-enriched 
standard, indicating about 3.3 extra neutrons per base pair are required for a DNA molecule to be 
isolated in a subsequent fraction. Using this methodology, the atom percent enrichment of a 
taxon’s genome can be quantified in comparison to the internal calibration standard, which 
greatly improves the reproducibility of SIP runs because the calculation of sequence enrichment 
does not rely solely on refractometry. Refractometry measurements may vary between different 
operators and laboratories leading to incorrect measurements of isotopic enrichment of DNA 
contained in that fraction. Our semi-automated SIP approach and calibration of internal standards 
should make isotope-enabled techniques more high-throughput, more reproducible, accessible to 
the greater scientific community and allow better comparison of results among different 
experiments. 
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Project Goals: Microorganisms play key roles in soil carbon turnover and stabilization of 
persistent organic matter via their metabolic activities, cellular biochemistry, and 
extracellular products. Microbial residues are the primary ingredients in soil organic 
matter (SOM), a pool critical to Earth’s soil health and climate. We hypothesize that 
microbial cellular-chemistry, functional potential, and ecophysiology fundamentally shape 
soil carbon persistence, and are characterizing this via stable isotope probing (SIP) of 
genome-resolved metagenomes and viromes. We focus on soil moisture as a 'master 
controller' of microbial activity and mortality, since altered precipitation regimes are 
predicted across the temperate U.S. Our SFA’s ultimate goal is to determine how microbial 
soil ecophysiology, population dynamics, and microbe-mineral-organic matter interactions 
regulate the persistence of microbial residues under changing moisture regimes. 
 
Abstract: 
Linking microbial communities to broad ecosystem scale processes is a central focus in 
microbial ecology. Here, we analyzed over 500 metagenomes to examine how fundamental 
microbial characteristics relate to environmental parameters, primarily in soil microbial 
communities. Our study combines traditional statistical analyses and a machine-learning 
approach to determine the environmental factors which most strongly control the genomic traits 
in soil microbial communities. This work provides valuable insight into the forces dictating 
microbial life-strategies in soil, which could assist in determining the environmental services soil 
microbes may provide.  
 
Environmental conditions exert selective pressure on bacteria in microbial communities, and 
these pressures are often exhibited in the genomic traits of these bacteria. Traits such as genome 
size, GC content, and amino acid and codon frequency can lend valuable insight into the 
relationship between environment pressures and bacterial life-strategy [1]. For example, bacteria 
in nutrient limited environments often exhibit smaller genomes in order to curb the cost of 
reproduction, and lower GC content in order to conserve nitrogen (as the GC base pair has a 
higher nitrogen content than the AT base pair) [2]. While genomic traits could be used in the 
assessment of microbial communities across broad scales, little work has been done to examine 
how genomic traits are distributed among different environments. Further, the factors which 
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shape traits in soil microbial communities remains especially understudied. Here we present 
findings from two studies which look at the distribution of genomic traits between microbial 
communities. In the first, we compared 100+ publicly available metagenomes from the Joint 
Genome Institute [3] which were collected from soils, oceans, animal microbiomes, and hot 
springs, to evaluate how genomic traits were distributed across fundamentally different systems. 
We found that the relationships between genomic traits were unique among these different 
ecosystems and notably, that the relationship between the GC content and average genome size 
of communities was different between soil and marine environments. The GC content and 
average genome size of ocean microbial communities were positively correlated—consistent 
with results from previous studies examining individual bacteria taxa. However, in soils we 
found that larger genomes demonstrated comparatively lower GC content, indicating that a 
different set of environmental constraints are dictating the traits of soil bacteria. In our second 
study we examined this relationship more closely and compared the genomic traits of soil 
microbial communities across 400 metagenomes and assessed how these traits were related to 
numerous environmental parameters. These data, accessed from the National Ecological 
Observation Networks [4], showed that the genomic traits of soil bacteria were most closely 
related to pH. In low pH soils, soil microbial communities tended to have larger genomes with a 
lower GC content, and communities in high pH soils often had smaller genomes with higher GC 
content. We suggest that this reflects the several environmental parameters which are reflected in 
soil pH, specifically: soil carbon to nitrogen ratios, moisture availability, and physiological 
stress. 
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Project Goals: Microorganisms play key roles in soil carbon turnover and stabilization of 
persistent organic matter via their metabolic activities, cellular biochemistry, and 
extracellular products. Microbial residues are the primary ingredients in soil organic 
matter (SOM), a pool critical to Earth’s soil health and climate. We hypothesize that 
microbial cellular chemistry, functional potential, and ecophysiology fundamentally shape 
soil carbon persistence, and we are characterizing this via stable isotope probing (SIP) of 
genome-resolved metagenomes and viromes. We focus on soil moisture as a 'master 
controller' of microbial activity and mortality, since altered precipitation regimes are 
predicted across the temperate U.S. Our SFA’s ultimate goal is to determine how microbial 
soil ecophysiology, population dynamics, and microbe-mineral-organic matter interactions 
regulate the persistence of microbial residues under changing moisture regimes. 
 
Abstract: Our SFA has pioneered new methods to quantify element fluxes with genome-
resolved taxonomic resolution —especially quantitative stable isotope probing (qSIP), which 
allows us to evaluate in situ activity of individual taxa in complex communities by adding 
isotope tracers such as 18O-enriched ‘heavy water’ or 13C-enriched compounds. We have recently 
developed a computational workflow that accepts both amplicon or metagenomic sequence SIP 
input and calculates atom fraction excess (enrichment) as well as growth and mortality rates for 
individual amplicon sequence variants (ASVs) or metagenome assembled genomes (MAGs). 
Experiments using 18O-H2O labeling and qSIP provide critical information on organism growth 
rates and mortality in situ. The analytical pipelines we are developing within KBase establish a 
standard qSIP analytical workflow, and a qSIP database suitable for robust cross-site 
comparisons and for model benchmarking. The workflow will enable uniform bioinformatics and 
calculations of qSIP data (e.g., a uniform approach to density shift calculations), and the database 
will facilitate robust comparisons across experiments. Integration within KBase will support 
analyses that compare traits of organisms with their performance in nature, across environments.  
The qSIP pipeline is fully integrated with a genomes-to-trait workflow (microTrait) and 
compatible with a dynamic energy budget-based trait-based model (DEBmicroTrait). With 
microTrait and DEBmicroTrait, we have developed and tested a computational workflow to (1) 
infer ecologically relevant traits from microbial genomes, (2) systematically reduce the high-
dimensionality of genome-level microbial trait data by inferring functional guilds (sets of 
organisms performing the same ecological function irrespective of their phylogenetic origin), (3) 
quantify within-guild trait variance and capture trait linkages in trait-based models, (4) explore 
trait-based simulations under different scenarios with varying levels of microbial community and 

https://sc-programs.llnl.gov/soil-microbiome


environmental complexity, and (5) benchmark emergent model substrate utilization (digested as 
chemical abundance data) and qSIP-derived growth and mortality rates (from qSIP database).  
Combining both the qSIP and DEB-microTrait tools within KBase will provide a strong 
foundation for researchers who wish to use quantitative in situ measurements of microbial 
ecophysiology and population dynamics to benchmark models and build a predictive 
understanding of biological processes controlling material fluxes in complex environments. 
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Trait-based modeling approach to carbon use efficiency 
 
Gianna Marschmann1* (glmarschmann@lbl.gov), Jinyun Tang1, Ulas Karaoz1, Kate Zhalnina1, 
Heejung Cho1, Jennifer Pett-Ridge2, Eoin Brodie1  
 
1Earth and Environmental Sciences Area,  Lawrence Livermore National Laboratory, Berkeley, 
CA; 2Physical and Life Sciences Directorate, Lawrence Livermore National Laboratory, 
Livermore, CA  
 
Website: https://sc-programs.llnl.gov/soil-microbiome 
 
Project Goals: Microorganisms play key roles in soil carbon turnover and organic matter 
stabilization via their metabolic activities, cellular biochemistry, and extracellular 
products. Microbial residues are the primary ingredients in soil organic matter (SOM), a 
pool critical to Earth’s soil health and climate. We hypothesize that microbial cellular-
chemistry, functional potential, and ecophysiology fundamentally shape soil carbon 
persistence, and we are characterizing this via stable isotope probing (SIP) of genome-
resolved metagenomes and viromes. We focus on soil moisture as a 'master controller' of 
microbial activity and mortality, since microbial substrate uptake depends strongly on 
moisture availability and altered precipitation regimes are predicted across the temperate 
U.S. Our SFA’s ultimate goal is to determine how soil microbial ecophysiology, population 
dynamics, and microbe-mineral-organic matter interactions regulate the persistence of 
microbial residues under changing moisture regimes. 
 
Abstract: To understand the ecology and biogeochemistry of plant-soil-microbe interactions, it 
is necessary to quantify and model how substrates control growth and interactions among 
biological organisms (and abiotic factors, e.g., adsorptive mineral soil surfaces). To address these 
substrate-consumer relationships, many substrate- kinetics and growth rules have been 
developed, including the famous Monod kinetics for single-substrate-based growth and Liebig's 
law of the minimum for multiple-nutrient-colimited growth. However, the mechanistic basis that 
leads to these various concepts and mathematical formulations and the implications of their 
parameters are often quite uncertain. Here, we show that an analogy based on Ohm's law in 
electric circuit theory can unify many of these different concepts and mathematical formulations 
[1]. We outline how this Ohm’s law analogy can be integrated with Dynamic Energy Budget 
(DEB) models of microbial metabolism that partition biomass into reserve and structural 
components, and compute structural growth based on reserve dynamics. This biomass 
partitioning separates extracellular substrate competition from internal microbial physiological 
tradeoffs (e.g., maintenance vs. growth vs. enzyme production), enabling the tracking of 
dissipative loss associated with microbial substrate assimilation, somatic maintenance, structural 
biomass growth, and extracellular enzyme production, and allowing power-yield tradeoffs in 
metabolism to emerge dynamically. 
 
Evolutionary trade-offs between power and yield can be observed in genomes where higher 
rRNA operon copy numbers scale positively with power (growth rate) and negatively with yield 
(carbon-use efficiency - CUE). Recent modeling work [2] predicted that intrinsic physiological 
differences between microorganisms can account for substantial variance in predicted yield, with 
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genome size negatively correlating with yield. In a model system representing rhizosphere and 
bulk soil – derived from an annual grassland soil in California, where we have 39 sequenced 
genomes representing Proteobacteria, Actinobacteria, Bacteroidetes, Firmicutes and 
Acidobacteria, we find that the power-yield phase space is partitioned into distinct trade-off 
regions, either dominated by maintenance requirements (positive relationship between power and 
yield) or relating to carbon and energy allocation (negative relationship). For growth on multiple 
distinct carbon sources, power-yield strategies of isolates fall on a Pareto optimal curve. Bacteria 
with larger genomes have less flexible power-yield trade off strategies, suggesting a trade-off 
between catabolic diversity and metabolic flexibility in isolates occupying distinct ecological 
niches in rhizosphere vs. bulk soil. Analysis of variance of genomic features and substrate 
properties furthermore revealed that yield might be a species-specific metabolic property: across 
substrates, isolate identity explained 38% of the variation in CUE and 88% of the variation 
within a substrate type. Class (phylum) taxonomic order explained 20% (13%) of the variation in 
CUE across all substrates and 69% (63%) of the variation within each substrate type. Changes in 
substrate supply will alter the performance of individual isolates; e.g., in the rhizosphere, we find 
that low Gibbs energy substrates that are preferentially assimilated select for organisms with 
metabolic traits that result in higher CUE, but we predict that these changes will not be as strong 
as changes in CUE that arise owing to differences in community composition. These changes 
and the potential for manipulating CUE through substrate addition in the rhizosphere can be 
further explored within our genome-informed, network-based modeling framework for microbial 
metabolism and plant biogeochemistry. 
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biogeochemical reactions with an Ohm's law analogy. Journal of Advances in Modeling Earth 
Systems, 13(10), e2021MS002469. 
2. Saifuddin, M., Bhatnagar, J. M., Segrè, D., & Finzi, A. C. (2019). Microbial carbon use 
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Project Goals: Microorganisms play key roles in soil carbon turnover and stabilization of 
persistent organic matter via their metabolic activities, cellular biochemistry, and 
extracellular products. Microbial residues are the primary ingredients in soil organic 
matter (SOM), a pool critical to Earth’s soil health and climate. We hypothesize that 
microbial cellular-chemistry, functional potential, and ecophysiology fundamentally shape 
soil carbon persistence, and are characterizing this via stable isotope probing (SIP) of 
genome-resolved metagenomes and viromes. We focus on soil moisture as a 'master 
controller' of microbial activity and mortality, since altered precipitation regimes are 
predicted across the temperate U.S. Our SFA’s ultimate goal is to determine how microbial 
soil ecophysiology, population dynamics, and microbe-mineral-organic matter interactions 
regulate the persistence of microbial residues under changing moisture regimes.  
 
Abstract: Rewetting of soil stimulates a succession of microbial growth and mortality, a process 
that could potentially become more frequent as climate change in semi-arid zones is predicted to 
lead to less rain events, potentially allowing for soil dry-down between events. Hypothetically, 
certain microbial traits, such as degradation of carbohydrates and acquisition of nitrogen, 
underlie this succession and confer advantages for growth as both the soil microbial community 
and available resources change over time. We hypothesized that some of the mortality during 
this succession is due to viral predation of growing organisms (i.e., Lotka–Volterra “kill the 
winner” dynamics). We also hypothesized that the summer dry down of soil would drive phages 
to integrate into host chromosomes and that wet-up of dry soil serves an environmental inducer 
of temperate phages.  
 
To determine the mechanisms driving microbial growth and mortality during wet-up, we 
performed a wet-up experiment using soils that had been previously 13CO2 labeled and 
maintained under one of two precipitation regimes: the historical average precipitation (100%) 
and a 50% water reduction. Following the annual summer dry period, soils were collected and 
incubated with multiple isotopic treatments. ‘Heavy water’ (18O-H2O) additions were used to 
specifically target the active portion of the microbiome and virome. Samples were harvested at 
six times following rewetting (0, 3, 24, 48, 72, 168 hr) for DNA-quantitative stable isotope 
probing (qSIP), metagenomics, viromics, and CO2 production. 
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While total soil respiration did not vary between soils exposed to 100% versus 50% 
precipitation, respiration of new (labeled) rhizodeposits was higher in the 100% soils, implying 
functional differences between precipitation groups. This result was supported by differential 
abundance of traits found in growing (18O labeled) microorganisms, which revealed differences 
between precipitation treatments, as well as successional patterns with time. Differential 
abundance of traits also revealed an extreme legacy effect of historic precipitation, which was 1-
3 orders of magnitude higher than any temporal changes. The effect peaked at 0 h but waned 
quickly and disappeared by 168 h, implying that the community “restarts itself” annually. 
Abundance of pathways for carbohydrate degradation in growing organisms varied over time, 
e.g., an increase in abundance of cellulose degradation at 48 h and 72 h, implying changes in 
complex C availability. N acquisition, while varying little over time, appeared to depend mainly 
on ammonium transport and assimilation pathways, as well as extracellular proteases, but not 
other complex N degradation pathways or dissimilatory inorganic N processes. 
 
In comparison to temporal abundance patterns in microorganisms, viruses displayed spatially 
heterogeneity in addition to temporal community changes. Actively replicating viruses were 
mostly phages and were detected in dry soil (0 h) as virus-like particles. The vast majority of 
viruses sampled (83%) did not encode an integrase gene, implying a non-lysogenic life cycle. 
The low prevalence of putatively lysogenic phage in this wet-up dataset is also underscored by 
the fact that non-integrase-containing viruses increased by 24 h after rewetting, while integrase-
containing viruses did not increase in abundance with time, suggesting that wetting of dry soil 
does not induce integrated phages. We conclude that the role of lysogeny in soil viral infections 
is lesser than generally hypothesized. 
 
In summary, we observed temporal changes in active microbial and viral communities following 
wet-up which were underpinned by organic carbon and organic nitrogen degradation capabilities, 
as well as by lytic infection by viruses. 
 
 
This research is based upon work of the LLNL ‘Microbes Persist’ Soil Microbiome SFA, 
supported by the U.S. Department of Energy Office of Science, Office of Biological and 
Environmental Research Genomic Science program under Award Number SCW1632 to the 
Lawrence Livermore National Laboratory, with a subcontract to the University of California, 
Berkeley. Work at Lawrence Livermore National Laboratory was performed under U.S. 
Department of Energy Contract DE-AC52-07NA27344. 
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Project Goals: Microorganisms play key roles in soil carbon turnover and stabilization of 
persistent organic matter via their metabolic activities, cellular biochemistry, and 
extracellular products. Microbial residues are the primary ingredients in soil organic 
matter (SOM), a pool critical to Earth’s soil health and climate. We hypothesize that 
microbial cellular-chemistry, functional potential, and ecophysiology fundamentally shape 
soil carbon persistence, and we are characterizing this via stable isotope probing (SIP) of 
genome-resolved metagenomes and viromes. We focus on soil moisture as a 'master 
controller' of microbial activity and mortality, since altered precipitation regimes are 
predicted across the temperate U.S. Our SFA’s ultimate goal is to determine how microbial 
soil ecophysiology, population dynamics, and microbe-mineral-organic matter interactions 
regulate the persistence of microbial residues under changing moisture regimes. 
 
Abstract: Soil microorganisms are frontline managers of the terrestrial carbon cycle. To better 
understand and model their effects under a changing climate, it is critical to determine which 
microbial ecophysiological traits are associated with soil organic matter formation – particularly 
mineral-associated organic matter (MAOM). Yet major uncertainty surrounds the traits that 
regulate this process, and how environmental context (e.g. spatial habitat, moisture conditions) 
shapes the manifestation of these traits. Microbial carbon-use efficiency (CUE) is posited to be 
positively correlated with MAOM formation, yet direct evidence for this relationship is sparse, 
and few other microbial traits have been directly tested as predictors of MAOM formation. 
 
To investigate the relationship between different microbial traits and MAOM, we conducted a 
12-week 13C tracer study to track the movement of rhizodeposits and root detritus into microbial 
communities and SOM pools under moisture replete (15  4.2 %) or water-limited (8  2%) 
conditions. Using a continuous 13CO2-labeling growth chamber system, we grew the annual grass 
Avena barbata for 12 weeks and measured formation of 13C-MAOM from either 13C-enriched 
rhizodeposition or decomposing 13C-enriched root detritus. We also measured active microbial 
community composition (via 13C-quantiative stable isotope probing; qSIP) and a suite of 
microbial traits including carbon-use efficiency, growth rate, and turnover (via the 18O-H2O 
method), extracellular enzyme activity, bulk 13C-extracellular polymeric substances (EPS), and 
total microbial biomass carbon (13C-MBC). 
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We found that microbial traits associated with MAOM formation were distinct between the 
rhizosphere versus the detritusphere, and their effect was influenced by soil moisture. In the 
rhizosphere, fast growth and turnover were positively associated with MAOM, as were total 13C-
MBC and 13C-EPS production. In contrast, growth rate was negatively associated with MAOM 
formation in the detritusphere, as were CUE, 13C-MBC, and 13C-EPS. However, total 
extracellular enzyme activity was positively associated with MAOM in the detritusphere. These 
results, paired with data on the chemical composition of MAOM (via STXM-NEXAFS) suggest 
that traits associated with fast growth and turnover, as well as high necromass yield, generate 
microbial-derived MAOM in the rhizosphere, whereas traits associated with resource acquisition 
generate plant-derived MAOM in the detritusphere. In these soil habitats, 13C-qSIP indicated that 
fungal taxa were more active in the detritusphere, whereas certain bacterial phyla (e.g., 
Firmicutes) were more active in the rhizosphere. Together, our results show that the rhizosphere 
has distinct traits, communities, and pathways of MAOM formation relative to the detritusphere. 
Future research should consider a broad suite of microbial traits – including but not limited to 
CUE – to model the role of microbes in MAOM formation in distinct soil environmental 
conditions.    
 
This research is based upon work of the LLNL ‘Microbes Persist’ Soil Microbiome SFA, 
supported by the U.S. Department of Energy Office of Science, Office of Biological and 
Environmental Research Genomic Science program under Award Number SCW1632 to the 
Lawrence Livermore National Laboratory, and a subcontract to the Northern Arizona 
University. Work at Lawrence Livermore National Laboratory was performed under U.S. 
Department of Energy Contract DE-AC52-07NA27344. 
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Project Goals: Microorganisms play key roles in soil carbon turnover and stabilization of 
persistent organic matter via their metabolic activities, cellular biochemistry, and 
extracellular products. Microbial residues are the primary ingredients in soil organic 
matter (SOM), a pool critical to Earth’s soil health and climate. We hypothesize that 
microbial cellular-chemistry, functional potential, and ecophysiology fundamentally shape 
soil carbon persistence, and are characterizing this via stable isotope probing (SIP) of 
genome-resolved metagenomes and viromes. We focus on soil moisture as a 'master 
controller' of microbial activity and mortality, since altered precipitation regimes are 
predicted across the temperate U.S. Our SFA’s ultimate goal is to determine how microbial 
soil ecophysiology, population dynamics, and microbe-mineral-organic matter interactions 
regulate the persistence of microbial residues under changing moisture regimes.  
 
Abstract: Soil viruses play a large but uncharacterized role as regulators of microbial growth 
dynamics and microbial biogeochemistry, largely by controlling microbial activity via cell lysis 
and redirection and modulation of host metabolism. Research on the diversity, functional 
capabilities, and host predictions of soil viruses is expanding near-exponentially, however, 
current methods are fragmented, limiting our ability to make connections important to soil 
ecology. We hypothesize that virus-microbe dynamics, and microbial cellular-chemistry and 
ecophysiology fundamentally shape soil carbon persistence. Our SFA team is characterizing 
these phenomena via stable isotope probing (SIP) combined with meta-omics approaches 
including metagenomics, viromics, metatranscriptomics, and eDNA. Here, we used stable 
isotope probing (SIP) targeted metagenomics to reveal the genomic potential of active microbial 
and viral communities using two different isotopically labelled substrates. We used heavy-water 
(18O) SIP in Arctic peat soils to identify and track active microbes and viruses over a year under 
subzero and anoxic conditions. We found that active bacterial populations represented only a 
small portion of the detected microbial community, were capable of fermentation and organic 
matter degradation, and were responsible for significant CO2 production throughout the entire 
incubation. In contrast, the active viral populations in our arctic soil represented a large portion 
of the detected viral community and one-third were linked to active bacterial populations. In a 
second study, we incubated 13C-plant biomass in a tropical forest soil under four redox 
treatments to track viruses infecting microbes that degrade organic matter. Viral diversity was 
highest in the oxic samples and decreased in soils with lower O2 exposure. More than a quarter 
of the soil viruses infected key active microbial organic matter degraders, and many of these 
were present only in anoxic samples. These findings highlight the impact temperature and soil 
redox conditions have on microbial and viral community structure and the fate of organic matter 
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in soils. Similar studies can help us: (1) learn more about how microorganisms grow and die in 
soil and how those factors mediate soil organic matter formation, (2) predict more accurately the 
impacts of shifting climate conditions on carbon cycling and biosequestration in ecosystems, and 
(3) examine potential means of biological sequestration of carbon. 
 

This research is based upon work of the LLNL ‘Microbes Persist’ Soil Microbiome SFA, 
supported by the U.S. Department of Energy Office of Science, Office of Biological and 
Environmental Research Genomic Science program under Award Number SCW1632 to the 
Lawrence Livermore National Laboratory, and LLNL LDRDs 18-ERD-041 (S. Blazewicz) and 
21-LW-060 (G. Trubl). Work at Lawrence Berkeley National Laboratory was performed under 
the auspices of the U.S. Department of Energy Contract No. DE- AC02-05CH11231. Work at 
Lawrence Livermore National Laboratory was performed under U.S. Department of Energy 
Contract DE-AC52-07NA27344. 
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Project Goals: Synthetic communities (SynComs) offer a key experimental platform for 
examining how environmental changes affect the structure of microbiome and host 
physiology and productivity. As part of this effort, we propose adding new functionality and 
workflows to KBase, in support of the Plant-Microbe Interfaces SFA at Oak Ridge National 
Laboratory. With these new tools in KBase, microbes can be identified with beneficial 
properties that have the ability to coexist as communities. We propose new KBase Apps to 
simplify various steps of microbial community design for SynCom experiments. 
Additionally, we will add functionality to help validate SynCom experiments. 

 
Synthetic communities (SynComs) can be used to obtain a deeper understanding of specific 

mechanisms that drive community assembly, how multiple biotic interactions take place, and the 
expression of functional properties that occur when microbes, plants, and the environment interact 
simultaneously in time and space. Furthermore, the capability to obtain correlated data on 
transcript, protein, and metabolite abundance from a designed synthetic community experiment 
facilitates linking functional processes to molecular level information and helps improve the 
quality of annotation and predictive models. For Plant-Microbe Interfaces Science Focus Area 
(PMI SFA) experiments, SynComs are crucial for taking advantage of the extensive set of plant 
and microbial resources assembled in order to further investigate and understand in more precise 
detail the productive relationship between a plant and its microbiome. 

As experimental data and design complexity grow, computational modules and 
applications are required to support rational design of SynComs based on desired functional and 
phenotypic characteristics and the ability of members of the community to survive together. A 
more comprehensive interpretation of the resulting experimental -omics data is needed to 
accelerate the design, build, test, and learn cycles associated with SynCom experiments. KBase, a 
DOE Genomic Sciences Program funded, public, and freely accessible software and data science 
platform, is ideal for developing such applications as it already provides a wide range and 
increasing number of relevant tools for functional annotation, metabolic modeling, auxotrophy 
prediction, substrate utilization and production of by products, taxonomy information, and 
prediction of microbial traits (e.g., nitrogen fixation) that are important considerations in the 
rational design of SynComs and its members. 

We propose to add Populus-associated microbiome and isolate genome data generated as 
part of PMI SFA, and Apps to KBase that leverage existing KBase capabilities for rational 
SynCom design. The -omics data resulting from the designed experiments will be integrated back 
into KBase and stored as abundance matrices. The four Apps will: 1) Summarize functional 



potential of genome set, 2) Generate synthetic communities functionally similar to a 
metagenome, 3) Design synthetic microbial communities with desired characteristics, and 4) 
Compare groups of genomes from SynCom experiments. The resulting workflow will advance 
a more productive SynCom research effort by accelerating the design, build, test, and learn cycle 
in the PMI SFA, and serve the growing community that leverages this powerful research platform.  
 
Oak Ridge National Laboratory is managed by UT-Battelle, LLC for the U.S. Department of 
Energy under contract no. DE-AC05-00OR22725. This program is supported by the U. S. 
Department of Energy, Office of Science, through the Genomic Science Program, Office of 
Biological and Environmental Research, under FWP ERKPA39.  
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Project Goals:

1) Perform an environmental GWAS in a panel of ~2000 sorghum accessions that have already
been genotyped and georeferenced using soil phosphorus availability as the phenotype

2) Identify selection signals at the gene and pathway level using natural populations that have
adapted to low phosphorus and low temperature

3) Characterize the genetic architecture of glycerolipid content during the early stages of
sorghum development using the Sorghum Association Panel.

4)  Test if selection for faster development in low phosphorus availability conditions reduces
genome size and more phosphorus efficient varieties.

5) Develop algorithms that incorporate all the different types of information we collect (i.e.,
metabolite levels, GWAS candidate genes, selection signals) to improve our ability to detect
signals of minor effects and increase our confidence in selecting candidate genes for further
validation.

6) Validate candidate gene(s) function under low phosphorus and cold conditions.

Deciphering the number and importance of loci involved in plant local adaptation and identifying
candidate genes controlling traits that are relevant for adaptation to environmental stresses are
overarching goals of plant scientists across a range of fields. From plant breeders aiming to
introduce beneficial genetic diversity from landraces and wild relatives into high-yielding
modern varieties to evolutionary biologists striving to identify which loci are shaped by
evolutionary forces and molecular biologists and physiologists seeking to understand the role of
genetic variation in plant development and stress responses.
However, validating gene function at the molecular and physiological level and confirming the
importance of allelic variation for a particular gene are expensive and usually only possible when
candidates can be limited to those with large effects on the trait of interest. Reducing the number
of candidate genes and making an informed decision on which ones should be validated is
particularly challenging in the case of highly polygenic traits.
In this project, we will leverage our a priori knowledge of the role of metabolic pathways in
plant adaptation to environmental stresses to develop a combinatorial approach to combine data



from targeted metabolic profiling GWAS, environmental GWAS, and population genetics
indexes of genetic selection. With these data, we will then design mathematical methods that
incorporate pathway-level data and phenotype-genotype associations to develop strategies to
reduce the number of candidate genes.
Our preliminary data and the literature show that phosphorus deficiency and low temperatures
can have a profound impact on lipid metabolism, particularly on the levels of plant lipids, and
that the combination of population and quantitative genetics together with high-precision
metabolic phenotyping can be a powerful approach to identify relevant gene/pathway–phenotype
associations and ultimately elucidate the functional role of genes/pathways in plant adaptation to
environmental stresses.
Funding Statement: This research was supported by the DOE Office of Science, Office of
Biological and Environmental Research (BER) Early Career grant no. DE-SC0021889.
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Project Goals: The goal of the Sorghum Metabolic Atlas (SMA) project is to create an 
integrated pipeline to characterize metabolic interactions and pathways at a cellular level by 
mapping Sorghum enzymes using a variety of experimental approaches. This pipeline is 
divided into three stages: a) establishing Agrobacterium- and nanotechnology-mediated 
transient transformation of grasses to identify subcellular location of Sorghum enzymes 
through high-resolution confocal imaging; b) selecting enzymes to determine their 
subcellular localization; and c) using experimental data to generate new compartmentalized 
metabolic network models as well as refining existing pathway models. This project will 
create a repository for subcellular locations of metabolic enzymes, yielding important insight 
into the location and function of metabolic networks in Sorghum. 
  
Understanding plant metabolic networks is essential to enable the efficient engineering of 
resilient and sustainable bioenergy crops. Although model species such as Arabidopsis thaliana 
have extensive resources from which to draw, there remains a lack of information in species such 
as Sorghum bicolor. Sorghum is a challenging species to work with, as it has very poor 
transformation efficiencies. Here, we are implementing new transformation methods using 
carbon nanotubes (CNTs) which will allow us to rapidly test bioinformatic predictions of 
enzyme subcellular locations. Initial tests using vectors with fluorescent proteins (FP) under the 
control of CaMV35S and maize Ubiquitin promoters have shown transient expression of FPs in 
sorghum leaves, indicating successful carbon nanotube-mediated transformation. However, 
optimization is necessary due to inconsistencies between CNT batches, leaf infiltration 
challenges, and validation of subcellular localization. 
 
We found that the polymers used to load vectors onto CNTs play a key role in construct 
durability, DNA loading capability, and plant toxicity. To minimize hydrolysis of the polymer 
from the CNT surface, we tested various  polymers and storage conditions. Different cationic 
polymers adsorbed DNA with different electrostatic strengths, largely as a function of the 
polymer size and structure. To identify trends in polymer structure that minimize toxicity while 
maintaining DNA loading capability, we measured the upregulation of PR1, a marker for biotic 



stress, using RT-qPCR from infiltrated Nicotiana benthamiana leaves.  With these insights, we 
are actively exploring new chemistries for the loading of biomolecular cargo.  
 
A significant bottleneck in sorghum leaf transformation is the efficient infiltration of plasmid-
loaded CNTs into the silica-rich leaves, additionally hindered by a thick epidermal cuticle. To 
enhance CNT uptake, we tested several leaf abradement and infiltration approaches. Using a 
combination of leaf abradement and vacuum infiltration, we successfully transformed sorghum 
epidermal cells. We are currently optimizing this method for reproducibility and enhanced 
expression of introduced genes.  
 
Following transformation, a key component of this project lies in validation of the subcellular 
localizations we see in sorghum. Our primary considerations in identifying a suitable test species 
is the presence of prior localization studies, leaf infiltration efficiency, and close relation to 
sorghum. To address these criteria, we are testing several well-studied monocot species with 
different leaf properties in parallel, including rice, maize, and Brachypodium. As an added layer 
of assurance, we are also exploring alternatives to CNT-mediated leaf transformation, including 
Agrobacterium-mediated transformation and sorghum callus transformation.  

 
References: 
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Project Goals: The goal of the Sorghum Metabolic Atlas (SMA) project is to create an
integrated pipeline to characterize metabolic interactions and pathways at a cellular level
by mapping Sorghum enzymes using a variety of experimental approaches. This pipeline is
divided into three stages: a) establishing Agrobacterium- and nanotechnology-mediated
transient transformation of grasses to identify subcellular location of Sorghum enzymes
through high-resolution confocal imaging; b) selecting enzymes to determine their
subcellular localization; and c) using experimental data to generate new
compartmentalized metabolic network models as well as refining existing pathway models.
This project will create a repository for subcellular locations of metabolic enzymes, yielding
important insight into the location and function of metabolic networks in Sorghum.

Plant metabolism underpins many traits that improve plant productivity. Decoding plant
metabolic networks is crucial to meet the increasing demand of crop production. Although
subcellular localization of enzymes is critical to understanding metabolic networks, localization
of the majority of the enzymes is unknown. Fluorescently tagged enzyme localization
information is available for many enzymes from the model species Arabidopsis thaliana but is
largely lacking in most plants, including in the DOE flagship bioenergy plants such as Sorghum
bicolor.

Due to the challenges associated with Sorghum transformation, we used two complementary
monocot systems to determine the localization of Sorghum enzymes: 1) leaves of Egeria densa,
an aquatic grass; and 2) roots of Brachypodium distachyon. Sorghum enzymes were
heterologously expressed in both species via an Agrobacterium-mediated transformation method
and the protein subcellular localization was identified through confocal microscopy.

In our pilot experiment, we examined the expression of a fluorescent reporter under a maize
ubiquitin promoter in a modified pANIC5A and pGVG monocot vectors. The vector
modification added a fluorescent tag up-/down-stream of a Gateway cassette into each vector. As
a proof of concept, we selected 37 genes from 27 pathways to determine subcellular localization.
To quantify the degree of subcellular localization conservation between Arabidopsis and
sorghum, we selected 18 sorghum enzymes whose Arabidopsis orthologs have been



experimentally localized. In addition, we selected 6 sorghum-specific genes with no Arabidopsis
orthologs and 8 sorghum genes with unlocalized Arabidopsis orthologs. Subsequent enzyme
datasets were selected by focusing on pathways of biological interest to maximize coverage of
the metabolic network and potential downstream studies to elucidate the function and regulation
of the pathways.

The organelle markers were generated using the organelle localization signal sequence tagged
with a fluorescent protein1. The markers containing the cytosol, nucleus, chloroplast,
mitochondria, and peroxisomes localizing fluorescent proteins are currently being validated.
Once confirmed, these constructs will be co-expressed with fluorescently tagged enzymes to
determine the organelle localization of enzymes.

Overall, this project aims to improve location to function relationship of sorghum metabolic
enzymes to facilitate better strategies to bioengineer pathways to tackle challenges related to
global warming and food security.
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Project Goals: This project aims at characterizing the diversity and dynamics of phage communities in
a montane meadow soil across a full year, from beneath the snowpack during winter, through snowmelt
and plant growth in spring, and to plant senescence in the fall.  Leveraging paired metagenomes and
metatranscriptomes, a  holistic view of the activity and turnover of the  local viral community will be
assembled to explore the potential roles and impacts of different viral groups on microbiome diversity
and biogeochemical cycles across ecological regimes.

Abstract Text: Viruses are key elements of all microbiomes on Earth, shaping microbial community
composition  and  structure  while  influencing  host  cell  metabolism  during  infection.  Recent  viral
ecology studies powered by ‘omics approaches have provided a thorough description and investigation
of the virosphere in many ecosystems, but have been challenging to apply to the incredibly diverse soil
viruses, so that the exploration of global soil viral diversity is still only getting started1. In addition to
establishing a global census of viruses across soil types and locations, one of the major outstanding
questions in soil viral ecology is the characterization of soil virus dynamics across time, both in terms
of diversity  and activity.  At the East  River,  CO, watershed,  soil  microbiomes respond to dramatic
changes  in  subsurface  conditions  through  snowfall,  snowmelt,  plant  re-emergence,  and  plant
senescence. The snowmelt period in particular results in a large crash of microbial biomass and shifts
in  community  composition2.  To  characterize  phage  diversity,  dynamics,  and  potential  ecosystem
impacts during this period we leverage 44 paired metagenomes and metatranscriptomes sampled across
a whole year in this montane meadow ecosystem soil. A combined assembly approach enabled by the
recently developed MetaHipMer tool3 yielded >3,800 DNA phage populations  whose abundance and
activity could be followed through the entire year. Overall, these DNA phages were associated with the
main bacterial groups present, around one third were reliably predicted as temperate, and most were
consistently detected through the year albeit with low relative abundance. Transcriptional activity could
be detected for both abundant and rare DNA phages, but consisted most often in the expression of one
or two individual genes, and was thus more compatible with either self-regulation of temperate phages
or host cell manipulation rather than active phage replication, since the latter would be associated with
widespread expression of a large fraction of the phage genes. This suggests that a substantial portion of
the DNA phage community in this ecosystem may reside in their host cell for prolonged period of time
without actively replicating, but maintaining a basal level of expression for key phage-encoded genes.



Meanwhile, an unexpectedly abundant and diverse community of RNA phages could be detected in the
same samples totaling >3,500 distinct populations, which in contrast to the DNA phages displayed a
high turnover rate between time points, and included a substantial portion which were predicted as
actively replicating (~10–30%). Taken together, the picture starting to emerge from these data is one of
a relatively stable DNA phage community with sporadic activity and primary impact likely stemming
from host cell manipulation during latent infections, alongside a more dynamic and active RNA phage
community which may be responsible for a substantial fraction of the viral lysis in these microbiomes.
More broadly, these observations of contrasted diversity and activity for DNA and RNA phages across
seasons in  a montane soil  ecosystem highlights  the need to  expand our  understanding of the eco-
evolutionary drivers of phage diversity and activity in different soil types, especially for RNA phages,
and demonstrates how multi ‘omics approaches can provide a unique data framework to start such
characterization at both local and global scales.
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Cross-kingdom Comparative Genomics of Aromatic Catabolic Pathways 
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The overall goal of this project is to test the hypothesis that white-rot fungi can 
simultaneously depolymerize lignin extracellularly and catabolize depolymerization 
products intracellularly as carbon and energy sources. The results from this project will 
lead to improved understanding of lignin utilization by white-rot fungi, and enable 
identification of promising fungal strains for lignin catabolism and valorization. As part of 
this effort, we have conducted a comparative genomic study to investigate a diversity of 
aromatic catabolic pathways in the fungal and bacterial kingdoms. Furthermore, we have 
combined genomic and phylogenetic approaches to decipher the evolution of certain 
aromatic catabolic enzymes and discover new classes of enzymes, which represents a 
foundation for future biochemical and molecular genetic studies. 

Although lignin is the second most abundant polymer in plant biomass, its upgrading remains a 
major hurdle in biorefining due to its recalcitrance and structural heterogeneity. To overcome 
this challenge, the concept of biological funneling has emerged as an approach to convert 
heterogeneous mixtures of lignin-derived monomeric aromatic compounds – from various lignin 
deconstruction processes – to single chemicals by using engineered microbes. For this purpose, 
knowledge in aromatic catabolic pathways is necessary to design microbes with (1) enhanced 
substrate diversity utilization, (2) conversion efficiency, and (3) tailored metabolic pathways to 
produce the desired products (Johnson et al., 2019). Aromatic catabolic pathways have been 
thoroughly described in several bacteria such as Pseudomonas putida, Burkholderia sp. SJ98, 
Sphingobium sp. SYK-6, and Rhodococcus jostii. However, knowledge of the corresponding 
aromatic catabolic pathways in white-rot fungi (WRF) is quite limited, even though WRF are 
known to be the most efficient lignin-degrading organisms in nature (del Cerro et al., 2021). 

To reveal the distribution and diversity of aromatic catabolic pathways in WRF, we performed a 
large-scale comparative genomic and phylogenetic study across the bacterial and fungal 
kingdoms. First, we selected functionally characterized enzymes from bacteria and recently 
validated enzymes from WRF (Kijpornyongpan et al., manuscript in preparation) involved in (1) 
pre-cleavage modifications of aromatic compounds (i.e. oxidative and non-oxidative 
decarboxylases and aromatic hydroxylases), (2) ring-cleavage (i.e. intradiol and extradiol 
dioxygenases), and (3) post-cleavage modifications (i.e. oxidoreductases, 3-oxoacid CoA 
transferases, and thiolases). Second, we examined the protein domains in each enzyme selected 
for this study through InterProScan, and we selected protein domains with descriptions directly 
related to the catabolism of aromatic compounds as proxy domains to define a potential 
capability to modify and/or catabolize aromatic compounds. Third, we sampled 255 bacterial 
genomes and 317 fungal genomes, representing different lineages and nutritional modes across 



the trees of life in these two kingdoms. For each genome, we performed genome-wide protein 
domain searches and gene homology assessment to identify proteins with proxy domains related 
to the catabolism of aromatic compounds. Apart from pathway and enzyme discovery, these 
analyses were also designed to determine if there are distribution patterns or associations 
between the abundance of aromatic catabolic enzymes and bacterial and fungal lineages and/or 
their nutritional modes. Finally, we performed phylogenetic analyses to understand the evolution 
of specific aromatic catabolic enzymes. 

Based on the distribution of enzyme domains, we found that fungi have a higher conservation of 
genes that encode for aromatic catabolic enzymes – in particular intradiol dioxygenases, phenol 
hydroxylases, and 3-oxoacid CoA transferases – compared to bacteria. Our association analyses 
indicated that microbes that are either known to utilize aromatic compounds as a carbon source 
or classified as plant-associated also have a higher abundance of aromatic catabolic enzymes 
compared to other microbes found in environment or known as animal-associated. In addition, 
our findings highlighted the evolution of intradiol dioxygenases: specifically, we found separate 
origins of catechol dioxygenases and 3,4-protocatechuate dioxygenases in bacteria and fungi. 
The gene tree phylogeny suggested that hydroxyquinol dioxygenases are the most common type 
of intradiol dioxygenases found in fungi. We also identified a novel class of intradiol 
dioxygenases, which likely function extracellularly based on the presence of signal peptides. 
Taken together, this work provides new insights related to the catabolism of aromatic compounds 
in different groups of bacteria and fungi which could enable the discovery of novel microbes, 
pathways, and enzymes to improve the ‘funnel’ to convert lignin-derived aromatic compounds to 
value-added products. 
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Hyperspectral reflectance data can be collected at relatively high throughput from large numbers of 
individual plants in controlled environments or field conditions. A growing field of research focuses on employing 
hyperspectral reflectance data collected from plant leaves to estimate a range of plant traits which would otherwise 
require slower, more labor intensive and/or more expensive protocols to directly quantify. The general procedure 
adopted for estimating plant traits from hyperspectral reflectance data is to collect hyperspectral reflectance data 
from a large set of samples and, for a subset of these samples, collect labor intensive and/or expensive trait data 
using ground truth protocols. Here we evaluate the potential of data driven approaches to analyzing hyperspectral 
reflectance data and quantify both genetic variability and genotype by environment variability in the sorghum 
association panel, a population representing global sorghum genetic and phenotypic diversity, across multiple 
environments. An ASD spectrometer was employed to quantify leaf reflectance (intensity values for 2,150 discrete 
wavelengths) from 1,143 plants. An autoencoder comprised of both an encoder network having an input layer, six 
dense layers and a sampling layer and a decoder network comprising of an input layer and 7 dense layers was also 
able to summarize variation within the dataset at a validation loss of 0.05 (loss = KL-divergence (µ,σ ) + 
reconstruction loss). Multiple principal components and latent variables exhibited significant heritability – i.e. the 
proportion of total variance explained by differences between plant genotypes – under stressed and non-stressed 
conditions. Autoencoding based dimensional reduction provides the opportunity to link additional sorghum genes 
to phenotypic variation via GWAS, mashr, and/or GPWAS.  
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Project Goals: 

Our research aims to sustainably increase oilseed yields in the non-food oilseed crop 

plant, Camelina sativa, thereby making it a commercially viable alternative for biofuels and 

bioproducts production. Camelina has shown considerable promise as a dedicated industrial 

oilseed crop because it requires low agronomic inputs, is naturally more resistant to both biotic 

and abiotic stress than other oilseed crops, and Camelina oil-based blends have been tested and 

approved as liquid transportation fuels1,2.  This project was proposed to increase fixed carbon 

allocation by identifying metabolic bottlenecks and engineering metabolic pathways that limit or 

co-limit seed and oil production in Camelina. In the current project, we designed highly 

innovative metabolic engineering strategies to 1) increase carbon capture in photosynthetic 

source tissues and 2) redirect the carbon to seeds for seed oil production. We further investigated 

the roles of mitochondrial metabolism during seed development, seed germination, and seedling 

growth, through using transgenic plants.  

 

Abstract 
A member of the mitochondrial carrier protein family and a component of algal carbon concentrating 

mechanisms (CCMs) in Chlamydomonas reinhardtii (Chlamy), designated, low-CO2 inducible protein 

(LIP36) was identified previously in our laboratory. LIP36 is localized to mitochondria in Camelina, and 

its suppression by RNA interference (RNAi) suggested its essential role in growth of Chlamy under low 

CO2 conditions3. To gain insight into the role of LIP36 proteins, we constitutively expressed LIP36 into 

the oilseed crop Camelina sativa. LIP36 expression has resulted in higher photosynthetic CO2 

assimilation (30-46%), under limiting conditions, relative to the wildtype (WT) controls. LIP36 lines 

showed a more favorable redox status, higher water and nitrogen use efficiency, and increased seed and 

oil yields. The 13C labeling experiments in Camelina leaves have also suggested that LIP36 improves the 



capacity of anaplerotic pathways, thereby maintaining plant productivity under non-ideal growth 

conditions. Based on these preliminary results, we aim to confirm the impact of LIP36 on the flux through 

central carbon metabolism in both source and sink (seed) tissues through expressing it under seed-specific 

oleosin promoter, and to emphasize whether its increased activity in seeds could lead to enhanced carbon 

assimilation, and therefore further increased seed and oil yields. The transformation of Oleosin :: LIP36 

construct into Camelina was successful and homozygous T4 seed lines were generated and 

screened/evaluated for seed attributes (seed size, seed weight, and % oil content). The elite lines 

expressing LIP36 were also subjected to RNA-Seq analysis to investigate the global changes in Camelina 

transcriptome in response to LIP36 expression in seeds, and to identify candidate genes/enzymes for 

further improving seed biomass and yield traits in Camelina. The steady-state metabolite profiling and the 

metabolic flux analysis (MFA) is currently ongoing in order to monitor the global metabolic changes in 

LIP36 transgenics in order to define the impact of LIP36 on the flux through central carbon metabolism, 

and to further integrate LIP36 with other yield traits to enhance water use efficiency and improve CO2 

assimilation under limiting environmental conditions. 
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Project Goals  
The main goals of this project element of this large project is to define the transcriptional networks that 
control tissue-specific and whole plant carbon allocation in Camelina (this correspond to Project Element 
3 of the entire project) and the specific goals are: 

a) Develop a High-Resolution Transcriptome for Camelina Seed Development 
b) Characterize and Identify Targets of Camelina Seed Oil TFs 
c) Manipulate TFs and Metabolic Genes for Pathway Discovery and Seed Oil Metabolic Engineering 

 
Camelina is an annual oilseed plant that is gaining momentum as a biofuel winter cover crop.  
Understanding gene regulatory networks (GRN) is essential in deciphering plant metabolic pathways, such 
as lipid metabolism. In camelina, a collection of gene expression datasets enabled characterizing the 
expression of >4,600 TFs in >130 RNA-seq samples1. We collected lipid-related genes (LRGs) and 
expression data from CamRegBase1. The LRGs were classified according to the information provided by 
AraLip2, and the expression data was used to identify genes highly co-expressed with TF genes. By 
combining these two analyses, we identified 350 TFs highly co-expressed with LRGs. We ranked these 
TFs based on their expression in seeds and on the number of LRGs co-expressed and selected the top 22 
for further validations after discarding low expressed paralogous genes. Potential target genes for these 
Camelina TFs potentially involved in the control of lipid metabolism were further studied by DNA affinity 
purification sequencing (DAP-seq). Enrichment analyses of targets supported the co-expression predictions 
and predicted TFs associated with seed fatty acid elongation, and synthesis and degradation of 
triacylglycerols (TAGs). We expressed these 22 TFs in Camelina transgenic plants driven by the soybean 
glycinin promoter, and the analysis of oil by NMR of T2 seeds provided some preliminary evidence of 
effects on fatty acid accumulation. The results to be presented highlight the importance of the integration 
of multiple layers of information to guide predictive biology toward the discovery of TFs regulators of 
metabolic processes.  
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Project Goals: Integrating multiple transgenes into elite lines can be a time consuming and 
labor-intensive process. Generation of stable homozygous lines often requires multiple 
generations and screening of large numbers of plants especially in polyploid species. Our goal 
was to develop a fast, high-throughput method to identify transgene insertion sites in the T1 
generation that accelerates identification of stable lines with the desired numbers of transgene 
copies. 

Abstract: Genetic engineering of crop plants has been successful in transferring traits into elite 
lines that could not be achieved with breeding techniques. Introduction of transgenes originating 
from other species have conferred resistance to biotic and abiotic stresses, increased efficiencies 
and modified developmental programs. Many of these traits focus on herbicide and insecticide 
resistance and are widely used as single gene traits while genetic engineering of new pathways 
often require multiple genes and regulators. In recent years, the development of resistance to 
pesticides in wild species has driven companies to combine transgenes for different pesticide 
resistances into crops via gene stacking. However, generating stable homozygous lines with 
multiple transgenes requires selection over several segregating generations and therefore is time 
consuming and labor intensive, especially if the crop is polyploid. Insertion site effects and 
transgene copy numbers are important metrics for commercialization and trait efficiency. 

We have developed a method based on a genome-walking PCR approach and demonstrate how it 
can be easily adapted for high-throughput screening of multiple lines and transgenes at a time 
using a short-read sequencing platform. Sites identified via HT-sequencing could then be used to 
design screening primers to test for zygosity of subsequent generations at every locus and also 
enable segregation of irregular or unidentified insertions. The overall process of identification of 
transgene insertion sites is accessible, as it involves commonly used laboratory techniques. 
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Project goals:  

Our research aims to sustainably increase oilseed yield in the non-food oil seed crop 

plants, Camelina sativa, thereby making it a commercially viable alternative for biofuels and 

bioproducts production. Camelina has been has shown considerable promise as a dedicated 

industrial oilseed crop because it requires low agronomic inputs, is naturally more resistant to 

both biotic and abiotic stress than other oilseed crops, and Camelina oil-based blends have been 

tested and approved as liquid transportation fuels1,2. The limitation in commercial adoption of 

camelina as an oilseed crop is its modest oil yield than its relative Brassica napus. The overall 

goal of this project is to boost the seed oil production of Camelina while retaining its low-input 

and stress resistance advantage. In this project, we seek to identify, optimize and combine traits 

that contributes to the flow of carbon from source to sink. Here we describe the impact of 

expression of LIP36 gene ( Low CO2 induced protein) on roots, which are the main sink organs 

during early stages of plant development. 

 

Abstract: 

The expression of LIP36 (Low CO2 induced protein) gene, a mitochondrial carrier protein from 

Chlamydomonas reinhardtii carbon concentrating mechanism, under constitutive promoter (35S) 

in Camelina has resulted in 40-70% increase in seed oil yield per hectare relative to control 

plants in field trials. LIP36 is proposed to act as dicarboxylate transporter in mitochondria 

thereby promoting the cellular redox balance, photorespiratory flux and anapleurotic metabolism. 

This increases the flux through metabolic pathways that facilitates the fixation of CO2 released 

during respiration and photorespiration. The expression of this gene promotes the non-cyclic 

TCA pathway and provides the carbon skeleton for N-fixation. One of the project goals was to 

https://groecamelina.natsci.msu.edu/


identify the positive traits that can result in better seedling establishment thereby contributing 

towards plant productivity. In the current work we further characterize the phenotype of the 

LIP36 expressing Camelina plants. During early stages of development, the transgenic camelina 

plants has longer root length and higher rate of root elongation as compared to that of WT plants.  

The metabolite analysis on roots showed that the overexpressing lines has lower sucrose levels 

and alteration in mitochondrial metabolism. Genes related energy metabolism such as those 

involved in TCA cycle, oxidative phosphorylation and glucose metabolism are differentially 

regulated suggesting that the energy requirements in the root mitochondria have been altered. 

Thus, during early stages of the plant growth, the roots may be the active sink organs in the 

plants expressing LIP36 gene.  
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Project Goals:  
 
The overall goal for the Intrinsic Control for Genome and Transcriptome Editing in 
Communities (InCoGenTEC) project funded under the Secure Biosystems Design initiative is to 
expand our mechanistic and practical understanding of horizontal gene transfer mechanisms in 
bacterial communities, and to harness mobile elements to create and deliver constructs to 
transform, control and detect the genetic and biochemical state of bacteria. Improved ability to 
engineer genomes of both isolatable and non-isolatable species will enable better scientific 
understanding of bacterial communities and facilitate biotechnology applications that promote 
the growth of the bioeconomy. However, biocontainment and biosafety concerns must be 
addressed. We are creating modular synthetic genetic elements (SGEs) that can sense, and 
control altered states of microorganisms. These synthetic genetic elements can be used to 
transform community members in situ provided selective delivery and transformation 
mechanisms if delivery vectors can be created in an agile manner for new target strains. We have 
developed software that can precisely identify genomic islands in bacteria, which has yielded 
both thousands of unique DNA integrase insertion sites, and hundreds of thousands of prophages  
These phages can be recovered and used to deliver modular SGEs to target species within a 
community, even non-isolable members. 
 
Integrases are key enzymes that can be used in phage-based or conjugative delivery systems for 
the site-specific insertion of delivered SGE modules into target microbe genomes, or for excising 
SGEs. Our goals for this project include developing a better understanding of integrase biology 
and building a broad set of tools that can be used for genome manipulation in a wide range of 
microbial species including many that are challenging to modify. We will accomplish this 
through the more immediate goal of conducting a high throughput screen of integrases and their 
att sites identified by the TIGER and Islander genome mining tools developed at Sandia National 
Labs. Next, a comprehensive mutational analysis of the natural attB sites will enable targeting of 
variant attB sites in target organism genomes in addition to providing a syntax of attB sites for 
the two families of integrase proteins. These goals will enable integrases, delivered via in vitro 
assembled phage, to be used in the larger framework of the project to edit the genomes of 
specific targeted non-model bacterial organisms within mixed bacterial communities. They will 
also inform the degree to which integrase sequence specificity requirements exclude or permit 
horizontal gene transfer between bacterial genomes. 
 
Abstract Text: Integrases catalyze the splicing of large multi-gene DNAs (genomic islands) into 
specific sites (attBs) in chromosomes and have thus proven useful in genome editing. Expanding 
the set of attBs that integrases target will further increase their utility. We have applied our 



software1,2 for finding genomic islands to hundreds of thousands of bacterial genomes, while 
speeding the software with species-tailored databases and extending its reach to cross-contig 
islands. Because mapping is precise, each island links an integrase enzyme to the chromosomal 
site (attB) that it targets. We have thus developed a very large database of integrase/attB pairs. 
The main organizing principle to apply is a phylogenetic tree of the integrases, which will help 
us enumerate the number of truly different site-specificities in our database. The tree is 
challenging because it is large and a typical aid to its assessment - the bacterial tree of life - is not 
applicable, since integrase genes are on mobile DNAs that effectively jump from branch to 
branch on the bacterial tree. We have chosen an initial set of integrases to study biochemically, 
based on their occurrence among the study organisms of our project, and with a balance between 
the two main integrase protein families. Both in vitro (transcription/translation of integrase genes 
in cell-free extracts) and in vivo approaches are being explored to demonstrate integrase activity 
and application, with the goal of characterizing a large number of candidate integrase/attB pairs 
and conducting a comprehensive mutational analysis on a selected subset of the natural attB 
sites, to enable the targeting of much larger numbers of variant attB sites present in target 
organism genomes. 
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Project Goals: The Intrinsic Control for Genome and Transcriptome Editing in Communities 
(InCoGenTEC) project (funded under the Secure Biosystems Design initiative) seeks to develop 
technologies that foster the growth of our burgeoning bioeconomy, while maximizing biosafety, 
biosecurity, and biocontainment. We aim to expand our mechanistic and understanding of 
horizontal gene transfer within bacterial communities, and to harness synthetic mobile elements 
(SGEs) to create and deliver agile tools for transforming, controlling and detecting the genetic and 
biochemical state of bacteria. By improving our ability to engineer specific species (even non-
isolatable ones) within bacterial communities in situ, we will enable better scientific understanding 
of microbial consortia and facilitate biotechnology applications that promote the growth of the 
bioeconomy while maintaining a paramount commitment to biosafety. We are harnessing the 
modular and programmable nature of CRISPR systems to create SGEs that enable more advanced 
manipulation of bacterial genomes, particularly in how they are expressed. Our team will then 
employ software to identify species-specific bacteriophages from near-neighbors and exploit them 
to deliver these modular SGEs into target species within a community. 

Abstract: 

Tools for synthetically controlling gene expression levels are a fundamental cornerstone of 
genetic engineering endeavors. While CRISPRi and CRISPRa technologies have been applied 
extensively towards control over transcription, comparatively little has been done in extending this 
control towards the translational level. Here, we employ CRISPR to modulate the rate of mRNA 
translation. 



In the model prokaryote E. coli, approximately half of its genes are expressed in operons, 
where their transcription levels are tied to the surrounding genes encoded on the same mRNA. For 
this reason, state-of-the-art synthetic regulators like dCas9 and dCas12 are unable to selectively 
knock down a gene’s expression without repressing genes downstream in the operon, prohibiting 
independent regulation of a large fraction of prokaryotic genes. We hypothesized that Cas13, an 
RNA-guided, RNA-targeting protein, might selectively block translation of a single gene on an 
mRNA molecule without impacting the expression of its operonic neighbors. To this end, our labs 
recently demonstrated that targeting catalytically inactive Cas13d (dCasRx) to the ribosome 
binding site of a fluorescent protein-encoding mRNA efficiently inhibits its translation in E. coli. 
We show here that dCasRx excels at targeted knockdown of genes in operons, selectively 
repressing individual fluorescent proteins in a three-gene synthetic reporter operon. We have also 
developed a genome-wide dCasRx guide RNA library in E. coli, consisting of ~150k pooled 
guides, to systematically determine design rules for efficient inhibition of translation and of non-
coding RNA function. dCasRx represents the first application of a programmable RNA-binding 
protein for precise microbial gene regulation, holding great promise for functional genomics and 
synthetic gene regulation. 

In tandem, we also demonstrate the application of Cas13 for enhancing translation rates. 
By targeting dCasRx to the start of the 5’ untranslated region of RFP mRNA in E. coli, we 
demonstrate a 6.6-fold enhancement of gene expression. We further develop Cas13 as a 
translational activator by creating a novel variant dCasRx linked to the translation initiation factor 
IF3. We demonstrate dCasRx-IF3’s ability to further enhance gene expression 16.0-fold above 
basal levels. Activation of translation is location-dependent, and we show dCasRx-IF3 maintains 
the ability to repress translation 7.4-fold when targeted to the RBS. Tuning experimental 
parameters resulted in 15.5-fold activation of RFP expression between dCasRx-IF3 and dCasRx 
strains, providing an insight into how dCasRx-IF3 can be further engineered and applied to 
enhance translation rates. We also demonstrate targeted upregulation of native β-galactosidase 
gene LacZ, highlighting dCasRx-IF3’s versatility in application. Furthermore, we show that 
dCasRx-IF3 exhibits minimal fitness impacts and requires no additional host modification to 
influence gene expression.  

Taken as a whole, this work outlines novel approaches for applying CRISPR for post-
transcriptional control of mRNA translation rates to both inhibit and activate gene expression. 
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under contract no. DE-NA-0003525.  



Title: Phage Factory: Creating a phage for any bacterial species 
Authors: Catherine M. Mageeney1#* (cmmagee@sandia.gov), Grant Rybnicky2#, Michael 
Jewett2, Kelly P. Williams1, Joseph Schoeniger1 
Institutions: 1 Sandia National Laboratories, Livermore, CA; 2 Northwestern University, 
Evanston, IL #equal contribution 
Project Goals: The overall goal for the Intrinsic Control for Genome and Transcriptome Editing 
in Communities (InCoGenTEC) project funded under the Secure Biosystems Design initiative is 
to expand our mechanistic and practical understanding of horizontal gene transfer mechanisms in 
bacterial communities, and to harness mobile elements to create and deliver constructs to 
transform, control and detect the genetic and biochemical state of bacteria. Improved ability to 
engineer genomes of both isolatable and non-isolatable species will enable better scientific 
understanding of bacterial communities, and facilitate biotechnology applications that promote 
the growth of the bioeconomy. However, biocontainment and biosafety concerns must be 
addressed. We are creating modular synthetic genetic elements (SGEs) that can sense, and 
control altered states of microorganisms. These synthetic genetic elements can be used to 
transform community members in situ provided selective delivery and transformation 
mechanisms if delivery vectors can be created in an agile manner for new target strains. We have 
developed software that can identify numerous bacteriophages in near-neighbors of a target 
strain. These phages can be recovered and used to deliver modular SGEs to target species within 
a community, even non-isolable members.  
 
Abstract Text:  

In natural settings bacteriophages (phages) are extremely diverse, efficient shuttles of 
genetic information, and can infect all groups of bacteria currently discovered. We have 
developed a Phage Factory platform to computationally predict prophages precisely (phages 
integrated into bacterial genomes) and experimentally turn predicted phage sequences into 
productive virions capable of killing their host, or into phage-vectors, capable of cargo delivery.   
 We have computationally predicted 185,535 prophages in 207,083 bacterial and archaeal 
genomes obtained from NCBI, using our TIGER [1] and Islander [2] software. This creates the 
largest database of phage sequences to date, and at least one host of each phage is known. We 
have selected to initially focus on Pseudomonas, Streptomyces, and Rhodococcus species to 
produce phage using our Phage Factory. Our Phage Factory begins by mining our prophage 
database for prophages in close relatives of our target strain and annotating these prophage 
genomes. We experimentally verify the prophages through PCR-based methods and a 
computational method Juxtaposer [3]. We then create synthetic phage genomes through methods 
such as long PCR and Gibson assembly, but a key challenge is rebooting, or reconstituting the 
phage genomes into infectious phage particles [4]. Rebooting has been accomplished through 
four main methods: transformation, conjugation, L-form transformation, and cell-free protein 
synthesis. We will present results from initial work on applying the Phage Factory to 
Pseudomonas, a genome with many targets relevant to biomanufacturing or the rhizosphere, and 
results on developing cell-free phage rebooting methods. 
 We have identified 14 prophages in six P. putida strains of interest, with two clusters and 
10 singletons. We verified 9 of these 14 prophages to be active after mitomycin C induction; 
however, no phage plaques or clearing were visible on any strain tested, indicating these are non-
permissive hosts for these 9 active prophages. We further analyzed the genomic relationships 



using fastANI to measure the average nucleotide identity (ANI) between our six strains. This 
revealed these six strains are phylogenetically diverse, with the closest sharing only 98% ANI. 
This indicated the genetic similarity for permissive prophage hosts is more than 98%.  
 We are now in the process of creating synthetic genomes for prophages harbored in close 
relatives of P. putida S12. We have two strategies to obtain synthetic phage genomes: 1) obtain 
the strain of the close relative, long PCR prophage fragments and Gibson Assemble, or 2) 
Assemble gBlocks for the prophage of interest and Gibson Assemble the fragments.  
 In order to convert these natural or synthetic phage genomes into infectious virions, we 
are pursuing cell-free rebooting techniques [5], which we will compare to established approaches 
such as electroporation. Cell-free protein synthesis uses cell extracts to perform transcription and 
translation in vitro, which can be directly manipulated to optimize rebooting viral genomes. 
Through screening a variety of biochemical parameters, we have found that adding crowding 
agents to the reaction and inhibiting exonuclease activity in the extract is essential to producing 
viable phage particles by cell-free protein synthesis. Likewise, the concentration of phage 
genome in a cell-free rebooting reaction positively impacts the final titer of phage particles 
produced beyond the stoichiometric amount that would be expected. 
 Using this biochemically optimized cell-free protein synthesis reaction, we intend to 
investigate the host range over which E. coli cell-free extracts can reboot phages as well as 
elucidate the phage-encoded determinants of cell-free rebooting. In determining extract host 
range, we will apply cell-free rebooting to multiple dsDNA phages per host organism in a 
phylogenetic walk-out strategy. Starting with Pseudomonas, we will evaluate the ability of 
phages to reboot in cell-free protein synthesis reactions and move further from E. coli, eventually 
to select Actinobacteria and Cyanobacteria. In parallel, we will test whether doping unoptimized 
cell-free extracts from the host organism is a viable strategy to extend the host range of E. coli-
based cell-free rebooting reactions. To determine characteristics of phages that make them 
amenable to cell-free rebooting, we will assay a wide variety of Pseudomonas aeruginosa phages 
for their ability to reboot in cell-free reactions. Using P. aeruginosa phages gives sufficient 
diversity in genome molecule, genome length, particle morphology, and gene content such that 
we should be able to draw generalizable patterns from the dataset. Likewise, P. aeruginosa 
phages have been demonstrated to reboot in E. coli through electroporation previously. Through 
these investigations, we will inform the limits of cell-free phage rebooting and anticipate 
extending the range of bacteria that the Phage Factory can produce active phage against. 
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Design, delivery and expression of synthetic genetic elements in diverse 
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The overall goal for the Intrinsic Control for Genome and Transcriptome Editing in Communities 
(InCoGenTEC) project funded under the Secure Biosystems Design initiative is to expand our 
mechanistic and practical understanding of horizontal gene transfer mechanisms in bacterial 
communities, and to harness mobile elements to create and deliver constructs to transform, 
control and detect the genetic and biochemical state of bacteria. Improved ability to engineer 
genomes of both isolatable and non-isolatable species will enable better scientific 
understanding of bacterial communities, and facilitate biotechnology applications that promote 
the growth of the bioeconomy.  
 
A major challenge is in mobilizing, stabilizing and selectively activating functional genetic 
programs such as biosynthetic pathways in undomesticated environmental strains or into 
specific organisms in situ in intact microbiomes. Here, we describe an integrated 
computational—experimental technology to decouple biosynthetic capacity from host-range 
constraints that enabled pathway-targeted metabolite analyses in a diverse set of prokaryotic 
and eukaryotic hosts to harness their innate metabolic adaptability and activate silenced 
pathways. By placing these pathways under transcriptional control mechanisms orthogonal to 
the bacterial host, we can standardize design, maximize reuse of components, minimize 
unexpected behavior, and ensure that genetic subfragments of our heterologous synthetic 
pathways are non-functional, thereby improving both versatility of use and biocontainment.  
 
Specifically, we developed a computational algorithm to redesign genes and their regulatory 
regions to adopt hybrid elements for cross-species expression of synthetic genetic elements 
(SGEs) in gram- and gram+ bacteria and eukaryotes. These algorithms have been converted to 
a web interface to enable impact in the broader scientific community. To transfer SGEs into 
diverse hosts, we also developed a mobilization strategy by engineering conjugation, 
transposition, and site-specific recombination, establishing feasibility on a validated violacein 
pathway. Further, we are developing redesigned pathways for intrinsic bioluminescence, which 
can enable facile labeling of individual strains within a complex community. We are currently 
expanding the capabilities of SGE mobilization to broaden host range, enable intracellular and 
environmental biosensing, introduce mechanisms for strain targeting, and multiplexing of 
genetic cargo. Jointly with other parts of the InCoGenTEC project, we are also exploring the 
incorporation of our SGEs into transforming bacteriophage vectors as an alternative, strain-
specific delivery and transformation mechanism.  These technologies establish a general 
strategy for highly-controlled expression and mobilization of genetic elements in diverse 
organisms and communities.   
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Project Goals: This project employs evolutionary and computational genomic approaches 
to identify key genetic variants that have enabled Thlaspi arvense L. (Field Pennycress; 
pennycress) to locally adapt and colonize all temperate regions of the world. This, in 
combination with knowledge of metabolic and cellular networks derived from first 
principles, is guiding precise laboratory efforts to create and select high-resilience lines, 
both from arrays of random mutagenesis and by employing cutting-edge CRISPR genome 
editing techniques. This project will deliver speed-breeding methods and high-resilience 
mutants inspired by natural adaptations and newly formulated biological principles, to be 
introduced into a wide range of commercial pennycress varieties to precisely adapt them to 
the desired local environments. 
 

Field pennycress (Thlaspi arvense L.; pennycress) is a winter annual oilseed cover crop with 
extreme cold hardiness and a short life cycle enabling off-season integration into corn and 
soybean rotations across the Midwest. While undergoing rapid domestication over the past 
several years, pennycress has become a promising bioenergy crop due to high seed oil 
content with a fatty acid composition suitable for biofuel. Pennycress fields are susceptible to 
winter snow melt and spring rainfall, leading to waterlogged soils where the plants’ roots are 
submerged under water. Waterlogging has been reported to cause yield loss and negative impacts 
on oil quality in Brassica napus, a close-relative of pennycress. The objective of this research 
was to determine if waterlogging had a significant effect on morphology and yield of two 
pennycress reference lines (Spring 32-10 and MN106) and to develop a model to predict the 
effective water availability for natural pennycress populations. One week of waterlogging during 
the reproductive stage of development caused several negative phenotypes, including early 
senescence, aborted silicles, and a reduction in root tissue compared to controls. Additionally, 
seed count and seed weight in Spring 32-10 waterlogged plants were significantly decreased 
compared to the controls, implying yield loss in pennycress fields that experience waterlogging 
from heavy spring rainfall events. The Spring 32-10 and MN106 accessions showed differences 
in morphology and seed yield in response to waterlogging, demonstrating natural variation in 
pennycress accessions can contribute to waterlogging resilience. To identify the climate-
divergent natural pennycress accessions for waterlogging resilience, we also developed a 
mathematical model that leverages ORNL’s climatype modeling framework to predict effective 
water availability at high geospatial resolution. The model integrates multiple layers of pre-
processed climatic information (e.g., soil water concentration, precipitation, evapotranspiration, 

https://www.pennycressresilience.org/


temperature, solar radiation, aridity, and slope) in a weighted linear combination to produce a 
distribution of effective water availability scores. A score is computed for each of the 500 natural 
accession locations in our current collection (https://www.pennycressresilience.org/sample-
collection) and then visualized on a map to facilitate the selection of genotypes of interest. The 
contribution of each climatic layer in the score was optimized by systematically varying the 
weight of each layer and observing the changes in the effective water availability distribution. 
Future work involves screening the accessions identified by our model for waterlogging 
resilience, as well as analyzing pennycress waterlogging transcriptome data, to identify genetic 
and phenotypic variation contributing to waterlogging resilience. We plan to apply our model to 
additional climate variables to identify natural pennycress populations with resilience to diverse 
abiotic conditions. As domesticated pennycress (aka Covercress) is adopted as a crop across the 
Midwest, this research will aid the development of elite varieties with enhanced tolerance to 
waterlogging.  
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Project Goals: This project will employ evolutionary and computational genomic 
approaches to identify key genetic variants that have enabled Thlaspi arvense L. (Field 
Pennycress; pennycress) to locally adapt and colonize all temperate regions of the world. 
This, in combination with knowledge of metabolic and cellular networks derived from first 
principles, will guide precise laboratory efforts to create and select high-resilience lines, 
both from arrays of random mutagenesis and by employing cutting-edge CRISPR genome 
editing techniques. This project will deliver speed-breeding methods and high-resilience 
mutants inspired by natural adaptations and newly formulated biological principles, to be 
introduced into a wide range of commercial pennycress varieties to precisely adapt them to 
the desired local environments. 
 
Abstract: Roots are the interface between the plant and the soil and play a central role in multiple 
ecosystem processes. With intensification of agricultural practices, rhizosphere processes are 
being disrupted and are causing degradation of the physical, chemical, and biotic properties of 
soil. Improvement of ecosystem service performance is rarely considered as a breeding trait due 
to the complexities and challenges of belowground evaluation. Advancements in root 
phenotyping and genetic tools are critical in accelerating ecosystem service improvement in 
cover crops. Here I will present root phenotyping approaches for assessing ecosystem service in 
a prospective cash cover crop; pennycress (Thlaspi arvense L.). In development is a large format 
mesocosm system that will allow 3D root system architecture analysis of multiple plants. Using 
this system, we will be assessing how variation in pennycress root system architecture can affect 
ecosystem service and abiotic stress tolerance with the plant to scale from single plant to canopy 
level traits. 
 
This research is supported by the U.S. Department of Energy, Office of Science, Office of 
Biological and Environmental Research, Genomic Science Program grant no. DE-SC0021286. 
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Project Goals: This project employs evolutionary and computational genomic approaches 
to identify key genetic variants that have enabled Thlaspi arvense L. (Field Pennycress; 
pennycress) to locally adapt and colonize all temperate regions of the world. This, 
combined with knowledge of metabolic and cellular networks derived from first principles, 
guides precise laboratory efforts to create and select high-resilience lines, both from arrays 
of random mutagenesis and by employing cutting-edge CRISPR genome editing 
techniques. This project will deliver speed-breeding methods and high-resilience mutants 
inspired by natural adaptations and newly formulated biological principles into a wide 
range of commercial pennycress varieties to precisely adapt them to the desired local 
environments. 
 
Abstract: Pennycress (Thlaspi arvense L.; Field Pennycress) is a cold-temperate and boreal-zone 
winter annual currently being rapidly domesticated for use as an oilseed crop with winter cover 
crop benefits. In contrast to its extreme cold tolerance, pennycress is susceptible to heat stress, 
particularly during flowering. To assess pennycress responses to heat stress across 
developmental stages, we tested the responses of seedlings and flowering plants to elevated 
temperatures being experienced more frequently due to climate change. We found that 
pennycress seedlings elongate hypocotyls at 28 °C, displaying variation between natural 
populations originally collected from different latitudes and altitudes. This natural variation to 
heat stress was also observed in plants during reproductive growth as Minnesota-collected 
MN106 was significantly more tolerant to heat stress than Montana-collected Spring32. In 
addition, we tested pennycress natural populations (wild-type) and lines CRISPR-edited to 
produce high-oleic triacylglycerides for lipid peroxidation and seed yield following a heat stress 
treatment, as well as pollen viability at a series of progressively increasing temperatures. We 
hypothesized natural lines from low latitudes as well as high-oleic lines could show improved 
tolerance to heat stress, the latter due to greater oxidative stability and reduced membrane 
fluidity. This hypothesis appeared correct; for example, high-oleic pennycress showed improved 
pollen viability at 28 – 30 °C compared to the corresponding wild type, but not at lower or higher 
temperatures. High-oleic pennycress lines also exhibited higher seed yields following a one-
week heat stress at 32 °C. This effect was most likely not due to changes in lipid peroxidation 
levels, which did not differ between the lines. In a separate experiment, high-temperature stress 
was found to affect both male and female fertility, as well as seed fitness in the next generation. 
These results indicate that natural variants can be investigated to discover heat-tolerant varieties 
and that lines with reduced fatty acid desaturation, in addition to improved seed oil quality, could 
confer improved heat stress tolerance as an additional benefit. The causative variation is being 
explored. 
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Project Goals: This project employs evolutionary and computational genomic approaches 
to identify key genetic variants that have enabled Thlaspi arvense L. (Field Pennycress; 
pennycress) to locally adapt and colonize all temperate regions of the world. This, in 
combination with knowledge of metabolic and cellular networks derived from first 
principles, is guiding precise laboratory efforts to create and select high-resilience lines, 
both from arrays of random mutagenesis and by employing cutting-edge CRISPR genome 
editing techniques. This project will deliver speed-breeding methods and high-resilience 
mutants inspired by natural adaptations and newly formulated biological principles, to be 
introduced into a wide range of commercial pennycress varieties to precisely adapt them to 
the desired local environments. 
 
Abstract: Pennycress (Thlaspi arvense; field pennycress) is under development as a winter 
annual oilseed bioenergy crop for the 80 million-acre U.S. Midwest Corn Belt and other 
temperate regions including the Pacific Northwest. Pennycress has unique attributes such as 
extreme cold tolerance and rapid spring growth. Off-season integration of domesticated 
pennycress varieties into existing corn and soybean acres would extend the growing season on 
established croplands, avoid displacement of food crops, and yield up to 3 billion gallons of seed 
oil annually. Pennycress oil has a fatty acid composition well-suited for conversion to biodiesel 
and biojet fuel. Academic, governmental, and industrial stakeholders are working closely to 
commercialize domesticated pennycress varieties that can yield over 1,500 pounds per acre of 
seeds producing 65 gallons of oil per acre annually; the first commercial planting of Covercress 
(domesticated pennycress) occurred this past fall, 2021. However, the adaptability of first-
generation Covercress varieties to and resilience against environmental challenges including 
drought, heat, and flooding is extremely limited. Therefore, crucial work remains to identify 
mechanisms conferring stress tolerance for incorporation of next generation elite pennycress 
varieties into current agronomic systems. While the rhizosphere microbiome is known to confer 
many plant growth-promoting characteristics to most crops, very little is known regarding 
pennycress adaptations and reciprocal dependence on the rhizosphere assemblage for stress 
resistance and tolerance. We will present our initial findings detailing and seeking to understand 
the pennycress rhizosphere microbiome. We believe dynamic interactions of the soil microbiome 
with the pennycress metabolome form crucial relationships to support agronomic development of 



this oilseed bioenergy crop in the inland Pacific Northwest and Midwest. Key findings from this 
work will be translatable to improving other Brassica crops important for bioenergy including 
camelina, carinata, rapeseed, and canola. 
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Project Goals: It is the general goal of this project to determine how microbial competition for 
copper affects net greenhouse gas emissions, specifically methane and nitrous oxide 
 
Abstract Text: Methanobactins (MBs) are low molecular mass (<1,300Da), high-potential (Em 
of 483 – 745mV), ribosomally synthesized posttranslationally modified peptides (RiPPs) and 
represent the extracellular component of a copper acquisition system in a variety of 
methanotrophs. MBs are characterized by a unique pair of heterocyclic groups with an associated 
thioamides and coordinate Cu via a N from each heterocyclic group and a S from each thioamide 
in an N2S2 ligand set. Structurally, MBs are divided into two groups with Group I MBs, 
represented by the MB from Methylosinus trichosporium OB3b (MB-OB3b), have a dicyclic 
structure while Group II MBs, represented by the MB from Methylocystis strain SB2 (MB-SB2), 
has a hairpin-like structure. 

In addition to copper, MBs will bind a variety of metals and reduce some but not all 
following binding. In MB-OB3b, metals such as Cu2+ are bond and reduced to Cu+ using both 
oxazolone groups with associated thioamides. In the presence of a molar excess of Cu2+ MB-
OB3b will also catalytically reduce Cu2+ to Cu1+.  MB-OB3b binds other metals, such as Fe3+, as 
a dimer using the N-terminal oxazolone group and thioamide from each MB-OB3b. Both Cu2+ 
and Fe3+ bound by MB-OB3b show a similar N2S2 coordinated, however, only metals bound as 
monomers are reduced. In contrast to MB-OB3b, MB-SB2 coordinates all metals as a monomers 
and oxidized metals, including Fe3+, are reduced following binding. As observed with MB-
OB3b. in the presence of a molar excess of metal, MB-SB2 will catalytically reduce metals at a 
rate of approximately 1 electron • min-1 • MB-SB2. Following the loss of 4-5 electrons to metal 
reduction, MBs will oxidize 2H2O to 4H+ + O2 demonstrating a mechanism by which 
methanotrophs expressing MB can oxidize methane under anoxic conditions through “self-
generation” of dioxygen required for the initial oxidation of methane to methanol (CH4 + O2 ® 
CH3OH + H2O). To initiate studies on the mechanism of water oxidation by MBs, generation of 
dioxygen following metal reduction is examined in holo-MBs as well as MBs minus the N-
terminal or C-terminal heterocyclic groups. The results provide insights into the structural 
elements necessary to catalyze water oxidation by MBs. 
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Project Goals: It is the general goal of this project to determine how microbial competition for 
copper affects net greenhouse gas emissions, specifically methane and nitrous oxide. 

Abstract Text: Copper is an important trace nutrient for both methanotrophs and denitrifiers as 
it controls the activity and expression of key metabolic enzymes involved in methane 
consumption and nitrous oxide production, i.e., the methane monooxygenase (MMO) and nitrous 
oxide (N2O) reductase (NosZ). Considering that methanotrophs and denitrifiers can co-exist in 
many environments, significant competition for copper can occur between these microbes. To 
collect copper, some methanotrophs secrete a copper-binding compound named methanobactin 
(MB) that has very high affinity for copper. MB is secreted into the environment, and after 
binding copper, is re-internalized via a specific TonB-dependent transporter (TBDT). 
Methylosinus trichosporium OB3b has two such MB uptake systems - one for uptake of its own 
MB (MB-OB3b), and another for uptake of MB from other methanotrophs, e.g., MB of 
Methylocystis sp. SB2 (MB-SB2). Interestingly, expression of the TBDT for MB-SB2 uptake in 
M. trichosporium OB3b is induced by MB-SB2, suggesting that some methanotrophs actively 
“steal” MB from other microbes. Moreover, both TBDTs are involved in regulating the 
expression of alternative MMOs in M. trichosporium OB3b. Active uptake of both forms of MB 
and the corresponding metabolic regulation thus exerts not only strong control on overall 
methane consumption by M. trichosporium OB3b, but also the activity of other methanotrophs. 
Interestingly, however, copper bound to MB is unavailable to denitrifiers as they lack the TBDT 
required for uptake. As a result, in the presence of MB or MB-expressing methanotrophs, 
complete conversion of nitrate to dinitrogen by denitrifying bacteria does not occur. Rather, as 
copper is unavailable to these microbes in the presence of MB, NosZ expression and activity is 
substantially reduced, significantly increasing N2O emissions. Interestingly, MB-OB3b and MB-
SB2 differentially affected copper uptake, nosZ expression and N2O production by multiple 
denitrifiers. This study provides critical information for enhanced understanding of microbial 
copper competition that are important for the development of better predictive models of net 
greenhouse gas emission that are significantly controlled by microbial activity. 
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Project Goals: With the advances in next generation sequencing technologies, the number of 
sequenced genomes is growing exponentially. This has resulted in a bottleneck for the translation 
of sequence information into functional hypotheses about each gene. Current gene annotation 
technologies are primarily based on evolutionary inference by sequence comparison; however, 
many proteins in a proteome remain uncharacterized. To address this challenge, this collaborative 
team is currently developing a suite of novel high-performance-computing (HPC), deep-learning 
methods that predict protein structures at unprecedented accuracy, making use of the Summit 
supercomputer at the DOE leadership computing facility at the Oak Ridge National Laboratory. 
The combination of deep learning, HPC, and structural-based analysis will help break the gene 
annotation bottleneck and enable rapid, accurate prediction of gene function on a genomic scale.  

Abstract text: One key aspect of protein annotation is the atomic structure encoded in a protein 
sequence. The release of AlphaFold2 in July 2021 has provided a powerful deep learning based 
computational method to decode protein sequences by predicting high confidence structural 
models of individual proteins. Taking advantage of this advance, our team has developed a 
genome-scale protein structural modeling and analysis pipeline using AlphaFold2 and deployed 
this workflow successfully on several full proteomes on Summit. This workflow has been applied 
to a few bacterial and plant species of interests to DOE’s Office of Biological and Environmental 
Science. One of them is Smagellanicum, whose proteome consists of about 25,227 protein 
sequences with 11 million total amino acids. We have modeled 25,134 (99.7%) of the proteome 
and about 57% of sequences have at least one high confidence model.  

Moreover, interactions between proteins are vital to the understanding of their functions. 
Excitingly, we have developed AF2Complex, a generalization of AlphaFold2 for predicting 
physical interactions between different proteins via deep docking, i.e., by exploring physically 
favorable structural models of a putative multimeric protein complex with the same deep learning 
neural networks originally developed for modeling a single protein sequence. By incorporating a 
new evaluation metric and optimizing input data, AF2Complex can effectively predict if a set of 
protein sequences interact, and if so, then provide high-confidence models for the predicted protein 
complex. In a benchmark test on dimeric protein pairs, it achieves higher accuracy than strategies 
that combine AlphaFold2 and protein-protein docking. It also achieved significantly better 
performance than DeepMind’s AF-multimer when the same set of deep learning models of AF-
multimer are used. Importantly, going beyond most other approaches that focus on dimeric protein 
pairs, we demonstrate that a protein complex consisting of multiple proteins can be accurately 



modeled using this deep learning approach. AF2Complex was successfully validated on some 
challenging CASP14 multimeric targets, a small but appropriate benchmark set, and the E. coli 
proteome. In a practical application, using the cytochrome c biogenesis system as an example, we 
predict high-confidence models of three sought-after assemblies formed by eight members of this 
system (the predicted models of one complex assembly are shown in Figure 1 above). To the best 
of our knowledge, this is the first time that a deep learning algorithm has been applied to model 
the atomic structures of a whole biomolecular system.   
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Figure 1. AF2Complex models of the cytochrome c maturation system CcmA2B2CD from E. coli. 
Conformational changes relevant to the function of the system are observed in the superimposition 
(center) top two models (left and right). The superimposition of the two models uses one component 
(CcmE in purple) as the reference and is viewed from a perspective that is above the two individual 
models. For clarity, CcmF (red) is not shown in the superposition. 
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Project Goals: Short statement of goals. (Limit to 1,000 characters)

1. Assess the applicability of a novel Bayesian Network Regression framework to
microbiome applications.

2. Implement a fast and efficient sampling algorithm to sample posterior conditional
distributions for the model.

3. Release an open-source and publicly available package in the Julia programming
language so that domain scientists can utilize this model on their data.

Abstract text: Please limit such that entire document does not exceed 2 pages.

Microbial communities are among the main driving forces of biogeochemical processes in the
biosphere. Understanding the composition of microbial communities and how these
compositions shape specific biological phenotypes is crucial to comprehend complex biological
processes in soil, plants and humans alike. Standard approaches to study the connection between
microbial communities and biological phenotypes rely on abundance matrices to represent the
microbial compositions. Different experimental settings are defined and then microbial
compositions are measured (as abundances) on each experimental setting. Next, the abundance
matrices are used as input in a regression-type (or machine-learning) analysis to relate the
microbial community to phenotypes of interest.

Given that relative abundances only provide a snapshot of the composition of the community at
the specific time of sampling and do not account for correlations between microbes, microbial
interaction networks have been recently preferred to represent microbial communities. Yet
models to connect a microbial network to a biological phenotype remain unknown. There has
only been a handful of new methods that aim to identify associations between network predictors
and a phenotype via a regression framework. However, these methods have only been studied for
brain connectome networks which, unlike microbial networks, are intrinsically dense. In
conclusion, methods to find associations between a sample of microbial networks and a
biological phenotype remain unknown.

In this work, we introduce a Bayesian Network Regression (BNR) model that uses the microbial
network as the predictor of a biological phenotype. This model intrinsically accounts for the
interactions among microbes and is able to identify influential edges (interactions) and influential



nodes (microbes) that drive the phenotypic variability. While the model itself is not new, it has
only been studied for brain connectome networks, and thus, its applicability to microbial
networks which are inherently more high-dimensional and sparser has not been studied.
Furthermore, unlike in brain connectome research, in microbiome research, it is usually expected
that the presence of microbes have an effect on the response (main effects), not just the
interactions. Here, we develop the first thorough investigation of whether Bayesian Network
Regression models are suitable for microbial datasets on a variety of synthetic data that was
generated under realistic biological scenarios. We test whether the Bayesian Network Regression
model that accounts only for interaction effects (edges in the network) is able to identify key
drivers in phenotypic variability (microbes). We show that this model is able to identify
influential nodes and edges in the microbial networks that drive changes in the phenotype for
most biological settings, but we also identify scenarios where this method performs poorly which
allows us to provide practical advice for domain scientists aiming to apply these tools to their
datasets. In addition, we implement the method in an open-source publicly available and
easy-to-use new Julia package (BayesianNetworkRegression.jl) with online documentation and
step-by-step tutorial which will allow scientists to easily apply this model on their own data.

This research directly addresses the DOE SC program goals of developing computational
approaches that can integrate large omics data types from multiple and heterogeneous sources,
such as those used in the Genomic Science program. Our open-source software will be
incorporated into the DOE Systems Biology Knowledgebase, an open-source software platform
that serves the systems biology research community.
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Project Goals: This project develops genetic and epigenetic tools for emerging model 
anaerobic fungi to identify the genomic determinants of their powerful biomass-degrading 
capabilities, facilitate their study, and enable direct fungal conversion of untreated 
lignocellulose to bioproducts. 

Deconstruction of plant cell wall biomass is a significant bottleneck to the production of affordable 
biofuels and bioproducts. Anaerobic fungi (Neocallimastigomycota) from the digestive tracts of 
large herbivores, however, have evolved unique abilities to degrade untreated fiber-rich plant 
biomass by combining hydrolytic strategies from the bacterial and fungal kingdoms1. Anaerobic 
fungi secrete the largest known diversity of lignocellulolytic carbohydrate active enzymes 
(CAZymes) in the fungal kingdom (>300 CAZymes), which unaided can degrade up to 60% of 
the ingested plant material within the animal digestive tract2,3. Unlike many other fungal systems, 
these CAZymes are tightly regulated and assembled in fungal cellulosomes to synergistically 
degrade plant material, including untreated agricultural residues, bioenergy crops, and woody 
biomass, with comparable efficiency regardless of composition1,4–6. Our efforts to characterize gut 
fungal CAZymes reveal industrially relevant properties such as remarkable stability and activity 
towards untreated plant biomass6-7. Gut fungal CAZymes liberate sugars from cellulosic substrates 
for timeframes beyond 192 hours after inoculation. These accumulated sugars can be fed to model 
bioproduction hosts (e.g. K. marxianus) to create coculture systems capable of upgrading sugars 
from plant biomass to high value products (e.g. ethyl-acetate and 2-phenylethanol)7. Similarly, 
anaerobic fungal biosynthetic enzymes possess unique cofactor substrate preferences that support 
higher catalytic efficiencies, which are easily overlooked via heterologous expression due to the 
extremely high AT content (~83%) of gut fungal genomes and biased codon preferences7. Thus 
there is an unmet need to build genetic tools and methods to study these enzymes natively in 
anaerobic fungi. 

As a first step towards genetic tool development, we sequenced the genomes of three novel 
specimens of anaerobic fungi representing two genera of Neocallimastigocota. Previous anaerobic 
fungal genomes were highly fragmented into as many as 30,000 scaffolds thus limiting efforts to 
mine for basic genetic parts (e.g. promoters and terminators). By leveraging high quality genome 
isolations, long-read sequencing, and Hi-C (chromosomal conformation capture) sequencing, we 



have improved genome assembly by an order of magnitude to generate the first genomes for this 
phylum of organisms with chromosomal resolution. Our assemblies incorporate more than 99% of 
the genome into 12-25 chromosomes with N50 < 10. These high quality reference genomes show 
extensive genome duplication and horizontal gene transfer events that partially contribute to the 
ability of gut fungi to robustly degrade crude plant biomass. We are investigating the epigenetic 
regulation of these genes by monitoring expression through transcriptomic and proteomic 
approaches supported through the JGI-FICUS program.  These studies show epigenetic control, 
induced in part by microbial competition, mediates enzyme expression and substrate preference, 
and thus which parts of plant biomass are preferentially degraded. Thus, these reference genomes 
and datasets reveal a wealth of regulatory sequences and CAZymes for study. We have synthesized 
more than a dozen promoters and terminators as well as nearly 20 codon optimized reporter 
proteins through the JGI-BERSS program for evaluation along with reporter proteins and other 
putative parts for gene expression. By combining these regulatory sequences with selectable 
markers we have verified functionality of 2 fluorescent reporters via flow cytometry. Current 
efforts are aimed at improving transformation efficiencies and expression of selectable markers by 
mining for centromere binding sequences, Kozak sequences, and autonomously replicating 
sequences to further enhance plasmid stability and maintenance. Together, our rich high quality 
reference genomes and datasets are expediting efforts to mine for key regulatory sequences and 
parts needed to build a stable episomal plasmid. 

In summary, the ongoing work has harnessed anaerobic fungal isolates and genes for 
bioproduction, begun to identify parts for a genetic toolbox and provides an atlas of anaerobic 
fungal genomes complete with targets for study and genomic regions to avoid. Once validated, 
these parts will form foundational tools to generate a deeper systems-level understanding of 
anaerobic fungal physiology while establishing fundamental knowledge about regulation of gut 
fungal CAZymes. Ultimately, we enable predictive biology in anaerobic fungi and derive insight 
into microbial plant deconstruction to advance the development of economical biofuels and 
bioproducts. 
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Project goals: This project discovers and reconstructs the plastic degradation pathways 
distributed across the gut microbiome of yellow mealworms (larvae of Tenebrio molitor) to 
develop enhanced capabilities for biologically based polymer recycling.  

Plastics, initially selected for their durability and environmental resiliency, pose a significant 
environmental challenge for modern economies. Polystyrene (PS), high- and low-density 
polyethylene (HDPE and LDPE), and polypropylene (PP) are produced at a rate of more than 228 
million tonnes globally each year. However, none currently have robust infrastructures for 
mechanical or chemical recycling and ultimately become polluting waste streams. To address this 
need, we pursue biological strategies for plastics depolymerization. We focus on the microbiomes 
of insect larvae (colloquially called worms) as they degrade plastics more rapidly than microbial 
isolates and do not require clean plastics or pretreatment. In particular, the microbiome of yellow 
mealworms is unique in that its host does not appear to contribute to degradation of a wide range 
of plastics. While bacterial community members have been identified, the specific pathways 
responsible for biodegradation remain to be elucidated and the potential contributions of fungal 
members are unexamined. Additionally, emerging evidence suggests that nutrient supplementation 
enhances plastic metabolism up to 70% and gives rise to a gut community structure distinct from 
that without additional nutrients. However, it is unclear if nutrient supplementation induces 
microbes to participate in in the plastic degradation or if it supports an optimal community 
composition for function.  

As a first step to address these gaps, we characterized the consumption rates of PS, LDPE, HDPE, 
and PP via T. molitor larvae in the presence and absence of co-fed oats as a nutritional supplement. 
The consumption rates of PS, LDPE, and HDPE were 20.4, 12, and 1.1, mg (100 larvae)-1d-1, 
respectively, in agreement with established studies. However, oat supplementation enhanced 
plastics consumption by 158.8, 60, and 232.1 %, respectively. These studies establish the use of 
oats as a potent supplement for enhancement of PS and LDPE consumption rates, up to double 
that obtained with established supplements, and validated HDPE consumption by T. molitor. 

Antibiotic and antifungal selection studies supported the role of both fungal and bacterial 
populations in plastics consumption. Mealworms treated with penicillin/streptomycin to remove 
their bacterial population consumed PS 15% faster (60.6 mg (100 larvae)-1d-1) than untreated 
mealworms. Similarly, amphotericin B antifungal treatment selecting for bacteria enhanced PS 
consumption by 4.1% (55 mg (100 larvae)-1d-1). These results suggest that fungal communities in 
the mealworm gut microbiome are likely to play an important role in the plastic consumption and 
that the inter-kingdom relationship between bacteria and fungi may be antagonistic. 



Worm-consumed plastics were chemically modified beyond simple mechanical degradation 
validating biological mechanisms for plastics depolymerization. Fourier transform infrared 
spectroscopy (FTIR) analysis of frass (excrement) from mealworms fed PS revealed incorporation 
of oxygen not found in untreated controls. Moreover, benzene ring cleavage was observed for 
treated PS samples. Similarly, FTIR spectra of the frass from mealworms fed LDPE revealed the 
incorporation of carbonyl and alcohol groups. Thermogravimetric analyses (TGA) of frass also 
confirmed the changes in physical properties, supporting the biodegradation of PS and LDPE via 
T. molitor microbiomes. Finally, gel permeation chromatography (GPC) of the frass of T.molitor 
larvae fed PS confirmed a decrease in polymer molecular weight and an increase in polydispersity. 
Taken together, these results demonstrate that the plastics being ingested by the larvae are being 
depolymerized. 

Microbiome community analysis via 16s and ITS sequencing revealed a rich consortium of 
bacteria and fungi. The bacterial community was more diverse than the fungal community with 
observed taxa belonging to the bacterial phyla Firmicutes, Tenericutes, Proteobacteria, 
Actinobacteria, Spirochaetes, Bacteroidetes, and Fusobacteria, and fungal Ascomycota, 
Basidiomycota and Mucoromycota. As expected, mealworm diet led to unique community 
structures adapted to degradation of the fed plastic substrate. However, oats co-supplementation 
frequently selected for taxa that were not observed in plastics only or oats only controls suggesting 
currently unrecognized interactions. Despite these unique community structures, microcosms of 
communities in planktonic culture selected for with LDPE, HDPE, PS, and PP diet were all able 
to grow on LDPE as a sole-carbon source. Finally, our community analyses revealed obligate 
anaerobic genera such as Selbadella associated with PP degradation, suggesting potentially novel 
oxygen-independent pathways for plastics depolymerization.  

In summary, our ongoing work has characterized plastic consumption rates in T. molitor 
microbiomes, revealing novel strategies to structure gut microbial populations for enhanced 
degradation. Plastics were noted to be metabolized and not only mechanically degraded by both 
bacterial and fungal communities that contribute to plastic degradation even independent of the 
host mealworm. Future studies will probe the contributions of individual taxa within these 
communities and generate systems-level insight into their metabolic pathways to develop consortia 
enriched in plastic degradation activity, and identify novel enzymes from community members. 
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Project Goals: This project sets out to develop an integrative workflow combining genome-
wide editing, multi-omic and single-cell analyses, and computational models to enable 
cellular noise engineering and, thus, the design of robust biological systems that maintain 
function beyond standard laboratory conditions. In this context, cellular noise engineering 
bestows a non-genetic division of labor, where distinct subpopulations express pathways 
that maximize function under key environmental conditions. Specifically, the project 
focuses on improving the robustness of cellulosic oil and alkane production in Yarrowia 
lipolytica under genuine industrial conditions of time-varying toxic lignocellulosic 
hydrolysate inhibitor concentration and temperatures. To this end, our approach involves 
Y. lipolytica evolution, multi-omics and single-cell analyses, and construction of genome-
wide kinetic models that will guide the noise engineering efforts.  

Growing global energy demands, environmental concerns, and the need to reduce dependency on 
decreasing fossil fuel reserves drive the pursuit of identifying alternative energy sources. The 
trucking, shipping, and aviation industries require heavy liquid fuels that can presently only be 
supplied by fossil fuels. Alternative forms of heavy fuels, such as microbial oils and alkanes, are 
gathering increasing interest; however, despite the increasing efficiency of microorganisms, such 
as Y. lipolytica, in converting sugars to microbial oils, the cost of glucose feedstocks is still very 
high. Lignocellulosic plant matter represents an inexpensive feedstock with an ample supply that 
does not compete with food resources. However, lignocellulosic biomass pretreatment increases 
not only the amount of released sugars but also the levels of toxic byproducts. Specialized 
methods to reduce the resulting toxicity levels come at high costs and processing complexity. 
Recently, we reported a more cost-effective and scalable approach to reduce hydrolysate toxicity 
by engineering the fermenting microorganism to reduce furans to furan alcohols1, for which 
tolerance strategies are already available2. 

Our project aims to develop a similar phenotype in Y. lipolytica that can tolerate common 
lignocellulosic hydrolysate inhibitors, as well as efficiently produce cellulosic oils and alkanes 
by harnessing all available hydrolysate sugars. Our approach involves evolving Y. lipolytica to 
obtain variants that can tolerate, grow, and efficiently synthesize biofuel precursors under steady-
state, albeit stressful conditions pertaining to both toxic hydrolysates and high temperatures. 
Multi-omics analyses of the evolved strains will inform about the dynamic control of key genes 
required for coping with varying stressful conditions and aid the construction of genome-wide 
metabolic kinetic models. These models will guide the selection of gene targets for engineering 
noise, which we will accomplish by replacing the native promoters of these genes with synthetic 



ones that confer specific noise levels. Testing in programmable microfluidics will validate the 
effects of noise on robustness before undertaking similar validation efforts in bioreactors under 
industrially relevant conditions for producing cellulosic oils and, after further adaptation, 
cellulosic alkanes3. Overall, we anticipate that strains exhibiting optimal levels of cellular noise 
will also demonstrate robustness that maintains production under time-varying stresses and both 
laboratory and simulated industrial-scale conditions. 
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Project Goals: Algal and plant systems have the unrivaled advantage of converting solar 
energy and CO2 into useful organic molecules. Their growth and efficiency are largely 
shaped by the microbial communities in and around them. The μBiospheres SFA seeks to 
understand phototroph-heterotroph interactions that shape productivity, robustness, the 
balance of resource fluxes, and the functionality of the surrounding microbiome. We 
hypothesize that different microbial associates not only have differential effects on host 
productivity but can change an entire system’s resource economy. Our approach 
encompasses single cell analyses, quantitative isotope tracing of elemental exchanges, 
‘omics measurements, and multi-scale modeling to characterize microscale impacts on 
system-scale processes. We aim to uncover cross-cutting principles that regulate these 
interactions and their resource allocation consequences to develop a general predictive 
framework for system-level impacts of microbial partnerships.  

Abstract Text: Algal-bacterial interactions in phycosphere microbial communities have 
important implications for the stability and productivity of algal biofuel systems.  However, the 
role of exometabolites in mediating these interactions and establishing microbial community 
structure are not well understood.  We set out to characterize exometabolites from the model 
diatom Phaeodactylum tricornutum and investigate the role of those exometabolites in driving 
the composition of surrounding microbial communities. 

First, to characterize the impacts of algal exudates on microbial community composition, we 
compared the compositions of bacterial communities originating from an algal enrichment (1) 
grown under three conditions: with alga (P. tricornutum) present, with algal exudates (spent 
medium from axenic P. tricornutum growth), and without any algal exudates (alga free controls).  
Using amplicon sequencing based microbial community analysis, we found that communities 
grown with algal spent medium were intermediate in composition between those grown with the 
alga present and algae free controls. Both algal spent medium and algal presence drove shifts in 
relative abundances compared to alga free controls.  Thus, although the communities grown on 
algal spent medium and with algal were distinct, our results indicate that algal exudates, and the 
exometabolites present in them, are important for shaping surrounding bacterial communities. 

To identify metabolites that could be driving microbial community composition, we used an LC-
MS/MS metabolomics analysis to characterize the metabolite composition of the algal spent 
medium at different growth stages.  We identified 58 metabolites produced by P. tricornutum 



including organic acids, vitamins, amino acids, and nucleotides and derivatives of several of 
these.  Exometabolite production was dynamic, with different metabolites accumulating during 
different algal growth phases. To investigate the potential role of specific metabolites in shaping 
microbial communities, we chose 14 identified exometabolites and tested their ability to 
selectively support the growth of 12 individual bacterial isolates from algal associated 
enrichment communities (1) and seawater.  Of the 14 metabolites tested, three (4-
hydroxybenzoic acid, shikimic acid, and hydroxyphenylacetic acid) supported growth of at least 
one of the bacterial isolates.  However, each metabolite supported growth of a subset of the 
isolates, suggesting that increased levels of these metabolites could selectively increase growth 
of some bacteria and not others within a community. 

To better understand the roles of specific exometabolites in the context of a complex microbial 
community, we extended the microbial community experiment above to compare community 
compositions in response to addition of two specific algal exometabolites: one which supported 
the growth of 4 out of 12 bacterial isolates (4-hydroxybenzoic acid), and another, lumichrome, a 
vitamin derivative which did not support detectable growth but which has been shown to affect 
P. tricornutum growth (2).  Exogenous additions of both metabolites had significant impacts on 
bacterial community compositions, both with and without P. tricornutum present. Addition of 4-
hydroxybenzoic acid led to substantial increases in relative abundances of two amplicon 
sequence variants (ASVs) which were identical to the 16S-V4 sequences of bacterial isolates that 
grew on 4-hydroxybenzoic acid in the experiment above.  The addition of lumichrome also 
impacted the relative abundances of ASVs, but the responses differed, and were generally lower 
in magnitude than those to 4-hydroxybenzoic acid.  Our work demonstrates the importance of 
specific algal exometabolites in driving microbial community composition and suggests that 
algal exometabolites have distinct effects on microbial communities, in part as a function of their 
bacterial nutritional capability. 
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Project Goals: Algal and plant systems have the unrivaled advantage of converting solar 
energy and CO2 into useful organic molecules. Their growth and efficiency are largely 
shaped by the microbial communities in and around them. The μBiospheres SFA seeks to 
understand phototroph-heterotroph interactions that shape productivity, robustness, the 
balance of resource fluxes, and the functionality of the surrounding microbiome. We 
hypothesize that different microbial associates not only have differential effects on host 
productivity but can change an entire system’s resource economy. Our approach 
encompasses single cell analyses, quantitative isotope tracing of elemental exchanges, 
‘omics measurements, and multi-scale modeling to characterize microscale impacts on 
system-scale processes. We aim to uncover cross-cutting principles that regulate these 
interactions and their resource allocation consequences to develop a general predictive 
framework for system-level impacts of microbial partnerships.  

Abstract Text: Phaeodactylum tricornutum (Pt) is a saltwater, low iron (Fe)-tolerant diatom 
ideal for use in studies probing the regulation of micronutrient availability by algae and their 
microbiome. While Pt’s physiological response to Fe limitation has been fairly well-studied, its 
interactions with microbial partners is not well constrained. Microbial symbionts in Pt’s 
phycosphere (a microscale zone of influence at/near the diatom’s surface) may employ 
mutualistic strategies to enhance the growth of both the bacteria and the algae, possibly via the 
solubilization and subsequent bioavailability increase of micronutrient Fe. Through genome 
mining of bacteria isolated from Pt’s phycosphere, three heterotrophic strains were identified 
with putative biosynthesis gene clusters for siderophores (small molecules that are secreted in 
response to Fe deficiency to solubilize and bind Fe to facilitate uptake). Initial results from co-
culture experiments reveal enhanced growth of Pt in co-culture with each of these strains under 
low-Fe conditions relative to an axenic Pt control. Mass spectrometry based metallomic analyses 
of spent media reveal the production of metal chelators at low Fe concentrations within Pt-
microbial cocultures but not in the axenic control. Notably, in response to Fe limitation stress, a 
novel siderophore was secreted by a Pt co-culture with bacterial isolate Stappia sp., a member of 
the Rhodobacteriaceae commonly found associated with microalgae in nature. This siderophore 
is believed to be produced via a nonribosomal peptide synthetase pathway by Stappia sp.. These 
results suggest that microbial partners may facilitate algal uptake of Fe when it may otherwise 



limit algal growth and production. Since siderophore-bound Fe can only be utilized by microbes 
that can actively take up those specific molecules, this strategy may also play a broader role in 
managing Fe bioavailability by promoting the growth of certain taxa within a complex 
community. Metabolomic studies such as these are a promising avenue for understanding how 
host-microbe interactions manage resource allocation and contribute to algal biofuel pond 
community composition and resiliency.  

 

Figure 1: P. tricornutum growth response in 0.01 μM Fe in coculture with various single 
phycosphere taxa (Stappia, Marinobacter or Thalassospira) or axenic. Error bars represent 
standard deviation between 4 biological replicates. 
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Project Goals: Algal and plant systems have the unrivaled advantage of converting solar 
energy and CO2 into useful organic molecules. Their growth and efficiency are largely 
shaped by the microbial communities in and around them. The μBiospheres SFA seeks to 
understand phototroph-heterotroph interactions that shape productivity, robustness, the 
balance of resource fluxes, and the functionality of the surrounding microbiome. We 
hypothesize that different microbial associates not only have differential effects on host 
productivity but can change an entire system’s resource economy. Our approach 
encompasses single cell analyses, quantitative isotope tracing of elemental exchanges, 
‘omics measurements, and multi-scale modeling to characterize microscale impacts on 
system-scale processes. We aim to uncover cross-cutting principles that regulate these 
interactions and their resource allocation consequences to develop a general predictive 
framework for system-level impacts of microbial partnerships.  

Abstract text:  
Background: Multipartite mutualisms between plants, mycorrhizal fungi, and other soil biota can 
enhance plant productivity, resilience to stress, and carbon (C) allocation below ground. A better 
understanding of these relationships can inform more sustainable management of cellulosic 
bioenergy crops, such as switchgrass (Panicum virgatum L.), a C4 perennial grass championed 
for its high biomass yields and tolerance to a broad spectrum of climatic conditions and soils 
unsuitable for intensive agriculture. We are investigating context-dependent multipartite 
relationships between Panicum hallii—a model species closely related to switchgrass, two 
mycorrhizal lineages with different genomic repertoires—the arbuscular mycorrhizal fungus 
Rhizophagus irregularis and the Sebacinales fungus Serendipita bescii, and microbial 
communities in a marginal soil. We hypothesize that both mycorrhizal lineages mediate 
microbial community composition and function, plant and microbial tolerance to resource 
limitation, and soil organic matter dynamics. However, we anticipate that due to their different 
genomic repertoires, each fungus will elicit a distinct biotic response.  
Experimental design: We grew P. hallii with and without R. irregularis or S. bescii in 
microcosms containing ‘live’ soil harvested from a marginal Oklahoma pasture. Each microcosm 
contained a hyphal ingrowth core that excluded plant roots. This allowed us to investigate 
rhizosphere and hyphosphere processes separately. We maintained half of the microcosms under 
water-replete conditions and the other half under water-limited conditions. We also maintained 
half of the microcosms in a 13CO2 atmosphere, which allowed us to track plant- and mycorrhizal-
derived 13C into other soil C pools (live and dead microorganisms, metabolites, mineral 
associated organic matter, particulate organic matter) and C fluxes (CO2, dissolved C, volatile 



compounds). We harvested the microcosms at 5, 8, and 12 weeks after the onset of 13CO2 
labeling. After 12 weeks, we also conducted quantitative stable isotope probing (qSIP) with 
H218O to assess microbial growth rates in hyphosphere soil. Although mycorrhizal fungi were 
present in the native soil microbial community, qPCR analyses show that the R. irregularis and 
S. bescii inoculant strains were more abundant in roots and soils harvested from respectively 
inoculated microcosms. Thus, differences observed in mycorrhizal-inoculated microcosms 
represent the additional effect of these inoculants despite the presence of a background microbial 
community. 
Results: Soil moisture regime and mycorrhizal inocula altered plant and microbial activity, with 
significant effects on soil C cycling. In uninoculated microcosms, rhizosphere soil 13C content 
was similar under both moisture regimes. In mycorrhizal-inoculated microcosms, rhizosphere 
soil 13C was lower in water-replete compared to water-limited soil. This suggests that under 
water-replete conditions, plants inoculated with R. irregularis and S. bescii either allocate less C 
below ground (possibly due to a reduced need to invest in resource acquisition) or that the C that 
they allocate below ground is consumed and respired more quickly than under water-limited 
conditions. Following water limitation, bacterial growth rates, microbial growth efficiency, and 
the diversity of the active bacterial community were suppressed in uninoculated soils, but not in 
soils inoculated with either fungus. Several of the bacterial taxa that responded positively to 
mycorrhizal inocula in water-limited soil belong to lineages that are considered drought-
susceptible. Although both fungi supported bacterial communities exposed to water limitation, R. 
irregularis elicited a stronger positive response than S. bescii. Together, our findings 
demonstrate that context-dependent mycorrhizal relationships influence biotic response to 
resource limitation.  
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Project Goals: Algal and plant systems have the unrivaled advantage of converting solar energy 
and CO2 into useful organic molecules. Their growth and efficiency are largely shaped by the 
microbial communities in and around them. The μBiospheres SFA seeks to understand 
phototroph-heterotroph interactions that shape productivity, robustness, the balance of resource 
fluxes, and the functionality of the surrounding microbiome. We hypothesize that different 
microbial associates not only have differential effects on host productivity but can change an 
entire system’s resource economy. Our approach encompasses single cell analyses, quantitative 
isotope tracing of elemental exchanges, ‘omics measurements, and multi-scale modeling to 
characterize microscale impacts on system-scale processes. We aim to uncover cross-cutting 
principles that regulate these interactions and their resource allocation consequences to develop a 
general predictive framework for system-level impacts of microbial partnerships.  

Abstract Text: Previous studies have documented that different algal associated bacteria 
influence the aggregation of algal cells in culture [1], which has implications for harvesting 
large-scale algal cultures for biofuels. Sinking aggregates, consisting of microbial cells including 
photosynthetic algae and heterotrophic bacteria, also are major contributors to biological carbon 
sequestration in aquatic environments [2], which could be used as an engineering solution to 
combat climate change [3]. Cells within these particles are physically connected via an exuded, 
sticky polymer called extracellular polymeric substances (EPS). For decades, it has been 
hypothesized that algal-bacterial interactions modulate the biosynthesis of EPS and leads to a 
change in formation and sinking rate of the aggregates [4]; however, its detailed mechanism 
remains unanswered due to a limited number of tools that characterize this microscale 
interaction. 

Here we report a new phenomenon where the sinking rate of algal cells is influenced by the 
presence of a host-associated bacterial strain. Based on our observation that a cell culture stage 
(log or stationary phase) is the main driver that leads to different sinking rates, we develop a 
hypothesis that algal EPS production increases due to the presence of bacteria and this facilitates 
algal aggregation and increases cell sinking. To test this hypothesis, we employ several imaging-
based characterization methods. First, we establish an optical setup that tracks vertical movement 
of single cells and compare sinking rates between different culture conditions. Second, we 
measure the surface charge of individual algal cells via electrokinetic microfluidic tools [5] and 
test if host-associated bacteria can influence algal surface charge. Third, we examine EPS 



production from algae at both single-cell (using conjugate fluorescein that binds to a cell surface) 
and bulk (using polysaccharide extraction). Finally, as a proxy of nutrient exchange we report 
differential algal incorporation rate of carbon and nitrogen across bacterial taxa based on 
NanoSIMS [6] and compare it to the algal sinking speed under bacterial co-culture. Taken 
together, these characterization tools will provide a fundamental understanding on the 
biophysical role of microbes in microalgal aggregate dynamics critical for biofuel production and 
carbon sequestration.  

 

Figure. Imaging-based methods to characterize microscale interaction between algae and bacteria and their sinking.  
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Project Goals: Algal and plant systems have the unrivaled advantage of converting solar 
energy and CO2 into useful organic molecules. Their growth and efficiency are largely 
shaped by the microbial communities in and around them. The μBiospheres SFA seeks to 
understand phototroph-heterotroph interactions that shape productivity, robustness, the 
balance of resource fluxes, and the functionality of the surrounding microbiome. We 
hypothesize that different microbial associates not only have differential effects on host 
productivity but can change an entire system’s resource economy. Our approach 
encompasses single cell analyses, quantitative isotope tracing of elemental exchanges, 
‘omics measurements, and multi-scale modeling to characterize microscale impacts on 
system-scale processes. We aim to uncover cross-cutting principles that regulate these 
interactions and their resource allocation consequences to develop a general predictive 
framework for system-level impacts of microbial partnerships.  

Abstract Text:  

Photosynthetic algae, including phytoplankton, are globally significant CO2 sinks and have high 
biotechnological potential for renewable biofuels and sustainable carbon sequestration. The 
heterotrophic bacteria that associate with microalgae in aquatic environments mediate 
biogeochemical cycling of algal-derived carbon and nitrogen, affecting the flow of nutrients to 
surrounding microbial cohorts and higher trophic levels. Through complex interactions and 
exchanges of secondary metabolites, bacteria can also influence algal productivity, either 
positively via mutualism or negatively via antagonism. Antagonistic algicidal bacteria lyse 
microalgal cells, diminishing populations and compromising or halting algal productivity. In the 
process, algal-sequestered nutrients are released that stimulate the metabolism of the surrounding 
microbial community, interfering with the system resource pool and economy. Catastrophic 
crashes within susceptible microalgal biofuel ponds are fairly common, and while these may be 



attributed to biological entities such as algicidal bacteria, the causative agent is rarely 
investigated. 

Here, we document a novel algicidal bacterium that lyses the biofuel-relevant diatom 
Phaeodactylum tricornutum, crashing laboratory cultures in days. While this novel bacterium is 
unculturable using traditional microbiological laboratory techniques, we use unique resources 
and molecular techniques to characterize the identity, strategy, and mechanism of this bacterium. 
Based on phylogeny of both a partial sequence obtained from amplicon sequencing and 
assembled 16S contig from a metagenome-assembled-genome (MAG), this is the first 
documented algicidal bacterium belonging to the taxonomic order Rickettsiales, which we name 
as a Rickettsia-like diatom killer, or “RLDK”. Through super-resolution confocal microscopy 
and fluorescence in situ hybridizations using custom probes, we identified RLDK within a 
laboratory enrichment of a mixed community. Unlike other Rickettsiales pathogens, RLDK 
appears to have a free-living life stage and is capable of survival outside of host cells; however, 
most RLDK cells were found associated with the diatom cells, especially just prior to algal 
death. Metabolic predictions from the MAG also confirmed RLDK’s genomic capacity for 
aggregation and attachment to host cells using pili. Further, the RLDK genome encodes a full 
type IV secretion system that may transport virulence factors and effector molecules 
extracellularly. In conjunction with peptidoglycanase-encoding genes, we hypothesize that 
RLDK’s mechanism of attack is a series of events where bacterial cells attach to P. tricornutum 
and secretes host cell-degrading peptidoglycanases.  

RLDK is unable to survive in pure culture free of the diatom host or other bacteria. Additionally, 
this bacterium has a reduced genome with numerous auxotrophies. Based on these two pieces of 
evidence, we hypothesized that RLDK is likely dependent on other entities for its growth and 
metabolism. To test this, we conducted a NanoSIP experiment and found that diatom-attached 
bacteria (RLDK) show enrichment of both isotopically labeled 13C and 15N, neither of which 
RLDK can directly uptake or metabolize based on predictions from a genome-scale metabolic 
model. These results suggest that RLDK incorporates algal-derived carbon and nitrogen. 
Genome and metabolic model predictions will be tested using metatranscriptomes of both the 
bacterial parasite RLDK and algal host P. tricornutum. These data contribute to our 
understanding of poorly characterized algicidal bacteria in the environment and more broad 
understanding of algal-bacterial interactions. This research has implications for applied sciences, 
as our insights into the strategy and mechanism of algicidal bacterial activity may be leveraged 
to potentially prevent future catastrophic algal biofuel crash events.   
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Project Goals: Algal and plant systems have the unrivaled advantage of converting solar 
energy and CO2 into useful organic molecules. Their growth and efficiency are largely 
shaped by the microbial communities in and around them. The μBiospheres SFA seeks to 
understand phototroph-heterotroph interactions that shape productivity, robustness, the 
balance of resource fluxes, and the functionality of the surrounding microbiome. We 
hypothesize that different microbial associates not only have differential effects on host 
productivity but can change an entire system’s resource economy. Our approach 
encompasses single cell analyses, quantitative isotope tracing of elemental exchanges, 
‘omics measurements, and multi-scale modeling to characterize microscale impacts on 
system-scale processes. We aim to uncover cross-cutting principles that regulate these 
interactions and their resource allocation consequences to develop a general predictive 
framework for system-level impacts of microbial partnerships.  

Planktonic algae play an outsized role in regulating the dynamics of earth’s ecosystem. Their 
activity affects the global oxygen supply, the food chain, and climate. Due to their ecological 
importance, as well as the industrial interest in using algal biomass for production of renewable 
biofuels, understanding the factors that control algal population dynamics are imperative for 
devising strategies to develop renewable fuels and lessen the harmful effects of climate change. 
Interactions of algae with bacteria are a major factor in the fate of algal populations. 

As part of our system-level examination of microbial interactions with bioenergy-relevant 
phototrophs, we found that a previously uncharacterized Rickettsia-like diatom killing (RLDK) 
bacterium was crashing diatom Phaeodactylum tricornutum cultures while increasing in relative 
abundance in conjunction with algal decline.  Unfortunately, RLDK cannot be isolated in pure 
culture. Additionally, our experimental and bioinformatic analyses have indicated that its 
mechanism of killing is different from other well studied algicidal organisms like Kordia 
algicida.  

In cases where direct lab examination of an organism is infeasible, in silico analyses serve as a 
powerful alternative method of study. So, to examine the novel algicidal mechanism of RLDK, 
particularly the role that its metabolic characteristics might play in this transient behavior, we 
characterized its metabolism by developing a genome-scale model of its metabolism using a 
high-quality, near-complete metagenome-assembled genome (MAG). 



We used several steps to generate a relevant genome-scale model of this novel bacterium. We 
initiated the model development process by using the new apps developed by members of our 
team for the DOE KBase platform to import and merge annotations of the RLDK MAG from a 
number of different sources. This because we have previously shown that combining annotations 
from multiple sources will provide us with a more complete annotation and subsequently 
metabolic network reconstruction1. We then used the KBase to generate a draft genome-scale 
model. TranSyt (a KBase app used to annotate and add transport reactions)2 was used to identify 
new gene-protein-reaction associations and many new transport reactions were added.  

Despite constraint-based system-level analyses showing that RLDK’s algicidal activity does not 
stem from a need to scavenge any specific organic compound from algal remains, preliminary 
simulations and bioinformatic analyses point to several interesting metabolic characteristics. For 
example: 1) examination of the RLDK genome shows that it contains a Type IV secretion 
system, as well as a surprising number of peptidoglycan degrading enzymes which could point to 
the means by which it attacks the algae; 2) flux balance analysis of RLDK metabolism indicates 
that it uses a non-orthodox pathway for production of thiamine phosphates which results in 
production and export 4-hydroxybenzyl alcohol, a reduced form 4-hydroxybenzoate, a 
metabolite that our metabolomic studies indicate could have a significant role in algal-bacterial 
interactions; 3) RLDK metabolism of some compounds can result in production of superoxides, a 
practice of heterotrophic bacteria when they need to acquire trace metals or to prevent viral 
infections3. This suggests that the impetus for RLDK’s algicidal activity may be collection of 
inorganic nutrients instead of organic resources. We are currently analyzing proteomics and 
transcriptomic data to ascertain RLDK metabolic changes that facilitate its diatom killing 
activity.  This research has provided a suite of new hypotheses to guide our experiments, 
illustrating the value of systems-level in silico analysis to support experimental work, and 
uncovered new potential resources and metabolites which may govern our algal-bacterial 
interactions. 
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Project Goals:  

The overarching goal of this project is to establish ecological paradigms for how viruses alter soil 
microbiomes and nutrient cycles by developing foundational (eco)systems biology approaches for 
soil viruses. Here, we used a multi-omics approach to investigate phage-specific metabolic 
reprogramming in virus-infected cells (virocells) to build critically needed model systems and in-
silico resources and tools extending to new soil model phage-host systems. Together, these efforts 
will establish a foundational ecological understanding for the soil microbiome while also 
developing essential tools and resources for transformative soil viral ecology advances. The 
development and application of –omics approaches will further help investigate microbial 
community processes involved in biogeochemical nutrient cycling in terrestrial ecosystems. 

Abstract: 

Viruses utilize infection to control bacteria that perform vital planetary functions by changing them 
into new entities called virocells that are reprogrammed to obtain energy and resources differently 
from uninfected cells1. Since microbial metabolic outputs dictate ecosystem-level biogeochemical 
processes, and virocells are fundamentally reprogrammed metabolically, their interaction with the 
surrounding environment is expected to be different. Here we used a known, ecologically relevant 
bacterium (Pseudoalateromonas) and two unrelated infecting phages (HP1, a podophage, 45.06 
Kbp dsDNA, and HS2, a siphophage, 37.72 Kbp dsDNA)2 under phosphorus (P) rich and poor 
conditions to see whether infection dynamics are the same or different under the different nutrient 
types and to develop foundational approaches to studying soil viruses. Using an integrated multi-
omics approach, we found that under nutrient-rich conditions, differences in the phage mechanism 
of action were driven by the metabolic reprogramming of the host, resulting in two different 
virocells with different energy and resource acquisition strategies3. In contrast, under nutrient 
limitation, we found that the environment quite strongly drove the metabolic reprogramming of 
the host, where the common strategy across different phages was survival under stress. These 
findings contribute to a better biological knowledge of phage-host interactions and the effects of 
nutrient constraints on their dynamics, shedding light on the environment-specific impacts on 
virocells that could significantly affect the metabolic reprogramming of the host and thus reshape 
the biogeochemical cycles in various ecosystems. Our research reveals significant insights into 
phage-host interactions and offers methods for new soil model phage-host systems. 
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Project goals: The overarching goal of this project is to establish ecological paradigms for how 
viruses alter soil microbiomes and nutrient cycles by developing foundational (eco)systems 
biology approaches for soil viruses. Within this overall project, we examined viruses from 
metagenomic datasets to investigate viral ecology across a nearly decadal time series. Such work 
is critical for establishing baseline ecological understanding of viruses in soils, as well as 
elucidating the role of viruses in terrestrial carbon and nutrient cycling. 
 

Since permafrost accounts for 30% - 50% of global soil carbon (C), it is important to 
understand how thawing permafrost will impact the release of greenhouse gasses. 
Microorganisms are known to play critical roles in the terrestrial C cycle, but their viruses are less 
well-understood. In marine systems, viruses impact C cycling by controlling hosts via predation, 
transferring genes between hosts, and metabolically reprogramming hosts via encoding auxiliary 
metabolic genes (AMGs). Here we identify and examine viruses from a metagenomic dataset 
composed of peat samples collected between 2010 - 2017 across the active layer of a permafrost 
thaw gradient at a northern Sweden long-term ecological research site. This augmented known 
viruses at this already intensively studied site approximately 2-fold. The vast majority of viruses 
were novel, even when compared to other viruses from terrestrial ecosystems. Viral communities 
differentiated based on thaw stage (palsa, bog, and fen) and on depth, but not by time (year). 
Leveraging co-sampled metagenome-assembled genomes (MAGs) to in silico predict microbial 
hosts, we found that the majority of predicted hosts had genome-encoded functions involving the 
degradation of plant-derived C polysaccharide (such as cellulose, fructose, and xylose), which 
implicated viruses in soil C cycling. Further support for this came from identifying a myriad of 
virus-encoded AMGs, including those involved in central C metabolism and C degradation (e.g. 
glycoside hydrolases). Together, these results provide a growing baseline ecological 
understanding of soil viruses and increasingly implicate them in permafrost C cycling. 
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Project Goals: The overall goal of this project is to gain a deeper understanding of the
microbial interactions that drive soil community structure. This research leverages a model
group of metabolites related to vitamin B12, known as corrinoids, to investigate microbial
interactions. Corrinoids are a structurally diverse nutrient class shared among microbes, as
they are produced by only a subset of the bacteria that require them. Based on the inherent
preferences that bacteria display for specific corrinoids, the hypothesis driving this work is
that corrinoids are keystone nutrients and can shape soil microbial communities. To test
this hypothesis, we are examining the effects of corrinoid addition on community
composition and function across multiple levels of complexity. By investigating the impact
of a key nutrient in soil at levels spanning the whole community to individual isolates, this
work will reveal an unprecedented view of metabolic interactions in soil microbial
communities.

Soil microbial communities impact numerous global processes, from the global carbon cycle
to agriculture and human health. The effect of microbes on the processes they modulate is greatly
dependent on the composition of microbial communities and nutrient availability. Thus, to
understand the global role of microbes, we must take a closer look at the interactions that
determine community structure, function, and dynamics. However, the physicochemical and
taxonomic complexity of the soil microbiome poses a challenge to disentangling these
interactions. By focusing on corrinoids as model metabolites, we aim to mechanistically study
complex metabolic interactions between soil microbes.

In this work, we isolated bacteria from soil on media amended with different corrinoids to
address two hypotheses. First, because bacteria are known to have distinct preferences for
specific corrinoids, we hypothesize that corrinoids influence culturability, and we expect to
isolate distinct taxa on each corrinoid condition. Second, because corrinoids other than B12 have
never been used in growth media, species that prefer them have likely remained uncultured,
leading to a pervasive bias across microbiology.

By using seven different corrinoid conditions, we have isolated an even and diverse
collection of 243 isolates, including representatives from seven phyla. We predict at least 21 of
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these isolates to be novel based on full 16S rRNA amplicon sequence similarity, and are in the
process of characterizing these isolates further. Preliminary data suggest that one of the novel
isolates prefers [5-OHBza]Cba, a corrinoid known for being produced by methanogens, over B12.
This preference has rarely been observed in bacteria. This observation is part of the diversity of
corrinoid metabolisms we have observed in this set of isolates, which include corrinoid
production, auxotrophy, and independence. This isolate collection and the methods we are
developing will be crucial for future steps in this research, which include testing corrinoid
sharing interactions in co-cultures.
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Project Goals: The overall goal of this research is to gain a deeper understanding of the 
microbial interactions that drive soil community structure. This research leverages a model 
group of key metabolites related to vitamin B12, known as corrinoids, to investigate 
microbial interactions. Corrinoids are a structurally diverse nutrient class shared between 
different bacterial species, as they are produced by only a subset of the bacteria that use 
them. Based on the inherent specificity of bacteria for particular corrinoids, the hypothesis 
driving this work is that corrinoids are keystone nutrients in shaping soil microbial 
communities. To test this hypothesis, we are examining the effects of corrinoid addition on 
community composition and function across multiple levels of complexity. By investigating 
cycling of a key nutrient in soil at levels spanning the whole community to individual 
isolates, this work will reveal an unprecedented view of metabolic interactions in a soil 
microbial community. 

Nutritional interactions in the soil microbiome drive critical environmental and ecological 
processes including biogeochemical cycling and plant growth. Identifying key nutrients that 
could predictably modulate soil communities is an attractive way to impact these processes. 
Nevertheless, the complexity of the soil milieu and diverse microbial community composition 
make it impossible to experimentally analyze all microbe-microbe interactions simultaneously 
using current analytical methods. We aim to identify key microbe-microbe interactions by 
unraveling the nutrient network produced by corrinoids, a group of structurally diverse 
metabolites used by a majority of the community. Exemplified by its flagship member, Vitamin 
B12, corrinoids are essential cofactors produced only by a fraction of the bacteria that use them, 
and thus are shared metabolites. Unlike other shared nutrients, corrinoids are structurally diverse: 
at least 16 distinct corrinoids have been described. Our group and others have shown that 
bacteria that play central roles in bioremediation, plant-bacteria symbiosis, and elemental cycling 
possess preferences for distinct corrinoids. Thus, corrinoids appear to be an ideal nutrient by 
which we can pinpoint specific microbial interactions. 

Here, we test the hypothesis that corrinoids are a key nutrient family that shape soil 
microbial ecosystems, by determining the impact of corrinoids on soil-derived enrichment 
community assembly. We find that vitamin B12 is the primary corrinoid present in grassland 
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soils. Reflecting this, B12 addition causes marked changes to enrichment culture assembly over 
extended time periods. Further inquiry demonstrates that inoculation conditions drastically alter 
the corrinoid dependence of enrichment cultures. Enrichment communities at high inoculation 
levels remain stable to nutrient shifts, whereas low inoculation levels begin to impart stochastic 
effects. Our work identifies a subset of corrinoid-limited taxa that can be leveraged to understand 
nutritional networks in soils, and empowers the future study of in vitro soil-derived enrichment 
communities to further understand nutrient sharing. 
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Project Goals: The permafrost carbon reservoirs are currently protected from microbial 
decomposition by frozen conditions. Upon permafrost thaw microbial metabolism leads to 
decomposition of soil organic matter, substantially impacting the cycling of nutrients and 
significantly affecting the Arctic landscape. This project use state of the art molecular 
techniques to resolve complex microbial processes governing the biogeochemical cycles in 
arctic soils and permafrost to better inform efforts to access uncertainties surrounding 
ecosystem responses. 
 
Permafrost microbial communities are complex, diverse, and active at subzero temperatures. 
While carbon turnover at depth is proposed to be slower than surface, especially the fate of carbon 
in deep permafrost, which is currently protected from the warming climate, is uncertain. 
Permafrost microbiome is a seed bank of mostly novel organisms that have a diverse and broad 
metabolic potential.  The microbial response to thaw in arctic environments is not uniform and the 
relationship between permafrost microbiomes and greenhouse gas emissions is not well 
understood. Following thaw, redistribution of water is a key event that conditions the permafrost 
for microbial decomposition. We initiated batch-scale permafrost incubation experiments dry, 
natural, and saturated moisture states and under microaerophilic or anaerobic headspaces. We 
couple omics methods with analysis of soil chemistry via synchrotron Fourier transform infrared 
spectral imaging at the Berkeley Infrared Structural Biology beamline of the Advanced Light 
Source. Analysis showed that variety of organic compounds and metabolites were accumulated in 
thawed permafrost soils. Especially under saturated conditions while carbohydrates were depleted, 
dry soils accumulated aliphatic compounds. We found strong trends that under dry conditions 
Dormibacteria and Chloroflexi were able to survive over multiple years and retain carbon stocks 
as carbohydrates and microbial biomass. In contrast saturated conditions gave rise to 
Actinobacteria. This project use field observations, laboratory manipulations, and multi-omics 
approaches to examine how microbial processes and hydrology interact during permafrost thaw 
Alaska in order to determine how these factors drive biogeochemical cycles in different arctic 
soils. 
 
This research is supported by DOE Early Career Program by the Office of Biological and 
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Project Goals: Advances in different -omics technologies have revolutionized biological 
research by enabling high-throughput monitoring of biological processes at the molecular level 
and their responses to environmental perturbation. Metabolomics is a fast-emerging technology 
in systems biology that aims to profile small compounds within a biological system that are often 
end products of complex biochemical cascades. Thus, metabolomics can enable discovery of the 
genetic basis of metabolic variation by linking the genotype to the phenotype. Despite increasing 
accessibility of multi-omics technologies, integration of multi-omics data in analysis pipelines 
remains a challenge especially in the environmental field. In addition, there are still many 
associated bottlenecks to overcome in metabolomics before measurements will be considered 
robust. The overarching goal of this proposal is to optimize the analysis of complex and 
heterogeneous biological and environmental datasets by developing a user-friendly, open-source 
metabolomics data analysis pipeline that is integrable with other multi-omics data sets. 
 

Microbiomes are now recognized as driving ecosystem functions ranging from the oceans 
and soils to humans and bioreactors. However, a grand challenge in microbiome science is to 
characterize and quantify the chemical currencies of organic matter that microbes respond to, 
produce and alter. Critical to this has been the development of Fourier transform ion cyclotron 
resonance mass spectrometry (FT-ICR MS), which has drastically increased molecular 
characterization of complex organic matter samples, but challenges users with hundreds of 
millions of data points where readily available, user-friendly, and customizable software tools 
are lacking. Here we build on years of analytical experience with diverse sample types to 
develop MetaboDirect, a comprehensive, open-source, command-line based pipeline for direct 
injection FT-ICR MS data analysis, as well as visualizing the resulting molecular formula 
assignments. MetaboDirect requires only to run a single line of code that launches a fully 
automated framework for the generation and visualization of organic matter transformation 
networks within few minutes. For more experienced users (python savvy), MetaboDirect allows 
users to customize plots, pipeline outputs, and analyses. Application of MetaboDirect to FT-ICR 
MS experimental data – from each a marine phage-bacterial infection and a Sphagnum leachate 
microbiome incubation – showcase the data discovery and exploration capabilities of the pipeline 
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that we hope will enable the FT-ICR MS research community to evaluate and interpret their data 
in greater depth and in less time. 
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Project Goals: To elucidate and harness the exceptional robustness of novel, undomesticated 

Y. lipolytica isolates from genetic diversity screening as a bioenergy-relevant microbial 

platform for efficient conversion of undetoxified biomass hydrolysates into designer bioesters 

with continuous recovery using solvent extraction. 

 

Abstract text. Robustness is an important phenotype for bioenergy microbes to acquire but is 
difficult to engineer.  The oleaginous yeast, Yarrowia lipolytica, is an exceptionally robust microbe 
that can naturally tolerate stressful environments, assimilate a wide range of substrates, and 
produce high-value chemicals. In this study, we aim to understand and harness the robust 
characteristics of Y. lipolytica for utilizing mixed C5 and C6 sugars in undetoxified switchgrass 
biomass hydrolysates. From a screen of 57 undomesticated Y. lipolytica isolates, we selected top-
performing strains exhibiting robust growth and lipid accumulation in biomass hydrolysates and 
subjected them to comprehensive growth, lipid production, and multi-omics characterization. 
We then engineered these top performing strains through a combination of targeted pathway 
engineering followed by adaptive laboratory evolution to further enhance their inherent 
robustness. Multi-omics profiling of these robust Yarrowia strains revealed novel genotype, 
regulation and cellular processes that positively impact their utilization of biomass hydrolysate 
sugars. These foundational studies provide key insight into the genetic mechanisms responsible 
for robustness in Yarrowia strains, enabling targeted engineering strategies to be deployed for 
enhanced production of biofuels and bioproducts from lignocellulosic biomass. 
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Project Goals: To fundamentally understand and redirect metabolism and regulation of 
thermophilic Bacillus coagulans for the efficient conversion of undetoxified lignocellulosic 
biomass hydrolysates into designer bioesters. 
 
Abstract text: Short-chain esters have broad utility as ingredients for flavors, fragrances, solvents, 
and drop-in biofuels. Biologically, these esters are derived from the condensation of acyl CoAs 
and alcohols from cellular metabolism, resulting in a large portfolio of ester molecules. However, 
controlling the selectivity of microbial ester biosynthesis has remained challenging from a 
metabolic engineering standpoint. Here, we present a generalizable framework for the de novo 
biosynthesis of short-chain designer bioesters (i.e., n-butyl acetate, isobutyl acetate, and isoamyl 
acetate) through microbial fermentation with controllable selectivity from renewable feedstocks. 
Using modular design principles, we propose to design and package efficient ester production 
pathways into exchangeable ester modules compatible with an engineered chassis cell. Successful 
implementation of our strategy required manipulation of replication, transcription, 
(post)translation, and enzyme specificity to control proteome reallocation for designer ester 
biosynthesis. By coupling the exchangeable ester modules with the chassis cell(s), we 
demonstrated the assembled production strains exhibited enhanced production of target esters with 
high selectivity.  
 
References/Publications 
1. Lee, J., Trinh, C.T.*, 2021. Controlling Selectivity of Modular Microbial Biosynthesis of 

Butyryl-CoA-Derived Designer Esters, Metab Eng, 69: 262-274. 
2. Lee, J., Seo, H., Young, C.§, Trinh, C.T*, 2021. Probing Specificities of Alcohol 

Acyltransferases for Designer Ester Biosynthesis with a High-Throughput Microbial 
Screening Platform, Biotechnol Bioeng, 1-13. 

3. Seo, H., Lee, J., Dunlap, N.§, Giannone, R., Trinh, C.T.*, 2021. Repurposing chloramphenicol 
acetyltransferase for a robust and efficient designer ester biosynthesis platform, Metab Eng, 
66: 179-190. 

4. Lee, J., Trinh, C.T.*, 2020. Towards renewable flavors, fragrances, and beyond, Curr Opin 
Biotechnol, 61: 168-180. 

5. Lee, J., Trinh, C.T.*, 2019. Microbial Biosynthesis of Lactate Esters, Biotechnol Biofuels, 
12(1):226.  

 
Funding statement: This work is supported by the U.S. Department of Energy, Office of Science, 
Office of Biological and Environmental Research, Genomic Science Program under Award 
Number DE-SC0022226.  

mailto:ctrinh@utk.edu


Title: Employing Bacterial Microcompartments To Create Privileged Redox Pools for Biofuel 
Production 

Authors: Carolyn E. Mills1* (cemills@northwestern.edu), Charlotte H. Abrahamson1 
(cabrahamson@u.northwestern.edu), Sasha Shirman1 (aleksandra.shirman@northwestern.edu), 
Md Aminul Islam Prodhan1 (md.prodhan@northwestern.edu), Svetlana P. Ikonomova1, Andre G. 
Archer1*, Taylor M. Nichols1, Brett J. Palmero1, Keith E.J. Tyo,1 Niall Mangan,1 and Danielle 

Tullman-Ercek1 

Institutions: 1Northwestern University 

Website URL: https://dtelab.northwestern.edu/research/# 

Project Goals: To compartmentalize metabolic pathways along with enzyme cofactor recycling 
pathways to increase the yield and efficiency of bioproduction processes 

Abstract Text: Metabolic engineering holds great promise for creating efficient, competitive 
routes for the production of biofuels and biochemicals without the necessity for harsh chemicals 
and hazardous byproducts. Successes in biochemical engineering include Dupont’s Sorona fiber, 
which is made using bacterially-produced 1,3-propanediol from glucose. However, roadblocks to 
biosynthesis prevent many biochemicals from being produced biologically given current 
technology. Nature uses compartmentalization (e.g. in organelles in eukaryotes and in bacterial 
microcompartments in prokaryotes) to solve issues such as intermediate leakage, toxicity, and 
byproduct formation. We proposed to deploy compartmentalization as a strategy to overcome a 
critical roadblock: the requirement for redox cofactor recycling. We set out to directly demonstrate 
the redox recycling feature of a bacterial microcompartment (MCP) for the first time, and apply it 
to 1,3-propanediol production from glycerol. With this poster, we will describe how we have 
leveraged modeling to both inform strain design and provide fundamental insight into MCP 
function.  

We first studied the native 1,2-propanediol (1,2-PD) utilization (Pdu) pathway to develop 
understanding of the principles that govern cofactor recycling in MCPs. We investigated the 
cofactor recycling thought to occur in the native 1,2-PD degradation pathway by running in vitro 

assays on purified Pdu MCPs. We found that while external cofactor addition is required for Pdu 
pathway activity, cofactor recycling enabled the pathway production to exceed stoichiometric 
cofactor concentrations. These findings suggest that the native system benefits from cofactor 
recycling but is also somewhat permeable to cofactors. Mathematical modeling of the native 
pathway further informed the conditions tested in these in vitro experiments, allowing precise 
fitting for parameters that govern MCP performance, such as MCP permeability. Lastly, alternative 
morphologies of the Pdu MCP were investigated using the native pathway in vivo and in silico for 
use as alternative scaffold structures. 



Our insights from the native system were used to guide modeling and strain development to 
advance our goal of encapsulating the 1,3-propanediol (1,3-PD) production pathway. To optimize 
stoichiometry for 1,3-PD enzymes, we built a model to predict toxic intermediate build-up and 
product formation in the pathway. We quantified parametric uncertainty based on existing data, 
and optimized enzyme ratio in compartments based on the resulting range of intermediate and 
product dynamics. The expression and encapsulation of the 1,3-PD pathway enzymes in vivo were 
tuned to achieve the optimal stoichiometry predicted by the mathematical model. Combined, this 
work will facilitate future use of MCPs for addressing issues with pathways limited by imbalances 
in redox cofactors. 
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Project Goals: To investigate bacterial microcompartments in C. autoethanogenum and 
engineer them to compartmentalize synthetic metabolic pathways. 
 

One promising route to sustainable bioproduction of fuels and chemicals is the engineering of 
organisms such as acetogens to efficiently convert abundant and low-cost carbon monoxide (CO) 
or carbon dioxide (CO2) and hydrogen (H2) containing gases to desirable products at high 
efficiency and low cost. This approach not only provides an avenue for repurposing greenhouse 
gases (GHG), but also minimizes the necessity for harsh chemicals and hazardous byproducts 
common in petroleum-based processes. However, many biochemicals are not yet produced 
biologically due to roadblocks in the cellular biosynthesis process. These roadblocks can include 
toxicity of intermediates, redox imbalances, and/or loss of product to off-pathway reactions. 
Nature uses spatial organization strategies, such as sequestration in organelles, to alleviate these 
issues. In bacteria, organization occurs in protein organelle-like structures known as bacterial 
microcompartments. 

We will investigate the native regulation, assembly, and function of microcompartments in the 
industrially relevant non-model host Clostridium autoethanogenum. In the C. autoethanogenum 
genome, two unique clusters (Pdu and Cut) that resemble MCP operons, including the presence of 
putative hexamers, trimers, pentamers, and enzyme encapsulation sequences have been identified. 
RNAseq data showed functional genes in the Pdu cluster to be significantly upregulated (p<0.001) 
in the presence of specific substrates compared to control conditions. These findings are 
corroborated by electron microscopy of C. autoethanogenum grown in the same conditions, which 
shows distinctive polyhedral shapes within the cells indicative of MCP formation. 

Our goal is to sequester key biosynthesis enzymes from two distinct metabolic pathways into 
microcompartments to make compounds involved in rubber production to showcase the power of 
the strategy for reducing toxicity and product losses due to side reactions. We will also couple 
modeling with experiments to understand the native system and identify the most promising targets 
for compartmentalization. If successful, this work would 1) provide insight into the native function 
of these structures in this organism, 2) be the first direct demonstration of this feature of a bacterial 
microcompartment in a non-model organism, and 3) would provide a detailed method for repeating 
this success in other organisms and with other pathways. Ultimately, this will lead to the cost-
efficient production of chemicals that are currently derived from petroleum.  
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  

The lignified plant secondary cell wall is comprised of a complex and heterogeneous framework 
of three major biopolymers; cellulose, hemicelluloses (xylan and glucomannan) and polyaromatic 
lignin. The intrinsic physical properties of these polymers and the complicated, yet poorly 
understood, interplay between them, gives rise to a lignocellulosic material that is not only 
structurally and mechanically sound but also frustratingly recalcitrant to enzymatic and chemical 
deconstruction methods. Due to inherent limitations of many common analytical techniques 
applied to heterogeneous materials, detailed molecular-level information on secondary cell wall 
(SCW) structure and architecture, especially regarding interactions between the constituent 
polymers, remains scarce. As a result, even the best available SCW models in literature are limited 
to being mere conceptual renderings rather than acting as frameworks for enhancing our scientific 
understanding of the role played by molecular-level actors in contributing to emergent properties. 

A combined experimental and computational approach is being developed to help bridge this gap. 
Experimentally, we employ solid state Nuclear Magnetic Resonance (ssNMR) techniques, 
including methods developed in house [1], to probe polymer-polymer interactions within the 
secondary cell wall of 13C-enriched poplar wood in great detail. The major ssNMR observables 
that informed the construction and validation of the SCW atomistic molecular models of poplar 
include the following: 1) cellulose microfibrils are on the order of 3 nm in diameter with tightly 
bound water and possibly some acetylated xylan trapped between; 2) spin-diffusion rate constants 
and loose inter-polymer distance estimates confirm that xylan is “in the middle” between lignin 
and cellulose and that xylan interacts with cellulose in a 2-fold arrangement with its decorations 
pointing away from the cellulose surface; 3) the inter-polymer distance between xylan acetyl 
groups and the lignin surface is ~0.3 – 0.5 nm; 4) ~80% of all lignin and ~40% of cellulose chains 
are within ~1 nm of xylan acetyl carbons; 5) ~60% of all xylan and ~20% of all cellulose carbons 
are within ~1 nm of lignin ring carbons; and 6) lignin and xylan are most likely of linear 
morphology, not globular, and lignin/xylan heterogeneities are generally not larger than ~1 nm in 
size. 
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Even for a known polymer composition (e.g., 50% cellulose, 25% lignin, 25% hemicelluloses), 
the construction of molecular models of these complex systems entails the consideration of a 
number of variable factors such as the relative locations of xylan, lignin and water with respect to 
cellulose. Quantitative observables from molecular dynamics (MD) simulations (e.g.: radial 
distribution functions, polymer-polymer distances and conformational analyses) of models built 
with varying arrangements of these components enables the corroboration of ssNMR inferences 
and lays the foundations for the development of realistic plant cell wall architectures with atomistic 
details. Here we demonstrate how ssNMR data has enabled the iterative development of these 
atomistic SCW models leading to the most detailed molecular picture of the plant cell wall 
architecture to date. Our approach of building atomistic models with varied spatial arrangements 
of constituent biopolymers, benchmarked with ssNMR data presents a robust protocol for the 
development of realistic and holistic plant cell wall models. These ssNMR-informed and 
experimentally-validated atomistic models lay the foundations for myriad future insilico 
explorations to gain insights into the molecular level determinants of the emergent properties of 
naturally occurring, treated and engineered biomass. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  

The aromatic polymer, lignin, which comprises a major fraction of carbon in plants, remains a 
challenge to cost effectively and sustainably convert to valuable products, despite a century of 
microbial, genomic, and catalytic research. While potential bench-scale routes to convert lignin-
derived compounds into both fuels and valuable chemicals exist, industrially viable methods to 
depolymerize lignin into usable fragments conducive to these valorization routes remains a subject 
of ongoing research and development. Reductive catalytic fractionation (RCF) is one promising 
approach to fractionate lignocellulosic biomass and convert lignin into a narrow slate of products 
amenable to upgrading[1]. To quantitatively guide research towards critical areas for 
commercialization, cost and sustainability must be considered. To that end, we report a detailed 
techno-economic analysis (TEA) and life cycle assessment (LCA) of the RCF process, wherein 
biomass carbohydrates are converted to ethanol and the lignin-rich RCF oil is the lignin-derived 
product. We first evaluate a process configuration using methanol as a solvent and H2 as a 
hydrogen source which predicts a minimum crude RCF oil selling price of $0.51/lb when the 
coproduct ethanol is sold at $2.50/gallon of gasoline equivalent. When normalized to just the lignin 
content of the RCF oil, the minimum selling price of the lignin fraction is $0.79/lb. Analysis of 
additional cases using different solvents and an in situ hydrogen donor from hemicellulose-derived 
compounds revealed that limiting reactor pressure using solvents with lower vapor pressure could 
greatly reduce capital expenses while still maximizing lignin yields and exhibiting promising 
economics and environmental impacts. Process configurations that reduce the energy demand for 
solvent separation also improve both global warming potential (GWP) and cumulative energy 
demand (CED) through reducing natural gas demand. This study suggests prioritization of research 
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that can reduce capital expenses and environmental impacts by lowering RCF operating pressure, 
minimizing solvent loading to reduce reactor size and energy required for solvent recovery, 
implementing condensed-phase separations for solvent recovery, and utilizing the entirety of RCF 
oil for value-added products. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  
 
A wide range of natively produced value chemicals and a high native cellulase activity make 
Clostridium thermocellum an attractive bioproduction platform especially for CBP. Despite 
significant efforts, achieved yields and titers fall below industrially relevant targets. One of the 
reasons is a limited understanding of enzymatic, regulatory, and/or possible thermodynamic 
bottlenecks that might be at play in C. thermocellum’s metabolism. To bridge some of these 
knowledge gaps and propose engineering strategies for improving yields of desired products, we 
deploy computational tools to (1) postulate regulatory mechanism active in C. thermocellum 
metabolism, and (2) quantify the enzyme cost of glycolysis and explore the trade-off between more 
efficient glycolysis and ATP production. We have developed an ensemble docking workflow to 
compare structural energetics of enzyme-ligand interactions for identifying novel substrate-level 
regulatory mechanisms with those of experimentally characterized protein structures. By using a 
kinetic model of C. thermocellum’s core metabolism as the basis, we hypothesized the presence of 
several substrate-level enzyme inhibitions based on the improvement in kinetic model’s fitness 
upon their addition. We then used the developed docking workflow to evaluate these enzymatic 
inhibitions using docking studies of regulatory molecules with enzyme structures involved. We 
thus flagged a total of 67 substrate-level inhibitions across central carbon metabolism supported 
by both kinetic formalism and docking analysis. To explore the enzyme cost of metabolism, we 
constructed a genome-scale resource allocation model of C. thermocellum metabolism (i.e., 
cthRAM), using flux-force efficacy (FFE)1 constraints to ensure enzyme usage consistent 
glycolysis operating near thermodynamic equilibrium2.  
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  

 
Understanding and controlling lignin variation will be a key technology in implementing 
biorefineries1. Further, genetic attribution of plant phenotypes is a barrier to the engineering and 
improvement on plant performance. To address these barriers, a genome wide association study 
(GWAS) was conducted to identify the underlying genetic basis of lignin variation. In this study, 
nuclear magnetic resonance (NMR) was utilized to elucidate twelve structural phenotypes of lignin 
across over 400 unique genotypes of three-year-old, naturally variant Populus trichocarpa. 
Population phenotyping revealed an average S/G ratio of 2.70 ± 0.45 and an average β-O-4 linkage 
content of 62.0% ± 3.18%. The population distribution of p-hydroxybenzoate (PB) content was 
unique in that it is best described by a lognormal distribution, whereas other phenotypes were 
better modeled by a normal distribution. PB content was also tended to be higher and trend with 
S/G ratio in samples with a low (<2.70) S/G ratio. The genotype-to-phenotype analysis identified 
80 promising candidate genes strongly associated with at least one lignin phenotype. The candidate 
genes identified by this GWAS analysis can serve as guidance for future transgenesis targets. 
Several of these identified candidate genes have not previously been associated with lignin 
biosynthesis. Among the identified candidate genes include several from the 26S 
proteasome/ubiquitin pathway, including PBD1 (20S proteasome beta subunit D1), ATL13 
(RING/U-box superfamily protein), and XBAT32 (RING-type E3 ligase). One candidate gene 
identified by this analysis, dirigent protein DIR23, was selected for overexpression in transgenic 
Populus. Another dirigent protein was shown to influence stereo- and regioselectivity of 
monolignol binding in lignans. Preliminary analysis of DIR23 overexpression lines indicates 
increased β-O-4 linkage content and lower molecular weight compared to wild-type. While 
additional analyses are required to confirm these results, these early findings serve as a promising 
indication that this GWAS analysis has identified novel candidate genes associated with lignin 
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phenotypes. The functional characterization of candidate genes identified in this study could 
provide new targets for the control of lignin biosynthesis. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple 
points in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy 
in the areas of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via 
consolidated bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable 
byproducts from the lignin. CBI will identify and utilize key plant genes for growth, composition, 
and sustainability phenotypes as a means of achieving lower feedstock costs, focusing on poplar 
and switchgrass. We will convert these feedstocks to biofuels using CBP with cotreatment at high 
rates, titers and yield in combination with catalytic upgrading into drop-in hydrocarbon fuel 
blendstocks.  

Flowering time in switchgrass, a crucial determinant of biomass yield, differs between upland 
and lowland ecotypes. Lowland switchgrass flowers later than uplands but key genes 
contributing to the delayed flowering in lowlands have not been elucidated. In this research, 
PvHd1, orthologous to rice Hd1, has been identified and validated as a causal gene to the 
differential flowering time between switchgrass ecotypes. This provides the first example in 
switchgrass of QTL data advancing to validated underlying gene. Two alleles of PvHd1 
encoded proteins that differed by an ecotype-specific amino acid in B-Box domain 1 and the 
protein variants were predicted to be folded differentially due to the single amino acid 
substitution (p.S35G). The effect of the amino acid variant was assessed in CONSTANS (CO, 
orthologous to rice Hd1)-null Arabidopsis plants, showing that the p.S35G substitution is 
causal to the delayed flowering time. The findings from this research will help control the onset 
of flowering in switchgrass and contribute to acquiring higher biomass from the bioenergy crop 
across a wider cultivation area. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  
 
Upgrading small bioderived alcohols to Sustainable Jet Fuel (SAF) is one promising alcohol-to-
jet pathway as the olefin intermediates can be readily converted to jet-range hydrocarbons with 
high selectivity.  We have shown that using the zeolite H-ZSM-5 we can convert butanol to butenes 
with near quantitative conversion at 225 °C and ambient pressure, where 1-butene is the 
dominating fraction among butene isomers.1 The olefins were further oligomerized into longer-
chain hydrocarbons over Amberlyst-36 catalyst at 150 °C and 15 bar, leading to 70% of jet, 12% 
of gasoline and 10% of diesel fractions.  Recently we have modified the catalyst by incorporating 
copper with zinc2 and lanthanide metals which allows us to tailor the olefin composition and 
conversion efficiencies to enable us to determine the optimal conditions to maximize the carbon 
we can incorporate in the resultant SAF. This also inhibits ethylene formation which is not 
conducive to higher olefin formation and allows for > 90% selectivity to C4+ olefins. Preliminary 
catalyst stability has been evaluated with over 200 hours on stream and regeneration of the catalyst 
performed successfully over this period.  We have also investigated the relationship between Lewis 
acid sites and alcohol dehydrogenation and C-C bond formation activity. We are currently 
determining the role of metal distribution on deactivation and subsequent regeneration and how 
these effects are influenced by the choice of lanthanide metal.    
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The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of bioenergy-relevant, 
non-model plants and microbes to enable high-impact innovations at multiple points in the bioenergy 
supply chain. CBI has identified key barriers for the current bioeconomy in (1) high-yielding, robust 
feedstocks, (2) lower capital and processing costs via consolidated bioprocessing (CBP) to specialty 
biofuels, and (3) methods to create valuable byproducts from the lignin residues. CBI will identify 
and utilize key plant genes for growth, yield, composition and sustainability traits as a means of 
achieving lower feedstock costs, focusing on the perennial feedstocks - poplar and switchgrass. We 
will convert these feedstocks to specialty biofuels (C4 alcohols and esters) using CBP at high rates, 
titers and yield. CBP will be combined with cotreatment or pretreatment. CBI will maximize process 
and product value by in planta modifications of lignin and biological funneling of lignin to value-
added chemicals. Techniques for rapid domestication of non-model microbes and plants will be 
improved. 

Pseudomonas putida KT2440 is a promising chassis for the renewable conversion of lignin into 
commodity chemicals. While this organism has a wealth of genetic tools available, high-
throughput (HTP) experiments that enable forward engineering in P. putida are in their infancy. 
As current microbial engineering efforts rely on the Design, Build, Test cycle to generate desirable 
production phenotypes, it is critical to deploy HTP capabilities in this organism to domesticate this 
host. Towards this goal, this work seeks to leverage CRISPR-Cas9 technologies to demonstrate 
HTP capabilities on various biotechnologically relevant targets.  

First, CRISPR-interference was optimized by screening inducible promoters expressing dCas9 on 
various targets. The arabinose inducible promoter was shown to be valuable for targeting essential 
genes such as ftsZ and rpoD, where a tightly regulated off-state allowed for the construction of 
inducible knockdown mutants. The lactose inducible system, with its higher induction strength 
was shown to be applicable for targeting metabolic proteins such as pcaIJ and catB. PcaIJ was 
knocked down during growth shunting 76% of the fed p-coumarte to beta-ketoadipate, producing 
a titer of 4.4 g/L after 36 hours. This initial study has laid the foundation for the study of a CRISPRi 
guide RNA (gRNA) library, constructed through a collaboration with JGI, targeting every coding 
region in the KT2440 genome. Successful pilot experiments have established the protocols for 
studying the full 87,000 gRNA library that will profile knockdown mutants in biotechnologically 
relevant growth and stress conditions.  

mailto:jacob.fenster@colorado.edu
http://cbi.ornl.gov/


Second, the CRISPR-Cas9 genome editing toolset first developed by Sun et al. (2018) has been 
optimized for library scale mutagenesis. The minimum homology length requirements for 
efficiently introducing both deletion and single nucleotide polymorphism (SNP) mutations was 
determined and the transformation protocol was optimized to increase the number of edited cells 
100-fold while keeping the editing efficiency at 100%. This updated design was used to introduce 
SNPs in the TolC-like multidrug efflux pump, ttgABC, that were discovered during adaptive 
laboratory evolution. Efforts are underway to conduct deep scanning mutagenesis of this efflux 
pump in HTP to discover novel mutations that determine substrate binding and recognition 
important to both antibiotic resistance and tolerance to high lignin concentrations. Last, to make 
future genome editing experiments a plug and play effort, the activity of 150,000 gRNAs, 
constructed through a collaboration with JGI, will be assayed in order to catalogue efficient gRNAs 
and to develop a predictive gRNA model.  
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple 
points in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in 
the areas of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via 
consolidated bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable 
byproducts from the lignin. CBI will identify and utilize key plant genes for growth, composition, 
and sustainability phenotypes as a means of achieving lower feedstock costs, focusing on poplar and 
switchgrass. We will convert these feedstocks to biofuels using CBP with cotreatment at high rates, 
titers and yield in combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  

The cellulolytic thermophilic anaerobe Clostridium thermocellum is one of the most effective 
biocatalysts for solubilization of carbohydrate harbored in lignocellulose. Pursuant to major goal 
#2 for CBI (above), we aim to demonstrate values of key performance indicators supporting the 
economic viability of CBP for conversion of cellulosic feedstocks to small molecules – e.g. 
ethanol, butanol, or 2,3-butane diol (BDO) - that can be upgraded to sustainable aviation fuels.  
As part of this effort, we seek to document, diagnose, and remediate factors that limit biomass 
deconstruction at high solids. This study aims to document the solubilization performance of 
Clostridium thermocellum at increasing solids concentrations for two lignocellulosic feedstocks, 
corn stover and switchgrass, and explore potential effectors of solubilization performance. 
Diminishing fractional carbohydrate solubilization with increasing substrate loading was 
observed for C. thermocellum mediated-solubilization and fermentation of unpretreated 
lignocellulose feedstocks.  Results of experiments involving spent broth addition do not support 
a major role for inhibitors present in the liquid phase.  Mid-fermentation addition experiments of 
cells (fresh biocatalyst), cellulose (model insoluble substrate) and cellobiose (model soluble 
substrate) confirm that C. thermocellum and its enzymes remain capable of converting model 
substrates during the middle of high solids lignocellulose fermentation. An increase in fractional 
carbohydrate solubilization was made possible by 1) mid-fermentation solid loading dilutions 
and 2) coculturing C. thermocellum with T. thermosaccharolyticum, which ferments solubilized 
hemicellulose. Incomplete utilization of solubilized carbohydrates suggests that a small fraction 
of the carbohydrates is unaffected by the extracellular carbohydrate active enzymes present in 
the culture. 

The Center for Bioenergy Innovation is a U.S. Department of Energy Bioenergy Research 
Center supported by the Office of Biological and Environmental Research in the DOE Office 
of Science. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  

Improving our knowledge on plant genes is essential to achieve domestication of non-model plant 
species important for bioenergy. Great advances in this front have been done in recent years, but 
often genetic engineering and genome editing rely on stable integrations of the DNA of interest. 
These DNA fragments usually encode genome editing reagents, selectable markers, or novel traits 
and once integrated in the genome DNA can pose regulatory issues. As such, removal of the 
integrated DNA is required and achieved via downstream breeding. However, this is not a feasible 
option in the case of switchgrass and poplar, as downstream breeding and segregation cannot be 
performed without losing the genotype.  

To overcome the limitations imposed by current methods for plant engineering, we generated a 
system in Agrobacterium, called pTrans, to transiently deliver genome editing reagents as proteins, 
thus preventing any stable DNA integrations. As preliminary work in tobacco showed promising 
results, the system has now been improved to target important bioenergy traits in switchgrass. A 
newer version of pTrans, designed to have higher cas9 expression and more efficient reagent 
delivery, has also been assembled. This system is currently being tested in switchgrass. 

 
The Center for Bioenergy Innovation is a U.S. Department of Energy Bioenergy Research 
Center supported by the Office of Biological and Environmental Research in the DOE Office 
of Science. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  

Populus trichocarpa is an undomesticated woody species with high potential as a bioenergy 
feedstock, but a long breeding cycle. To rapidly improve biomass yield per hectare we need to 
optimize gains per generation. Sustainable and uniform yield is a highly complex conglomerate of 
traits, so genetically modifying or selecting for a few key loci is unlikely to achieve our goals. 
Genomic Selection models the genetic (breeding) value of genome-wide variants on target traits 
in a training population, so is a practical solution. Parents from a breeding population are selected 
solely on their aggregate genetic value for target traits. The same model can be used to predict 
progeny phenotypes well before they reach maturity, allowing early culling and rapid cycle times. 
We have developed a computational pipeline that generates virtual recombinant progeny from a 
given cross, thus allowing a machine-learning prediction of progeny performance as a result of 
prospective parental selections and crosses. This “virtual progeny trial” can enable us to predict 
the relative performance of specific crosses (i.e. families) before they are planted in the field. We 
tested this pipeline using the 7x7 P. trichocarpa proof of concept trial at Clatskanie, OR, which 
contains 49 full-sib families from 49 controlled crosses. We find a strong ability to predict family 
rankings for height at year 3. 

CBI has access to a great range of genetically diverse genotypes of P. trichocarpa (Ptri) for the 
purposes of genomic selection for Ptri X Ptri crosses. However, crossing P. trichocarpa with the 
closely related P. deltoides (Pdelt) may have better outcomes. Firstly, Pdelt is naturally resistant 
to various pathogens that can devastate pure Ptri plantations, so elite lines from hybrid crosses that 
inherit Pdelt resistance components will be more sustainable in the long term. Secondly, hybrids 
(Pdelt X Ptri) often outperform within-species crosses (Ptri x Ptri) for growth due to heterosis 
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effects. We are now exploring selections of parental materials for Pdelt X Ptri crosses in order to 
test these advantages. Hybrids do present new challenges in terms of genomic selection models 
since markers may be inconsistent between the two species, the effects of common markers can 
vary, genomic regions present in one species may be absent in another, and heterosis effects are 
difficult to model. 

The Center for Bioenergy Innovation is a U.S. Department of Energy Bioenergy Research 
Center supported by the Office of Biological and Environmental Research in the DOE Office 
of Science. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  

 
Lignin is the second most abundant renewable biopolymer on earth after cellulose, and aerobic 
bacteria offer a promising approach to convert mixtures of lignin-related aromatics to a single, 
value-added product. Aryl-O-demethylation represents a critical reaction in the catabolism of 
lignin-related phenols such as guaiacol, and it is often a bottleneck for both native and engineered 
bioconversion pathways in these organisms. Here, we utilized randomly barcoded transposon 
insertion sequencing (RB-TnSeq) to identify a novel Rieske-type guaiacol O-demethylase, GdmA, 
in the aromatic-catabolic bacterium Novosphingobium aromaticivorans. Similarity searches 
identified GdmA homologs in related bacteria, as well as candidate reductase partners, GdmB. 
Various GdmAB combinations were characterized biochemically for activity on lignin-related 
substrates, including guaiacol. GdmAB combinations were also evaluated in Pseudomonas putida 
KT2440, a common microbial chassis for bioconversion of aromatic compounds that does not 
natively utilize guaiacol. The GdmAB pair from Cupriavidus necator N-1 demonstrated the 
highest rate of guaiacol turnover both in vitro and in engineered strains of P. putida. Additionally, 
comparison of the GdmAB Rieske-type mechanism with a previously described cytochrome P450 
system (GcoAB) demonstrated superior performance of GdmAB for guaiacol catabolism in P. 
putida. The novel GdmAB O-demethylases described here represent a new mechanism for 
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biological assimilation of guaiacol, and they offer a suite of options for microbial conversion of a 
common lignin-derived substrate. 

The Center for Bioenergy Innovation is a U.S. Department of Energy Bioenergy Research 
Center supported by the Office of Biological and Environmental Research in the DOE Office 
of Science. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  
 
Traditional plant phenotyping relies on manual measurement of traits, which can be time-
consuming, labor-intensive, subject to human error, and often destructive to the samples being 
scored. Thus, we aim to resolve such bottlenecks by developing field-ready devices (using edge 
computing and field digitization) and computational tools (deep learning and explainable AI) to 
facilitate population-scale analyses like GWAS. We apply these methods to data arising from the 
field and greenhouse in conjunction with ORNL’s high performance computing (HPC) resources 
(e.g., Oak Ridge Leadership Computing Facility). 
 
Edge computing and phenotyping devices: Field-ready devices for switchgrass and poplar 
feedstocks are developed and deployed that utilize (i) edge computing (e.g., GPU-accelerated 
computing, real-time machine learning, sample tracking, data storage, etc.) for measuring plant 
traits and (ii) field digitization (e.g., RFID tagging, QR codes, barcodes, plant wearables, soil 
probes, electrolytic readers, in-situ monitoring devices, etc.) for wireless data capture. This 
includes the development of handheld phenotyping devices like the Diameter at Breast Height 
Camera, Rapid Thermal Imager, and μ-tablet, which utilize automated data capture, processing, 
and storage within the same device. For bacteria, hardware and computational tools are developed 
for fast and accurate feature extraction from scanned images of bacterial colonies on culture plates. 
 
Image processing: We use deep learning and explainable AI to extract and analyze biologically 
relevant plant features from multimodal image data captured from field devices (cameras, tablets, 
drones, etc.) and phenotyping facilities (e.g., the Advanced Plant Phenotyping Laboratory at 
ORNL). Deep learning is used to identify salient image features while explainable AI relates such 
features to complex plant traits (e.g., environment, biomass yield and composition, etc.). 
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Project Impact: This work enables fast and accurate plant phenotyping in the field and greenhouse, 
in which a single individual can collect high-precision phenotypes at population scale in a fraction 
of the time and energy compared to traditional strategies. 
 
The Center for Bioenergy Innovation is a U.S. Department of Energy Bioenergy Research Center 
supported by the Office of Biological and Environmental Research in the DOE Office of Science. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  
 
To avoid competition with food crops, biofeedstocks should be grown on marginal lands, such as 
those at risk for drought. Mitigation of drought stress on biofeedstocks therefore plays an important 
role in increasing the sustainability of biofuels production. Plant-microbial interactions have been 
shown to alleviate abiotic stress on plants, however the impact of drought stress and host genotype 
on plant-microbe interactions in the biofeedstock Populus trichocarpa remain underexplored. To 
understand how plant-microbe interactions in Populus are impacted by host genotype and drought, 
we grew drought-tolerant and drought-susceptible genotypes of Populus trichocarpa under 
drought and control conditions in a greenhouse. Following four weeks of growth under varied 
water conditions, we measured plant growth and characterized the root-associated microbial 
communities through 16S rRNA and ITS amplicon sequencing. Our results revealed that root 
biomass was significantly higher in drought-tolerant genotypes, suggesting a potential drought-
stress mitigation strategy. Root-associated microbial communities were also significantly 
impacted by drought condition and host genotype. Bacterial/archaeal and fungal alpha diversity 
was significantly lower under drought conditions, and drought-tolerant Populus genotypes had 
lower fungal alpha diversity than drought-susceptible hosts. Furthermore, drought condition and 
host genotype significantly impacted the compositions of the bacterial/archaeal and fungal 
communities. Drought condition was the most important explanatory variable shaping the 
bacterial/archaeal community composition, while host genotype accounted for the most variation 
in the composition of the fungal community. These results suggest that Populus genotype exerts 
control over the selection of root-associated microbial communities and that drought stress alters 
these communities. The selection of specific microbial communities by Populus trichocarpa may 
confer benefits to the plant. Our results point to exciting future research avenues, such as 
understanding the mechanisms by which Populus selects for beneficial microbial communities. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  
 
Plant cell wall represent one of the most abundant sources of renewable material available for the 
production of biobased fuels and products. Plant cell walls are comprised primarily of a complex 
matrix of cellulose, lignin and a diverse group of polysaccharides known as hemicelluloses. 
Hemicelluloses such as xylan and xyloglucan are essential to plant growth and fitness and can 
affect outcomes of biomass deconstruction and fermentation. For these reasons engineering 
hemicellulose structure is an attractive approach to improving biomass quality for bioprocessing. 
We are seeking to apply principles of synthetic biology to plant hemicellulose engineering to create 
novel or well-defined polysaccharides that may serve to improve the properties of biomass for 
deconstruction and valorization. Using recombinantly expressed plant cell wall 
glycosyltransferases as biocatalysts, we are building and modifying plant cell wall polymers in 
vitro. This approach allows for the determination of structure-function relationships of 
polysaccharides and other wall components which are difficult to obtain due to the complexity of 
structures often exhibited from polysaccharides isolated from plant feedstocks.  
 
As an example of this approach, we are using a Xyloglucan Xylosyl Transferase (XXT1) to modify 
mixed-linkage glucans (polymers typically devoid of glycosyl branches), with α 1,6 xylosyl or α 
1,6 glucosyl residues in vitro. By controlling the amount of substitutions on the mixed linkage 
glucan backbone, we have demonstrated the ability to fine tune the interactions of mixed-linkage 
glucans with nanocellulose surfaces as determined by a Quartz Crystal Microbalance based assay. 
In addition, we have developed a platform for the bottom-up synthesis of acetylated xylan 
polymers using a recombinant Xylan Synthase (XYS1) and Xylan O-acetyl Transferase (XOAT1) 
in vitro1. Insights gained by computationally modeling enzyme-substrate interactions were used 
for the rational design of XOAT1 mutants capable of creating xylan polymers with well-defined 
acetylation patterning. In summary, we are bringing synthetic biology to plant polysaccharide 
synthesis by using plant biosynthetic enzymes as biocatalysts to build structurally defined 
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polymers. This work will help to advance our understanding of polysaccharide structure-function 
relationships and can serve as a basis for the engineering of plant polysaccharides to create biomass 
better suited for processing to fuels and materials. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  
 
Switchgrass (Panicum virgatum) is a perennial crop and is an important bioenergy feedstock for 
the future. As such, it is important to understand which genotypes confer increased yield of 
switchgrass which can lead to increased conversion of lignocellulose into biofuels. To this end, in 
this study we performed genome wide association studies from multiple common garden sites 
(Noble Research Institute and University of Georgia) across the United States to determine which 
genotypes were associated with increased switchgrass biomass. Furthermore, we leveraged a novel 
systems biology approach (Random Walk with Restart – Filter; RWR-Filter) using multiplex 
networks from multiple lines of biological experimental data in order to analyze genetic variants 
below standard thresholds of genome-wide significance. Using this approach, we attempted to 
glean mechanistic insight into the biological pathways underlying switchgrass biomass and height. 
RWR-Filter elucidated a number of genetic variants contributing to switchgrass height that were 
associated with genes known to be involved in abiotic stress signaling, and transcription factors 
known to modulate jasmonic acid and ethylene biosynthesis. Conversely, variants implicated in 
above-ground shoot biomass included genes related to cell wall biosynthesis, solute transport, 
maintenance of osmotic potential, and maintenance of cellular redox state. Our findings indicate 
that distinct genetic variants and biological pathways underlie two closely related phenotypes 
(above-ground shoot biomass and height) which are associated with increased switchgrass yield. 
By understanding which switchgrass genotypes confer optimal growth and biomass yield, we can 
better inform genomic selection efforts to increase feedstock productivity. 
 
The Center for Bioenergy Innovation is a U.S. Department of Energy Bioenergy Research 
Center supported by the Office of Biological and Environmental Research in the DOE Office 
of Science. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  

Populus trichocarpa is a fast-growing tree and a potential biofuel feedstock crop, but future large-scale 
crop production is likely to be required. In 2020 we initiated a new multi-environment multi-year field trial 
with over 1000 genotypes of P. trichocarpa on the UC Davis Farm, California, with the aim of discovering 
the genomic basis of phenotypic diversity and drought tolerance, enabling the development of tree breeding 
for water limited environments. We are focused on finding adaptive traits that enable poplar trees to 
maintain yield in water-limited conditions.  We are identifying genetic loci and candidate genes linked to 
these traits and these will be tested and deployed in breeding pipelines, enabling the development of energy 
tree crops suited to marginal, low input sites. We established the site in 2020, planting multiple replicates 
of over 1,000 unique genotypes across 15 acres. In 2021, we implemented a controlled drought treatment 
across 5 of the 15 acres, throughout the growing season. We are deploying the latest molecular, leaf, 
proximal and remote sensing technologies for high through-put phenotyping. For example, 6 phenocams 
mounted at 80 feet high on three separate towers take images every 30 min of several hundred trees, every 
day of the year. This is producing valuable data on canopy phenology of relevance to yield and drought 
tolerance. We have identified a set of tree genotypes that are able to tolerate this drought and we are already 
identifying gene loci explaining traits of interest. We are currently characterizing the relationship between 
climate of origin and alleles contributing to the phenological and yield traits to address hypotheses about 
their role in local adaptation to climate. We have further identified loci contributing to performance traits 
(e.g., biomass estimates) under drought and well-watered conditions and tested for evidence of this variation 
reflecting historical selection across climate gradients of origin in P. trichocarpa. The loci identified are 
beginning to provide insights into the genetic and phenotypic basis of climate adaptation in P. trichocarpa 
with potential to facilitate genomic assisted breeding. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple 
points in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in 
the areas of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via 
consolidated bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable 
byproducts from the lignin. CBI will identify and utilize key plant genes for growth, composition, 
and sustainability phenotypes as a means of achieving lower feedstock costs, focusing on poplar and 
switchgrass. We will convert these feedstocks to biofuels using CBP with cotreatment at high rates, 
titers and yield in combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  

Most phenotypes in bacteria are dictated by multiple loci spread across the entire chromosome 
which have varying magnitudes of effects. However, despite rapid increase in the number of 
sequenced bacterial genomes, our ability to decipher the genetic architecture of such complex 
traits has lagged far behind the ability to gather genomic data. Assigning genotypes to 
phenotypes is of great importance in order to achieve a highly complete picture of metabolic, 
regulatory and signalling networks that would accelerate rational engineering of cell functions in 
nonmodel microbes.  
 
QTL mapping is a powerful technique in eukaryotic genetics for identifying genetic loci that 
affect a phenotype of interest. However, the potential of this method for gene discovery in 
bacteria has remained unexplored because it traditionally relies on sexual recombination to break 
linkages between genetic variants. In this study, our approach uses genome shuffling by 
protoplast fusion to mimic the effects of sexual recombination in bacteria. Using various Bacillus 
subtilis strains as parents, we showed that genome shuffling produces multiple random 
recombination events throughout the chromosome creating mosaic genomes with unique 
recombination landscapes suitable for QTL mapping. We developed an integrated computational 
workflow for bacterial QTL mapping and through recursive protoplast fusion we constructed a 
QTL population of highly recombinant progeny that can be phenotypically screened in a high-
throughput manner to identify causal genetic variants. Using several phenotypic assays, we 
demonstrated the power of bacterial QTL mapping to link phenotypes to genotypes at the level 
of biosynthetic pathways and even subgene regions. Furthermore, we developed experimental 
methods for protoplast fusion in Clostridium thermocellum and showed that genome shuffling 
between C. thermocellum strains yields genome-wide recombination patterns. Our work sets a 
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platform for studying the genetic architecture of complex phenotypes in model and non-model 
bacteria providing knowledge that will facilitate rapid design for biotechnology applications. 
 
The Center for Bioenergy Innovation is a U.S. Department of Energy Bioenergy Research 
Center supported by the Office of Biological and Environmental Research in the DOE Office 
of Science. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  

Switchgrass (Panicum virgatum L.) is a promising feedstock for biofuels in the United States. As 
for most crops, periodic drought often limits its productivity, especially in marginal lands where it 
is likely to be planted. Improving drought tolerance and water use efficiency (WUE) in crops 
through breeding and biotechnology strategies is essential to meet global food and fuel demands 
and to achieve sustainable agriculture. In this CBI project, we aim to evaluate drought tolerance 
and WUE related physiological and biochemical traits of a switchgrass genome-wide association 
study (GWAS) population (Juenger et al, 2016), and to understand mechanisms and identify key 
genes underlying drought tolerance and WUE in switchgrass through GWAS.  

Phenotyping experiments were conducted under greenhouse conditions using a switchgrass 
GWAS panel of 299 genotypes with five biological replicates (two tillers per replicate) each for 
drought-stressed and well-watered treatments per genotype. Three weeks after tiller transplanting, 
drought stress was applied by withholding watering, and drought stress levels were monitored with 
a soil moisture sensor. When the soil volumetric water content dropped to 5% (or at the wilting 
point), which usually occurred in two to four weeks after withholding water, phenotypic data on 
related traits were collected. For well-watered plants, phenotypic data were collected eight weeks 
after tiller transplanting. Traits characterized included leaf area, specific leaf weight, stomatal 
density, leaf cuticular wax, leaf osmotic pressure, shoot and root biomass/ratio, water use 
efficiency, and root traits. Large genotypic variations were observed in all the traits characterized. 
GWAS analyses have been performed using the standard GCTA MLMA model, and multiple 
significant marker associations were identified. Top candidate genes have been evaluated by 
networks analysis using Random Walk with Restart/Lines of Evidence on Multiplex Graphs (Wen 
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et al, 2021), and will be further evaluated by PCR, RT-PCR, and functional genomics tools such 
as CRISPR, stable transformation or virus-mediated gene silencing or overexpression. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  
  
 
The need for sustainable aviation fuels (SAFs) is highlighted by the increasing global demand for 
air travel, which is expected to more than double by 2050. Meanwhile, the IATA is currently 
aiming to decrease carbon emissions from aviation sources by half relative to 2005 levels within 
the same timeframe. Current SAFs are limited in that they fail to provide the requisite aromatic 
content to obtain the necessary physical properties to function as a drop-in fuel substitute, 
necessitating a 50% blend limit with conventional jet fuels. This underscores an interesting 
opportunity to convert lignin, the largest source of renewable aromatics available in nature, to jet-
range aromatic blendstocks, thereby allowing for the production of a 100% renewable SAF. 
Deoxygenation technologies are essential for the upgrading of lignin for applications in aviation 
fuels, as lignin possesses an extremely high oxygen content (27-34 wt%) relative to the trace levels 
allowable in aviation fuels. Here, we demonstrate a flowthrough process combining reductive 
catalytic fractionation (RCF) with hydrodeoxygenation to selectively produce a stream of 
deoxygenated aromatic hydrocarbons from raw lignocellulosic biomass. Using a dual-pass system 
and a three-phase trickle-bed reactor, we both evaluate catalyst stability while achieving complete 
deoxygenation of a neat poplar lignin oil derived from RCF with an overall 73 C-mol% recovery 
(86% of theoretical when accounting for methoxy groups). Through a suite of characterization 
techniques, the product stream’s properties were subsequently evaluated for use in aviation fuels. 
This process demonstrates a simple system for generating SAF blendstocks from lignin, the 
properties and product distributions of which can potentially be tuned via using different biomass 
types and their corresponding in planta lignin composition. 
 
The Center for Bioenergy Innovation is a U.S. Department of Energy Bioenergy Research Center 
supported by the Office of Biological and Environmental Research in the DOE Office of Science. 

mailto:mswebber@mit.edu
http://cbi.ornl.gov/


UAV-based Sustainability Traits Modeling of Field-grown Switchgrass GWAS Population 

Yaping Xu*1,2 (yxu86@utk.edu), Vivek Shrestha1,2, Cristiano Piasecki1,2, Benjamin Wolfe1,2, 
Lance Hamilton1,2, Reginald J. Millwood1,2, Mitra Mazarei1,2, C. Neal Stewart Jr. 1,2, and Gerald 
A. Tuskan2 

1Department of Plant Sciences, University of Tennessee, Knoxville; 2Center for Bioenergy 
Innovation, Oak Ridge National Laboratory, TN. 

cbi.ornl.gov 

Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition, and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to biofuels using CBP with cotreatment at high rates, titers and yield in 
combination with catalytic upgrading into drop-in hydrocarbon fuel blendstocks.  

Unmanned aerial vehicles (UAVs) provide an intermediate scale of spatial and spectral data 
collection that yields increased accuracy and consistency in data collection for morphological and 
physiological traits than satellites and expanded flexibility and high-throughput compared to 
ground-based data collection. In this study, we used UAV-based remote sensing for automated 
phenotyping of field-grown switchgrass (Panicum virgatum), a leading bioenergy feedstock. 
Using vegetation indices calculated from a UAV-based multispectral camera, statistical models 
were developed for rust disease caused by Puccinia novopanici, leaf chlorophyll, nitrogen, and 
lignin contents. For the first time, UAV remote sensing technology was used to explore the 
potentials for multiple traits associated with sustainable production of switchgrass, and one 
statistical model was developed for each individual trait based on the statistical correlation between 
vegetation indices and the corresponding trait. Also, for the first time, lignin content was estimated 
in switchgrass shoots via UAV-based multispectral image analysis and statistical analysis. The 
UAV-based models were verified by ground-truthing via correlation analysis between the traits 
measured manually on the ground-based with UAV-based data. Th the normalized difference 
vegetation index (NDVI) for rust and nitrogen, while NDVI performs better than NDRE for 
chlorophyll and lignin. Overall, linear models work well for rust disease, chlorophyll and lignin, 
but for nitrogen, non-linear models outperform linear models. As the first comprehensive study to 
model switchgrass sustainability traits from UAV-based remote sensing, these results suggest that 
this methodology can be utilized for switchgrass high-throughput phenotyping in the field. 

The Center for Bioenergy Innovation is a U.S. Department of Energy Bioenergy Research 
Center supported by the Office of Biological and Environmental Research in the DOE Office 
of Science. 
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Project Goals: The goal of this project is to prospect novel carbon-carbon bond ligation 
reactions in thiamine diphosphate-dependent enzymes using predictive activity models. 
Carboligase enzymes will be screened for α-keto acid condensation and machine learning models 
will be developed to elucidate their catalytic landscape. Activity models will be also be used to 
predict potential effects of selected enzymes on the E. coli metabolome. 
 
Abstract: Promiscuous enzymatic reactions create ‘biological noise’ that can be either 
advantageous or disruptive to global metabolism. Redundancy among promiscuous reactions can 
act as resistance to deleterious genetic mutations while others can inadvertently siphon essential 
metabolites or create toxic products. The potential metabolomic burden resulting from 
promiscuous, heterologous enzyme expression remain challenging to characterize and mitigate. 
Toward this end, our team seeks to develop a platform to systematically predict enzyme substrate 
promiscuity and the resulting metabolomic consequences. Merging both experimental and 
computational approaches, this work aims to comprehensively characterize the catalytic 
landscape of thiamine diphosphate (ThDP)-dependent enzymes and uncover novel promiscuous 
transformations for carbon-carbon bond formation. Predictive cheminformatics-based tools will 
be developed to gain insight into the chemical properties contributing to altered substrate 
selectivity and the resulting impact of promiscuous activity on cell metabolism.  
A high-throughput activity assay was developed for precise functional analysis of ThDP-
dependent enzymes capable of catalyzing carbon-carbon ligation (carboligases). Diverse sets of 
α-keto acid substrates were screened in multiplexed reactions, and the resulting products were 
detected by liquid chromatography mass spectrometry (LC-MS) to generate high-quality enzyme 
activity data. The developed carboligase activity assay will be combined with machine learning 
classification to rapidly characterize the enzyme-specific activity landscapes. Establishing a 
method for rapid enzyme screening and characterization will also facilitate subsequent rational 
mutagenesis of select enzymes and assessing the engineered enzymes for metabolic burden. 
Predictive activity models will be applied to E. coli metabolites to identify potential cross-
reactivity and toxic byproducts. This work demonstrates a platform for rapid biocatalyst 
development based on substrate promiscuity. We present novel reactions discovered for multiple 
carboligase enzymes; however the analytical methods and cheminformatics tools developed for 
reaction screening can be widely applied to other chemistries. 
 
This work is supported by DOE grant DE-SC0019339. 
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Project Goals:  

Around half of the predicted proteins in most sequenced green-lineage genomes remain as 
unknowns, with no information on structure or function. Through this project, we will 
characterize plant proteins of unknown function (Deep Green proteins), including around 500 
unknown proteins from the model dicot Arabidopsis thaliana (Arabidopsis) and/or the model C4 
monocot Setaria viridis (Setaria) with homologs in the model green alga Chlamydomonas 
reinhardtii (Chlamydomonas), where we will perform high-throughput functional genomics 
screening. Our objectives include: 1. Assembly and ongoing curation of the Deep Green 
candidate protein set; 2. in silico structural predictions and network analyses to assign structures 
and predict function; 3. Assembly and curation of reverse genetic resources in Chlamydomonas; 
4. Functional genomics characterization and prioritization in Chlamydomonas; and 5. structural 
validation of selected candidates and functional validation in Arabidopsis and Setaria. 

Abstract text:  

Sequence-homology and experimental approaches have enabled functional annotation of many 
plant and algal genes, but around half of the predicted proteins in most sequenced green-lineage 
genomes remain as unknowns, with no information on structure or function. While some of these 
unknown proteins are lineage-specific or even species-specific, a sizable number are conserved 
within the Viridiplantae (green algae + land plants) or within large sub-groups of plants (e.g. 
monocots and dicots). This project will help fill a major gap in the annotation for large sets of 
plant proteins whose structures and functions have not yet been characterized, and which 
represent a relatively untapped resource for bioenergy and synthetic biology applications that 
underlie the DOE mission. Expertise in structural genomics and high-performance 
bioinformatics computing from team members at the National Renewable Energy Laboratory 
(NREL), omics-based computational predictions from team members at University of Missouri 
(MU), and algal and plant functional genomics expertise from team members at Donald Danforth 
Plant Science Center will be leveraged to provide this functional annotation. Ongoing work on 
Deep Green proteins has produced three curated lists of unknown protein families from the three 



focal species Arabidopsis, Setaria and Chlamydomonas as well as overlaps between these sets 
established based on sequence homology criteria. 412 Chlamydomonas Deep Green genes have 
been identified with homologs in either Setaria (134), Arabidopsis (97) or both (181). Expression 
profiling revealed non-random distributions of Deep Green gene expression across the diurnal 
cycle with enrichment during the light phase when photosynthesis-related proteins are 
upregulated, and they were also predicted to be enriched in chloroplast localization. Secondary 
structure analysis indicated Deep Green proteins are more structured (i.e. less disordered) in 
general than the total set of unknown proteins in each species. A manuscript describing the 
curation process and preliminary characterization of Chlamydomonas Deep Green proteins is in 
preparation. Under Objective 3 (assembly of reverse genetic resources for Chlamydomonas Deep 
Green Proteins) we have identified one or more Chlamydomonas CLiP library (1) mutants for 
296 Deep Green genes, and for the remainder we have adapted an efficient genome editing 
procedure (2) that uses CRISPR-Cas9 and a barcoded selectable marker cassette to generate 
around 180 tagged CRIPSR mutants (2 alleles per gene). Under Objective 2 we applied our 
MULTICOM tool ranked among top predictors in the 14 Critical Assessment of Protein 
Structure Prediction (CASP14) to predict the tertiary structures and structural features 
(i.e., secondary structure, solvent accessibility, disorder, domain boundaries, inter-residue 
contacts) for 825 out of 1658 Setaria and Arabidopsis Deep Green proteins. The prediction 
results are available at a user-friendly, browsable website 
(http://tulip.rnet.missouri.edu/deepgreen/deepgreen/index.html ). These results are being 
compared and integrated with structure predictions obtained using Alphafold2, I-TASSER and 
the Rosetta AbinitioRelax module. 

The rich new data resources produced under the Deep Green project will be curated in one or 
more public databases, including DOE-supported KBase. These data will help guide researchers 
in investigating the contribution of conserved unknown proteins to diverse aspects of plant 
biology that impact photosynthesis, biomass accumulation, and stress responses. This work will 
also help fill a major gap in the annotation for large sets of plant proteins whose structures and 
functions have not yet been characterized, and which represent a relatively untapped resource for 
bioenergy and synthetic biology applications that underlie the DOE mission. 
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Project Goals 
This project combines computational approaches, e.g., machine learning, network inference and 
phylogenomics, with molecular approaches, e.g., metabolite profiling and ChIP-Seq, to find novel 
transcription factors (TF) that regulate traits of agronomic or biofuel interest. This project focuses 
on the biofuel trait of seed oil synthesis as a proof of concept that is extensible to any 
agronomic/biofuel trait of interest. This project focuses on regulation of a biological process of 
interest (e.g., lipid biosynthesis) in an organ specific manner (e.g., in seeds) and by estimating the 
likelihood of a given TF being redundant in its function (Aim 1). We then validate our functional 
predictions, using transgenic lines (Aim 2), via phenotypic assays (Aim 3a) and by identifying the 
specific targets these TFs regulate (Aim 3b). Finally, we translate the validated TF regulation 
knowledge gained in a model species (Arabidopsis) to biofuel crops (e.g., Camelina sativa) (Aim 
4).  

Abstract 

Gene regulatory network inference [1] from public RNA-Seq data (Aim 1) predicted TF regulators 
of seed lipid biosynthesis. The list of top 10 candidate TFs included four known regulators of this 
process and many novel TFs that are predicted to have a strong influence on seed lipid 
biosynthesis. We have identified and collected mutant lines and completed phenotyping for traits 
like seed size and seed weight. Phenotyping for alteration in seed lipid profile  



is under progress (Table 1). In addition, we generated over-expression lines for each of these 
candidate TFs using a set of 3 promoters: i. a generic 35S promoter for robust plant-wide over-
expression ii. a seed-specific NapinA promoter for robust seed-specific over-expression and iii. 
native promoter driven expression. Screening of 35S and Napin promoter driven T1 over-
expression transgenic lines is completed and isolation of homozygous T2 lines is under progress. 
While screening of native promoter driven T1 lines is under progress. T2 overexpression lines 
showing higher level of TF expression will be used for phenotyping of seed lipid profile along 
with seed size and weight. Preliminary results show a significant change in total FA content for 
one novel TF regulator, and significant changes in FA composition for another novel TF regulator. 

 

The GRN inference used in Aim 1 only considered TFs as regulators of gene expression. 
Subsequently, we repeated the inference pipeline using TFs + epigenetic (i.e., DNA and histone) 
modifiers as potential regulators of gene expression. Using the shoot and root apical meristems as 
use cases we identified many known and novel non-TF regulators of plant development. A 
manuscript describing this study was recently published (McCoy et. al., 2021).  

Publications 
McCoy, R.M., Julian, R., Kumar, S.R.V., Ranjan, R., Varala, K., Li, Y. A systems biology 
approach to identify essential epigenetic regulators for specific biological processes in plants. 
Plants, 2021, 10 (2), 364. 
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expression data using tree-based methods. PLoS One, 2010. 5(9). 
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TF Name

Mutant Name ABRC ID
Seed 

phenotype
Lipid 

profile
Transfo
ration

Transgene 
Screening 

(T1)

Transgene 
Screening 

(T2)

Transfor
mation

Transgene 
Screening 

(T1)

Transgene 
Screening 

(T2)
bHLH93 bhlh093_3 SALK_121082 Done Ongoing Done Done Ongoing Done Done Ongoing

HB25 hb25_2/hb25_4 SALK_014023/SAIL_517_E03 Done Ongoing Done Done Ongoing Done Done
DIV2 div2_2 SALK_208938

SRM1 srm1_2 SALK_206518 Done Ongoing Done Done Ongoing Done Done Ongoing
MYB30 myb30_1 SALK_122884 Done Ongoing Done Done Done Done
DAG2 dag2_1 SALK_201125 Done Ongoing Done Done Ongoing
CESTA cesta_1/cesta_3 SALK_124840/SAIL_674_A01 Done Done Ongoing
TGA4 tga4_1 SALK_127923 Done Ongoing Done Done Ongoing Done Done Ongoing
SPL12 spl12_1 SALK_142295 Done Ongoing
AGL18 agl18_2/agl18_5 SALK_004483//SALKseq_69591 Done Ongoing

CAMTA6 camta6_1 SALK_078900 Done Ongoing
MYB118 myb118_1 SALK_111812 Done Ongoing

MYB115 myb115_1/myb115_2 SALK_202795/SALK_044168 Done Ongoing Done Done Ongoing Done Done Ongoing
WRI 1 wri1_1 CS69538 Done Done Ongoing

Mutant 35Spro:TF-HA NapApro: TF-HA

Table 1 Status of mutant identification and phenotyping, along with generation of over-expression lines 
for each candidate TF. All TFs were conjugated with a HA tag to enable ChIP-Seq assays to identify 
global targets of TF binding. 



Title: Elucidating the Evolution of Interspecies Metabolic Interactions within a Methanotroph-
Cyanobacteria Coculture using Dynamic Genome-scale Metabolic Modeling 

Authors: Kiumars Badr1*(kzb0054@auburn.edu), Q. Peter He1, and Jin Wang1  
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Project Goals: In nature, microbial communities have developed a highly efficient way to recover 
energy and capture carbon from both CH4 and CO2 through interspecies coupling of methane 
oxidation to oxygenic photosynthesis. However, in order to successfully utilize mixed culture for 
biotechnology applications, both fundamental knowledge and technological gaps have to be 
addressed. The knowledge gap refers to the lack of systematic study for identifying and quantifying 
the interactions between community members and how the interactions affect system dynamics. 
The technological gap refers to the lack of effective methodology, and fast and low-cost analytical 
tools to characterize mixed culture systems frequently or in real-time. The overall objective of this 
research is to help address those gaps through developing experimental and computational tools to 
characterize a synthetic methanotroph-photoautotroph (M-P) binary consortium, to identify and 
validate interspecies interactions at both systems and cellular levels, and to engineer a model 
methanotroph-photoautotroph coculture pair for enhanced production of chemicals. 

Abstract Text: Microbial communities are ubiquitous in nature and play a significant role in 
various biogeochemical cycles on earth. Microbial communities are dynamic in nature and exhibit 
different metabolic interactions under different environmental conditions. However, due the 
inherent complexity of microbial communities, their dynamic responses are not well understood. 
Recently, genome-scale metabolic modeling (GEM) emerged as an effective tool to study 
microbial communities. However, the representative dynamic GEM approaches cannot predict the 
interspecies metabolic interactions within a community, while the steady-state GEM approaches 
cannot capture the dynamic evolvement of the metabolic interactions. In this work, using a 
methanotroph-cyanobacteria (Methylomicrobium buryatense 5GB1- Arthrospira platensis) 
coculture as the model system, we present a dynamic GEM approach, termed DynamiCom that 
can predict the evolution of interspecies metabolic interactions within the coculture over time (Fig. 
1). The proposed approach builds upon a semi-structured kinetic model (Fig. 2) we developed 
recently that can accurately predict the growth 
dynamics of the model coculture under a wide range 
of conditions. The cross-membrane fluxes, i.e., the 
individual substrate pickup rates and product 
excretion rates predicted by the kinetic model, are 
used as additional constraints for a steady-state 
coculture GEM (SteadyCom is used in this work). 
Besides consistently predicting the same set of top 
metabolic exchanges within the coculture under 
different in silico setups, the proposed approach  

Fig. 1. Schematics of the proposed dynamic GEM model 



predicted the establishment of the mutualistic relationship between the methanotroph and 
cyanobacteria (Fig. 3). Specifically, our results suggest the establishment of an emergent N-
exchange within the coculture, where the cyanobacteria consume nitrate, while the methanotroph 
exclusively consumes ammonium excreted by the cyanobacteria after the mutualistic relationship 
is established. 

  
Fig. 2. Overview of the semi-structured kinetic 
modeling framework  

     (a)                                                              (b) 
Figure 3. Dynamic evolution of (a) Glutamine (Gln) and Glutamate (Glu) as an example of 
top interspecies metabolic interactions; (b) ammonium (NH4) and Nitrate (NO3). M is 
produced(+)/consumed(-) by methanotroph and C produced(+)/consumed(-) by 
cyanobacteria. The irregularity in the prediction is the consequence of the change of 
CH4/CO2 uptake by the species during and after refeeding the system 
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Microbiome transfer and synthetic community approaches for determining the genetic and 
environmental factors underlying mutualism within a Sphagnum peatmoss system 
 
Alyssa A. Carrell1, Jun Lee1, Sara S. Jawdy1, Dale A. Pelletier1, Jon Shaw2, Wellington 
Muchero1, Kai Feng1, Adam Healey4, John Lovell3, Jeremy Schmutz3, David J. Weston1* 
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1Oak Ridge National Laboratory, Oak Ridge, TN; 2Duke University, Durham NC, Uppsala 
University, Sweden; 4Joint Genome Institute, Walnut Creek, CA 
 
Project Goals: To characterize the Sphagnum-diazotroph symbiosis by incorporating plant 
host Sphagnum and microbial genetic variation, variable climatic drivers, and complex 
communities that scale across biological organizations to regulate peatland carbon and 
nitrogen cycling. 
 
The importance of plant-microbiome systems on terrestrial carbon and nitrogen processes is 
perhaps most pronounced in Sphagnum dominated ecosystems, which occupy 3% of the Earth’s 
land surface yet store approximately 30% of terrestrial carbon as recalcitrant organic matter (i.e., 
peat). The foundation plant Sphagnum is responsible for much of the primary production in 
peatland ecosystems and produces recalcitrant dead organic matter. Sphagnum together with 
associated N2-fixing microorganisms, contributes substantial nitrogen inputs to peatlands. 
Sphagnum growth and production (carbon gain) depends, in part, on a symbiotic association with 
N2-fixing, diazotrophic microbes. Under changing environmental conditions, a central question 
about these ecosystems is whether the Sphagnum-diazotroph symbiosis will maintain its 
beneficial interaction, or will it shift to neutral or even antagonistic interactions that ultimately 
influence peatland carbon gain and storage. To begin to address this question, we initiated a 
project using synthetic communities, microbiome transfers, genotype-to-phenotype associations, 
and metabolic characterization to address the overarching hypothesis that genetic variation in 
Sphagnum host and associated microbiome play a key role in determining the environmental 
tipping point of beneficial symbiosis (i.e., environmental disruption). 
 
To address this hypothesis and more specifically investigate the interaction of host genetics and 
microbiome thermal origin on host thermotolerance, we mechanically separated the microbiome 
from Sphagnum plants residing in a whole-ecosystem warming study, transferred the component 
microbes to a 180 member pedigree of germ-free plants, and exposed the new hosts to 
temperature stress. In some Sphagnum individuals the addition of a microbiome from a thermal 
origin that matched the experimental temperature completely restored plants to their pre-
warming growth rates while other Sphagnum individuals did not receive a benefit from the 
addition of a conditioned microbiome. To confirm the results we repeated the experiment with a 
subset of Sphagnum genotypes that corresponded with the highest and lowest benefit from the 
addition of thermal conditioned microbiomes and found similar results. To identify candidate 
plant genes responsible for receiving thermal benefits from the microbiome, we performed 
genome scans using a single normal QTL (quantitative trait loci) model, Haley-Knott regression, 
and default parameters. A seven gene QTL region was identified and is being tested in 
heterologous expression systems. Together, our findings show that the microbiome can transmit 
thermotolerant phenotypes to host plants, providing a valuable strategy for rapidly responding to 



environmental change. Future research efforts from this award are progressing in two areas: 1) 
candidate gene functional analysis for microbial provided thermal benefits for bioenergy crop 
improvement, and 2) field-based biogeochemical studies exploring the role of genetically 
predisposed Sphagnum genotypes to warming.   
 
Funding: This material is based upon work supported by the U.S. Department of Energy, Office 
of Science, Office of Biological and Environmental Research, Early Career Research Program; 
and the DOE JGI Community Science Program 504399; and FICUS 504306. 
 



Development of emerging model microorganisms: Megasphaera elsdenii for biomass and 
organic acid upgrading to fuels and chemicals.  
Janet Westpheling, University of Georgia and Adam Guss ORNL 

The native ability to condense acetyl-CoA groups to efficiently generate C4 to C8 
compounds makes M. elsdenii a compelling platform for the production of fuels and chemicals 
from lactate and plant carbohydrates. Our overall objective is to develop M. elsdenii into a 
platform for the conversion of lignocellulosic biomass sugars and organic acids to hexanol and 
other valuable chemicals. M. elsdenii produces organic acids as fermentation products when 
growing on lactate and glucose, including butyric (four carbon), valeric (five carbon), hexanoic 
(six carbon), and in some cases octanoic (eight carbon) acids as major fermentation products, 
likely via a chain elongation pathway using acetyl-CoA. As the carbon chain length increases for 
the corresponding alcohols, fuel properties improve, making hexanol an appealing target as a 
next-generation gasoline blend stock beyond ethanol. We are engineering M. elsdenii to 
efficiently produce next-generation, drop-in lignocellulosic fuels such as hexanol at high yield 
and titer as a general bioengineering platform. While previous efforts to make products like 
alcohols in E. coli have been moderately successful, production of C6 and larger products 
remains low, suggesting that extending the chain elongation pathway beyond a single cycle 
remains a significant challenge in model organisms. Engineering M. elsdenii is an alternative 
approach with the potential for exceptionally high yields and titers of C6 products such as 
hexanol. We developed an initial method for transformation of DNA into two strains of M. 
elsdenii via methylome analysis, heterologous expression of DNA methyltransferases in E. coli, 
and electroporation. We further improved efficiency by creating an E. coli methylating strain 
that uses arabinose-inducible expression, resulting in an additional 10-fold increase in M. 
elsdenii transformation efficiency, to approximately 10,000 cfu/ug DNA. This has facilitated 
efficient and rapid strain construction. Expression of a bifunctional aldehyde/alcohol 
dehydrogenase (adhE2) gene using the native M. elsdenii ribosomal S4 protein promoter 
resulted in 5.3 mM butanol in M. elsdenii ATCC 25940 from lactic acid as the growth substrate. 
The deletion of a propionyl-CoA transferase in the M. elsdenii chromosome resulted in 
increased acetate co-consumption, loss of propionate production, reduced valerate production, 
and increased hexanoate and butyrate production from lactic acid as the growth substrate. This 
is the first demonstration of metabolic engineering in Megasphaera and proof of concept that 
this approach may lead to the accomplishment of our longer-term goals. 
 



Tools for Faster and More Sensitive Sequence Annotation, and Visualization of Those 
Annotations  
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Website URLs:  
https://github.com/TravisWheelerLab/hmmer/tree/frameshift 
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Project Goals 
Microbial communities are ingrained in essentially every conceivable niche. We are particularly 
motivated by the need to understand soil communities that play a key role in the plant-soil 
dynamic, with impact on food and fuel crop production. To understand the roles of these 
microbial communities, it is vital that we maximally annotate their genomic and functional 
capacity. In this work, we are primarily concerned with (i) the problem of accurately annotating 
protein-coding DNA that contains insertions or deletions that induce frameshifts in the coding 
sequence, (ii) performing this annotation at high speed, and (iii) generating complex and 
interactive visualizations of annotations.  
 
Abstract Text 
We describe advances in methods for annotation with profile hidden Markov models (pHMMs):   
 
- We have developed an implementation of an extended pHMM for labeling 
protein-coding DNA with frameshifts. This tool, FATHMM, 
is substantially more sensitive than competing software 
methods in the fact of frameshifts, and is only slightly slower 
than frameshift-oblivious translated search with pHMMs. 

- We have developed a sparse dynamic programming 
algorithm to produce highly accurate Forward/Backward 
profile HMM alignments with 20-100x reduction in memory 
and runtime requirements (MMOREseqs); 

- We have created an open-source TypeScript library that supports 
efficient development of custom, dynamic, and interactive visualizations 
of annotations of linear and circular genomic sequence (SODA).  

   

 

Funding Statement: This research was supported by the DOE Office of Science, Office of 
Biological and Environmental Research (BER), grant no. DE-SC0021216, and NIH NIGMS 
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Title: A mechanistic approach to parsing pyrophilous lifestyles of fungal and bacterial isolates 
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Project Goals: In this work, we aim to dissect the effects of microbes (fungal and bacterial) on 
carbon (C) and nitrogen (N) dynamics in post-forest fire soils. Our conceptual framework is 
rooted in systems biology and ecology, while our experimental approach combines genomics, 
transcriptomics, metabolomics, microbial community profiling, stable isotope techniques, small 
scale fire systems (pyrocosms), tightly controlled methods for producing labeled pyrogenic 
organic matter (PyOM), and high-throughput monitoring of C mineralization rates. We have 
three major research objectives: (1) To determine how dominant post-fire soil microbes affect 
the fate of PyOM; (2) To assess the interaction between N availability and PyOM mineralization 
by post-fire microbial communities and individual pyrophilous microbes; (3) To define the 
network of microbial interactions that facilitate PyOM breakdown over time and the key genes 
involved in this process. 

Abstract Text: Wildfires are a fundamental ecological process with dramatic effects on 
ecosystem function and nutrient cycling (including carbon). Soil fungi and bacteria play a key 
role in post-fire cycling of pyrogenic organic matter, in addition to their roles in other 
biogeochemical cycles. We are taking a multifaceted approach to investigating the response of 
specific organisms to wildfire and pyrogenic organic matter additions, using comparative 
genomics and transcriptomics on isolates that are known pyrophiles or that can grow with PyOM 
as their only C source. This research has included sequencing the genomes of pyrophilous fungal 
taxa, including Lyophyllum atratum, Coprinellus angulatus, Pholiota molesta, Crassisporium 
funariophilum, Pyronema domesticum, Pyronema omphalodes, Tricharina praecox, Geopyxis 
carbonaria, Morchella snyderi, and Peziza echinospora. Comparative genomics have indicated 
that the genomes of pyrophilous fungi may be enriched in or have expansion of carbohydrate-
active enzymes (CAZymes), families associated with stress response and the initiation of fruiting 
bodies, both of which may be relevant in the post-fire environment.  

Fungi in the genus Pyronema dramatically dominated the soil fungal community within weeks to 
months after the 2013 Rim Fire around Yosemite National Park (CA, USA). Pyronema 
domesticum isolated from this fire was used to identify how it survives and interacts with the 
cycling of carbon or pyrolyzed carbon. Leveraging the recently sequenced genome, we did an 
RNAseq experiment with P. domesticum grown on four different carbon sources; 750°C PyOM, 
wildfire burned soil, sucrose minimal medium, and water (no carbon). The PyOM induced 



expression of a comprehensive set of genes required for the breakdown and metabolism of 
aromatic and polyaromatic compounds, which are characteristic of PyOM. We further confirmed 
that P. domesticum could mineralize 13C-labelled 750°C PyOM to CO2. Taken together, our 
results show that the pioneering post-fire fungus P. domesticum can liberate carbon from 
complex PyOM and return it to the carbon cycle.  

In addition to the fungal isolates described above, over 70 bacterial isolates have been collected 
from fire-affected soils and assayed for their ability to mineralize PyOM. The 12 isolates with 
the most robust growth on PyOM agar were cultured on a medium containing 13C-enriched 
maple wood PyOM. The isotopic composition of the CO2 produced by each of these isolates 
conclusively demonstrates the mineralization of PyOM. A similar approach has been taken to 
assay the potential of cultured isolates to degrade specific molecular components found in PyOM 
extracts (i.e. polyaromatic hydrocarbons and methylphenols). After sequencing the genomes of 
these 12 isolates, we aim to use isotope-enabled respiration studies to determine the primary 
pathways necessary for bacterial PyOM mineralization. 

Together, these findings illustrate decisive steps toward identifying the microbial taxa involved 
in post-fire PyOM degradation and the molecular mechanisms they use to do so.  
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Project Goals: In this work, we aim to dissect the effects of microbes (fungal and bacterial) on 
carbon (C) and nitrogen (N) dynamics in post-fire forest soils. Our conceptual framework is 
rooted in systems biology and ecology, while our experimental approach combines genomics, 
transcriptomics, metabolomics, microbial community profiling, stable isotope techniques, small 
scale fire systems (pyrocosms), tightly controlled methods for producing labelled pyrogenic 
organic matter (PyOM), and high-throughput monitoring of C mineralization rates. We have 
three major research objectives: (1) To determine how dominant post-fire soil microbes affect 
the fate of PyOM; (2) To assess the interaction between N availability and PyOM mineralization 
by post-fire microbial communities and individual pyrophilous microbes; (3) To define the 
network of microbial interactions that facilitate PyOM breakdown over time and the key genes 
involved in this process. 

Abstract Text: Forest wildfires in the western U.S. have been increasing in both frequency and 
size with each decade since the 1970s (Westerling, 2016). Understanding the effects of wildfires 
on microbial communities is required to predict their effects on processes such as 
biogeochemical cycling and plant recovery post-fire. We took a complementary field-laboratory 
approach to understanding how microbial communities respond to fire, and to probe the 
mechanisms controlling the effects of PyOM additions on soil organic carbon (SOC) cycling 
(often referred to as “priming”) in a Californian mixed conifer forest. 

For the field study, we undertook extensive field sampling of two controlled-burn plots (one high 
and one low-temperature burn) in parallel with two unburned control plots. Analysis of both the 
fungal and bacterial communities indicates non-neutral processes (e.g., selection) play a key role 
in structuring the post-fire microbial community. For the laboratory study, we worked with soil 
from the same site, that was burned during the 2014 King Fire, adding PyOM to isolate the 
effects of PyOM addition on microbial communities and SOC cycling. To better elucidate the 
mechanisms of PyOM-SOC interaction, we exchanged water-extractable fractions of PyOM 
from 13C-labelled and unlabelled PyOM, produced from pine biomass grown in our custom 
labelling chamber and charred at 350°C and 550°C in our “charcoalator”. This exchange of 
isotopically-labelled fractions allowed us to trace the water-extractable PyOM separately from 
the non-water-extractable fraction. We found that the water extractable fraction was the most 
mineralizable in both 350°C and 550°C PyOM compared to the SOC and non-water-extractable 
fraction. The mineralizability of the 350°C water-extractable PyOM fraction was higher than the 

https://whitmanlab.soils.wisc.edu/research/


mineralizability of the 550°C water-extractable PyOM fraction. We observed short-term positive 
priming upon addition of 350°C PyOM to soil, most likely due to co-metabolism of easily 
mineralizable PyOM-C and the SOC. On the other hand, addition of 550°C PyOM to soil 
induced negative priming which could be attributed to the physical protection of SOC through 
sorption of SOC on the PyOM surface. We also examine the effects of PyOM additions on 
bacterial and fungal communities, and compare PyOM-responsive taxa with those identified in 
the field study. 
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Project Goals: Wetlands capture and release large amounts of greenhouse gases (CO2, CH4 and N2O) and 
it is of prime importance to predict their response to climate change induced stressors such as drought and 
sea level rise associated saltwater intrusion. This project aims to link wetland microbial activities to 
ecosystem-scale processes by developing a reproducible experimental model for lacustrine and estuarine 
wetland ecosystems to quantify responses to controlled manipulations representing climate impacts. 
Hydrogel beads, controllable in size, with entrapped wetland microbes and soil and plant-like carbon, act 
as models for sediment aggregates. Bioreactors with real-time gas and liquid metabolite flux monitoring, 
integrated multi-omics analyses, and stable isotope tracing will be conceptually incorporated into 
mathematical models to predict how climate change stressors impact C and N fluxes across different 
wetland spatial and temporal scales. 
 
Overview: Nitrous oxide (N2O), a potent GHG (265 times stronger than CO2), is released in wetlands by 
heterotrophic denitrification as well as ammonia-oxidizing organisms (AOO). The three types of AOO 
are 1) ammonia oxidizing bacteria (AOB) which are prevalent in ammonium laden soil and emit the largest 
flux of N2O 2) ammonia oxidizing archaea (AOA), which are ubiquitous in oligotrophic environments 
and 3) comammox bacteria, which were recently discovered and have redefined our understanding of 
nitrification by performing both ammonia oxidation and nitrite oxidation. Due to their novelty, the 
contribution of N2O emissions from comammox bacteria remains under explored. Previous AOO 
investigations have focused on ammonia as the primary N substrate, despite organic nitrogen compounds 
being more prominent in wetland ecosystems. To better understand N2O emissions in wetlands from 
AOOs as well as their organic nitrogen utilization patterns we a) explored the role of aerobic and anaerobic 
comammox metabolisms on N2O emissions and b) studied the physiology and regulations controlling the 
use of alternative nitrogen sources (inorganic and organic) by different AOOs. In addition, we also studied 
the effect of drought events on N2O emissions originating from nitrification and denitrification events (c). 
 

(a) N2O emissions from comammox bacteria under aerobic and anaerobic conditions 
We confirmed aerobic N2O production by comammox and could reproduce the recently published 
stoichiometry of N2O emitted per ammonium oxidized (1). In addition, we studied the use of alternative 
electron donors and acceptors by comammox. We measured N2O production during anaerobic comammox 
incubations and are currently investigating if it is the result of an abiotic conversion. These observations 
suggest that nitrifier induced N2O production could be induced by comammox under physiologically 
relevant conditions. The results also indicate the role of comammox within environmental systems might 
be more complicated than previously thought. 
 

(b) Physiological Studies of the use of alternative nitrogen sources  in AOO 
We characterized the anabolic incorporation and metabolic respiration of different inorganic and organic 
nitrogen sources in different AOO isolates, to determine N resource utilization and regulation among 
phylogenetically distinct AOOs. Isolates were fed organic and/or inorganic nitrogen substrates in batch 



incubations. The organic nitrogen, ammonia, and nitrite concentrations were measured over time to 
determine substrate utilization. Stable isotope (15N and 13C) labeled organic nitrogen, ammonia, and 
bicarbonate were used to determine cellular respiration products and intermediates via Isotope-Ratio Mass 
Spectrometry (IRMS) and biomass incorporation using Nanoscale Secondary Ion Mass Spectrometry 
(NanoSIMS).  Significant differences in N drawdown patterns were observed among different AOO 
isolates. For example, organic N was consumed rapidly in β-AOB, being drawdown at higher rates than 
inorganic N. We confirmed the selective incorporation of organic-N over inorganic-N by β-AOB with 
NanoSIMS. In contrast to β-AOB, soil AOA preferentially used inorganic-N over organic-N. These 
observations suggest that phylogenetically distinct AOO have different mechanisms for nitrogen transport 
and utilization and challenge the assumption that ammonia N is always the primary substrate for ammonia 
oxidizers growth. Stable isotope tracking of 15NO2- production is in progress to determine the dynamics 
in different N-substrates utilization for each AOO. Results from microrespirometry showed the  
differences in affinities amongst different AOO and nitrogen sources. RNA-seq and proteomics analyses 
are underway to infer regulatory mechanisms, which will lead to a better understanding of nitrogen 
partitioning and ecological niches across different nitrifiers.  
 

(c) N2O emissions at varying water table submergence 
To understand the competition among nitrifiers and their interplay with denitrifiers in terrestrial wetlands 
(Lake Washington, WA) we conducted laboratory soil column experiments. This experimental model 
system was exposed to  water table changes to understand the effect of climate change induced drought 
or flooding/inundation on globally significant microbially-mediated lacustrine wetland nitrogen cycling. 
GHG flux measurements indicate that the wetland soil columns were an N2O-neutral system when 
submerged, but shifts to become an N2O source (0.5 nmol s-1 m-2) when the water table decreases. As a 
next step, we will encapsulate the wetland community in hydogels to generate a simplified microbial 
system. These results will be used to develop predictive models that link microbial physiology of terrestrial 
systems to overall ecosystem processes (e.g., nitrate leaching and N2O emissions). The model will be used 
to simulate how climate change induced environmental changes such as different redox gradients, e.g. the 
change in oxygen concentration on a micrometer scale within individual hydrogels, impact GHG 
emissions, microbial abundance, and activities. 

Funding Statement: This study is supported by the Genome Sciences Program of the Office of Biological 
and Environmental Research under project FWP SCW1677. Part of this work was performed under the 
auspices of the U.S. Department of Energy at Lawrence Livermore National Laboratory under Contract 
DE-AC52- 07NA27344. Part of this work was funded through Florida Agricultural Experiment Station 
(Hatch project FLA-FTL-005680) and UF IFAS Early Career award to W.M.H. 
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Project Goals: Wetlands capture and release large amounts of greenhouse gases (CO2, CH4 and 
N2O) and it is of prime importance to predict their response to climate change induced stressors 
such as drought and sea level rise associated saltwater intrusion. This project aims to link wetland 
microbial activities to ecosystem-scale processes by developing a reproducible experimental 
model for lacustrine and estuarine wetland ecosystems to quantify responses to controlled 
manipulations representing climate impacts. Hydrogel beads, controllable in size, with entrapped 
wetland microbes and soil and plant-like carbon, act as models for sediment aggregates. 
Bioreactors with real-time gas and liquid metabolite flux monitoring, integrated multi-omics 
analyses, and stable isotope tracing will be conceptually incorporated into mathematical models to 
predict how climate change stressors impact C and N fluxes across different wetland spatial and 
temporal scales. 
 

Abstract Text: This work aims to 
construct reproducible experimental 
model systems to test the relationships 
between macro-scale climate stressors 
and processes at the microbial scale to 
understand future trajectories of 
wetlands as carbon cycle nodes (Figure 
1). 
 

Estuarine wetlands are expected to 
experience significant alterations of 
greenhouse gas fluxes due to the 

introduction of sulfate (SO4-) ions that may promote sulfate reduction over methanogenesis for the 
decomposition of organic matter. We have developed a four-member synthetic community (Figure 
2) converting cellulose to CH4 and CO2 representative of estuaries at the edge of transition towards 
saline systems. Using Desulfovibrio vulgaris as key node in the community enables investigating 
the role of sulfate on community dynamics in a simplified system. Proteomics of the four-member 
community grown with and without sulfate revealed the impact of sulfate on the population size 
and functional behaviors. The increased population size of Desulfovibrio vulgaris and the 
enhanced abundance of key functional proteins in the sulfate reduction pathway indicated that the 
addition of sulfate promoted sulfate reduction. Reduced population size of Clostridium 
cellulolytiucm and the abundance of identified cellulolases suggested a reduced cellulose 
degradation after being treated by sulfate. There were no significant changes on the population 
sizes of two methanogens between two conditions, but the sulfate addition significantly reduced 
the protein abundance of enzymes in the acetoclastic methanogenesis pathway in Methanosaeta 
concilii and the hydrogenotrophic methanogenesis pathway in Methanospirilum hungatei. This 
was consistent with the observed reduction in the methane production in the sulfate addition 
condition. Moving towards higher-scale processes, diffusion limitations become more important. 
We have developed an in silico biofilm model of D. vulgaris and Methanospirillum hungatei to 

 
Figure 1 Bottom-up and top-down approaches to begin 
bridging the microbe-climate scale divide.  



Experimental models bridging single cell-to-ecosystem scales to evaluate climate-wetland 
feedback mechanisms 

investigate the role of electron donor (lactate) and electron acceptor (sulfate) concentration 
gradients on the spatial organization of methanogenic syntrophy by these partners. In parallel, we 
have entrapped a cellulose degrader (Clostridium cellulolyticum) and the four-member synthetic 
community in hydrogel-based synthetic sediment aggregates to investigate how organisms and 
communities access solid carbon substrates in diffusion limited environments. Connecting these 
experiments with nanoSIMS and SIP-proteomics provides a bottom-up experimental model 
connecting single cells to millimeter-scale processes. 
 

Freshwater wetlands are expected to experience 
longer droughts and more extreme floods in the 
future. To investigate the consequences of these 
impacts on GHG fluxes from freshwater 
wetlands, we are using a top-down approach 
from field sites to spatially explicit lab-scale 
model systems. In a wetland field site on Lake 
Washington (a managed, freshwater lake), we 
measured in situ surface GHG fluxes as well as 
depth-resolved metabolite (e.g., ammonia, 
sulfate, sulfide, organic acids, etc.) and microbial 
community profiles. Field campaigns across 
seasons and associated water table changes will 

show the extent to which the GHG fluxes are controlled by temperature and varying level of 
submergence. Our results suggest that disturbance of anaerobic conditions, can increase 
decomposition of organic matter in soils and continue to promote the release of GHGs even if the 
wetland’s condition is restored. In parallel, we are investigating the effect of water table changes 
on GHG emissions in a more reproducible, on-line monitored bioreactor systems, enabling long-
term non-destructive measurements of metabolite, gas, and microbial community depth profiles 
throughout a 20-centimeter soil column. Preliminary results show that lowering water tables 
triggers a massive transient CH4 efflux (100-fold higher than before disturbance), observations 
that may be due to both physical and biological responses to water table drops. Conversely, 
increasing water tables drastically lowered CH4 fluxes in the system. Such lab-scale experimental 
systems provide powerful templates to design simple experiments answering questions on 
centimeter-scale community organization, carbon conversion and meter-scale process outcomes. 
These columns will be sampled at different column depth for transcriptomic and/or proteomic 
analyses to better understand the key players contributing to carbon release.  
 

Towards the future, these bottom-up and top-down experimental models will converge in a 
hydrogel-based sediment column bioreactor. This will enable leveraging the single-cell to 
millimeter-scale strengths of the hydrogel model system, while providing the centimeter-to-meter-
scale process heterogeneity needed to appropriately investigate the responses of wetland 
ecosystems to climate disturbances. 
 
Funding Statement: This study is supported by the Genome Sciences Program of the Office of 
Biological and Environmental Research under project FWP SCW1677. Part of this work was 
performed under the auspices of the U.S. Department of Energy at Lawrence Livermore National 
Laboratory under Contract DE-AC52- 07NA27344. 

 
Figure 2 Metaproteomics analysis of the synthetic 
community. Dv, Desulfovibrio vulgaris, Mh, 
Methanospirilum hungatei Mc, Methanosaeta concilii 
Cc, Clostridium cellulolytiucm 
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Project Goals:  

Despite their relatively small land coverage, wetlands represent the largest source of atmospheric 
methane (20-40%). However, variations in these wetland emission budgets are high, with over 
25% uncertainty. Accurately predicting net methane fluxes from these systems depends on 
multiple interacting geochemical, ecological, and metabolic constraints that are poorly 
understood, oversimplified, or missing in global biogeochemical models. The overarching 
objective of this early career proposal is to identify the biogeochemical and genomic 
determinants impacting methane production, including the scale and physical distribution over 
which they operate, along freshwater wetland gradients. 

The project goals can be summarized into three main objectives: 
1) Characterize wetland variables affecting methanogen distribution and activity.  
2) Quantify fine scale oxygen dynamics in soils and the impact on methane emissions. 
3) Improve model capability to include a representation for small-scale processes. 
 

Abstract Text:  

Freshwater wetlands are important contributors to ecosystem services and mediate global 
biogeochemical cycles with important contributions to soil carbon sequestration and greenhouse 
gas (GHG) flux. Toward our goal of understanding controllers on microbial carbon 
decomposition in soils, we constructed a greenhouse gas (GHG) observatory at Old Woman 
Creek, a freshwater wetland in the Ameriflux network with some of the highest annual methane 
fluxes [1]. To track the end products of microbial carbon decomposition we measured methane 
and carbon dioxide production at cm scale depths in soils and GHG fluxes from soils at meter 
and wetland scales. We defined the methane and carbon dioxide production hotspots occurring 
within the top 50 cm of the soil profile and extended these data across multiple months and 
years. Paired to these data we collected over 600 microbial samples across the wetland including 
genome-resolved metagenomics with metatranscriptomes, 16S rRNA gene sequencing, and 
metabolomics (NMR, LC-MS, and FT-ICR MS).  During our 5-year sampling period, 
climatically-driven water level rise in the adjacent Lake Erie flooded the wetland by ~3-6 ft, with 
this hydrological inundation serving as a natural laboratory for interrogating how climatic 



induced shifts in hydrology impact microbial metabolism to regulate soil carbon decomposition 
and flux.  

Essential to our microbial analyses, we constructed a first of its kind genomic catalog of 
freshwater soil microbial communities, resulting in over 13,000 genomes spanning 64 bacterial 
and 13 archaeal phyla. To first understand the microbial processes directly regulating soil 
methane, we genomically inventoried 300 genomes from methanogen and methanotroph 
lineages, defining a new family and 12 new genera. We coupled this genomic catalog to 
metatranscriptome data from spatially and temporally distributed samples along with 
geochemical, metabolomic, and gas flux measurements. Here we provide evidence that contrasts 
with widely held paradigms about the soil carbon cycle: (1) methanogenesis using methylated 
organic nitrogen and sulfur substrates, not acetate or hydrogen, best explained soil methane 
production, (2) soil oxygen concentrations or depth are not effective approximates for the 
activity of methanogens or methanotrophs in soil cores [2,3], and (3) redox changes caused by 
sustained flooding, did not alter the methanogenic substrate pools or the metabolic networks 
governing methane production. Collectively, these results highlight the soil microbial 
metabolisms influencing the terrestrial methane cycle, thereby offering direction for increased 
realism in predictive process-oriented models of methane flux in wetland soils. 

To better understand the nutrient and carbon metabolic networks that control soil carbon stability 
and its decomposition into GHGs, we used our extensive metatranscriptome data set to determine 
coordinated gene expression networks across season and depth and correlated these networks to 
key ecosystem chemical features. Our analysis revealed cohorts of metabolically active 
microorganisms and their associated metabolites that persisted across months and even years, 
impervious to different soil geochemical conditions. For example, we found the same microbial 
network predicted soil carbon dioxide and methane production, as well as sulfate concentrations. 
This active soil organic matter decomposing cohort was comprised of soil carbon respiring 
members that produce substrates for simple carbon utilizing sulfate reducing bacteria, which 
generate the methanogenic substrates to support active methane cycling microorganisms. The 
strong co-occurrence between sulfate-reducers and methanogens is of particular interest, as it is 
often thought that sulfate reduction is a thermodynamic constraint on methane production in 
wetland soils. Alternatively, we suggest these groups act syntrophically, as the high dissolved 
organic carbon is not a competitive constraint, and thus sulfate reducers oxidize lactate and 
ethanol to hydrogen and acetate, which cross-feeds methanogens. We are now using field-
designed reactor studies amended with labeled substrate to validate and probe the resiliency of 
these carbon decomposing metabolic networks.   

While we have demonstrated that microbial genome resolution does increase predictions of 
emergent ecosystem properties like soil methane production, omics data are not easily ingested 
into terrestrial ecosystem biogeochemistry models (e.g., ecosys). These models incorporate data 
across ecosystem layers including climate, macrofauna, chemistry, and microbes including 
microbial functional guilds. Therefore, we developed a software application to summarize 
individual genome-resolve transcriptomic data into functional guilds using DRAM (Distilled 
Refined Annotation of Metabolism) [4,5], which was developed as part of this early career 
award. We demonstrated that DRAM identifies trait-level information by leveraging annotation 



and metabolism content from microbial genomes and expression patterns and translates this into 
“functional guilds”.  

To test if we could predict the observed variability in soil carbon dioxide and methane using only 
our functional guild data, we built random forest models and evaluated the importance of 
predictors (e.g., functional guilds) by determining the decrease in prediction accuracy between 
observations and predictions. For soil methane production, the strongest guild predictors were 
methanogens, homoacetogens, and fermenters, while aerobic heterotrophs and nitrifiers predicted 
carbon dioxide production. Lastly, these explanatory models and coordinated gene expression 
networks informed a conceptual, community-based metabolic model identifying possible abiotic 
and biotic control points on the interconnected microbial metabolisms that control carbon 
dioxide and methane production. Our analyses suggest that translating complex microbial data 
into a ‘guild’ framework may represent a path to readily incorporate highly dimensional multi-
omics into terrestrial ecosystem biogeochemistry models while still maintaining biological 
integrity. 
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Project Goals: 

Research in the UCLA-DOE Institute for Genomics and Proteomics (IGP) includes major efforts 
in the area of imaging science, with key applications in microbial biosystems, from genomics to 
function. Our team is pioneering new enabling capabilities that facilitate the discovery of 
molecular structural features affecting protein function and specificity. These capabilities span 
the broad areas of X-ray diffraction, electron microscopy, and micro-electron diffraction, along 
with protein engineering and selection methods designed to advance those techniques. Emerging 
MicroED techniques present challenges in processing, refinement and phasing of diffraction data 
that our team is tackling in part by enabling rapid access to robust public-facing tools 
(webservers) that facilitate ED structure determination. Our team is also making critical 
advances to resolve protein structures smaller than about 50 kDa in size by cryo-EM. Success in 
that goal will be transformative for applying cryo-EM to broad problems in bioenergy science. 

Abstract: 

Breakthroughs in cryo-EM –  
Cryo-electron microscopy has become a major tool for atomic structure determination.  While its 
power has been widely demonstrated for analyzing large macromolecular complexes, signal-to-
noise challenges make it difficult or impossible to resolve the structure of smaller proteins by 
cryo-EM.  With a practical lower limit around 50 kDa, a large fraction of cellular proteins of 
interest remain outside the scope of this leading structural method.  In recent work, our DOE-
UCLA IGP team has broken through this barrier by engineering novel scaffolds with sufficient 
rigidity and modularity to achieve resolution useful for interpreting atomic structure.  These 
unique scaffolds are based on designed protein cages fused to Darpins as modular protein 
adaptors.  We will discuss soon-to-be published work, where we have created a second 
generation of scaffolds that are rigid enough to reach the critical resolution of 3 Å (Fig. 1).  Our 
scaffolding approaches should open up EM-based structural studies on wide-ranging proteins 
and enzymes with bioenergy importance.  Applications to select enzymes involved in cellulosic 
breakdown are planned, along with future applications of cage-based scaffolds as markers in 
cryo-EM tomography. 

Enabling micro-ED methods - 
Electron diffraction is reemerging as a frontier method for atomic structure determination from 
three-dimensional microcrystalline proteins and peptides.  With micro-electron diffraction 



(MicroED), the ability to work with very small crystals circumvents the most common obstacle 
to successful x-ray crystallographic work: obtaining large well-ordered crystals.  However, other 
distinctions of the MicroED method bring up new challenges that need to be overcome in order 
for the method to reach its potential.  Our UCLA-DOE IGP team is making important inroads on 
multiple key challenges in both crystal imaging and diffraction. 

(i)  We are developing new atomic scattering parameterizations, which are distinctly different 
from X-ray scattering profile for charged atoms, in order to clarify the important issues of charge 
states using MicroED.  We have developed a public web server to make those parameters fully 
accessible at: https://srv.mbi.ucla.edu/faes/. This resource enables Gaussian parameterization of 
elastic electron scattering factors in a form amenable to refinement in the program Phenix. 
Current applications will be discussed. 

(ii)  For biomolecules that are within the size range of total synthesis (which includes many small 
proteins), we are applying methods of racemic crystallography, where phasing challenges are 
greatly mitigated, and for larger molecules with potentially novel folds, we are taking advantage 
of fragment-based phasing approaches (Fig. 2) and, in collaboration with PNNL, direct crystal 
imaging. 

We are also developing and updating tools for validating and assessing the quality of three-
dimensional protein structure models.  That important topic is reemerging as a major challenge 
and opportunity in wake of the coming flood of predicted models from recent advances in 
machine-learning-based structure prediction. 

Collectively, the enabling capabilities we are developing will broadly facilitate the determination 
and refinement of unknown macromolecular structures with importance for bioenergy. 
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Figure 1.  A cryo-EM map of a small protein (26 
kDa GFP) bound to its modular adaptor 
(Darpin).  The small cargo protein (green) has a 
resolution of 3.0 Ǻ.  The large designed cage 
that serves as the scaffold is not shown. 

 
Figure 2.  A field of cell-grown frozen-
hydrated nanocrystals (left) is surveyed for 
tomographic reconstruction of a single crystal 
(right, top), whose Fourier Transform shows a 
lattice (right, bottom). 
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Project Goals: Our microbiology team project within the UCLA DOE Institute employs a 
coordinated set of molecular and in silico approaches to examine model microbial communities 
and their component parts to better understand the processes that drive anaerobic carbon recycling 
in nature. These processes impact multiple areas of BER interest including bio-conversions of 
model substrates in natural and manmade environments, the associated biochemistry of key 
degradative enzymes and in the design of plant-based biomass deconstruction strategies for 
biofuel production. We are elucidating the undocumented metabolic pathways in syntrophic 
communities for model substrates with focus on key enzymes and associated oxidation reactions. 
We are developing next-gen omics methods to interrogate environmentally relevant pathways and 
interactions among organisms within microbial communities, and testing these proposed functions 
where possible. Using the model cellulolytic microorganism, Clostridium thermocellum, we are 
examining how anaerobic microbes synthesize and assemble their extracellular cellulosome 
structures that degrade lignocellulose.  

Abstract text: Major activities within the UCLA-DOE Institute in the past year deal with three 
core areas of investigation.   

Elucidation of syntrophic microbial pathways for metabolism of model substrates. Genomic, 
proteomic and informatic studies were performed on defined microbial communities to elucidate 
how representative fatty acid substrates are metabolized syntrophically. Key pathway enzymes 
were identified and characterized in two strains, Syntrophomonas wolfei and S. wolfei sub sp 
methylbutyratica for short and branched chain fatty acids along with the supporting electron 
transport reactions. Recombinant and structural studies of ten additional enzymes of the carbon 
oxidation pathway in S. wolfei were performed to further explore the biochemical basis for the 
thermodynamic limiting steps occurring during syntrophic cell growth. The resulting structures 
were also employed for subsequent modeling of acyl-lysine modifications of syntrophic pathway 
enzymes. 

In companion studies, PacBio long read sequencing approaches are being used to sequence, 
assemble and annotate genomes of five previously unstudied syntrophic bacterial strains that 
utilize other model substrates when grown in co-culture with suitable methanogen partners. We 
are extending the gene annotation methods beyond the standard homology-based interferences to 
those based on co-evolution such as phylogenetic profiling, phenotypic profiling and operon 
conservation with the goal of supporting microbial pathway prediction and modeling.  

mailto:robg@microbio.ucla.edu
https://www.doe-mbi.ucla.edu/
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Acyl-lysine modification of syntrophic pathway proteins. Proteomic and mass spectrometry studies 
were performed to further characterize protein post-translational modifications of carbon and 
electron transfer pathway enzymes in our model syntrophic strains. As protein modification can 
affect enzyme activity, these data will decipher their relationship with the metabolism of 
syntrophic microbial communities. Acyl-lysine modifications, which can arise from reactive 
metabolites, were strikingly found in high abundance in the proteome of model syntrophic bacteria. 
In S. aciditrophicus, S. wolfei, and S. wolfei sub sp methylbutyratica, multiple types of acyl-
modifications were identified, including three types not reported before in any other organism. We 
have also identified the proteins modified and their sites of modification. Our recent work has 
shown that the type and relative abundance of these modifications do significantly change in 
response to different carbon sources, correlating with metabolic bottleneck points in the microbes' 
degradation pathway. These findings give us a glimpse at how thermodynamically-challenged 
organisms employ reversible catalysis to survive.   

Cellulosome assembly and display in cellulolytic anaerobic bacteria. In companion microbial 
studies we are investigating how highly cellulolytic anaerobic bacteria synthesize, assemble and 
display cellulosomes. Clostridium thermocellum, a model bacterium capable of directly converting 
cellulosic substrates into ethanol and other biofuels is being used to investigate how the cell fine-
tunes the enzyme composition of its cellulosome using anti-σ factors to control gene expression in 
response to sensing extracellular polymers. Our recent studies have shown that the RsgI9 anti-σ 
factor interacts with cellulose via a C-terminal bi-domain unit. A 2.0 Å crystal structure reveals 
that the unit is constructed from S1C peptidase and NTF2-like protein domains that contain a 
potential binding site for cellulose. Small angle X-ray scattering experiments of the intact 
ectodomain indicate that it adopts a bi-lobed, elongated conformation. In the structure a Conserved 
RsgI Extracellular (CRE) domain is connected to the bi-domain via a proline-rich linker, which is 
expected to project the carbohydrate binding unit ~160 Å from the cell surface. The CRE and 
proline-rich elements are conserved in several other C. thermocellum anti-σ factors, suggesting 
that they will also form extended structures that sense carbohydrates. We hypothesize that 
cellulolytic anaerobic bacteria assemble and display cellulosomes using a conserved molecular 
pathway. We are employing in silico comparative genomics approaches to identify conserved 
pathway components whose functional importance is being assessed in C. thermocellum. The 
results of these studies will provide new insight into anaerobic carbon recycling by naturally 
cellulolytic bacteria and could guide rational engineering efforts to create microbes that are capable 
of converting of plant biomass into biofuels, materials and chemicals. 
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Project Goals: The overall goal of this project is to develop tools and techniques enabling the 
efficient extraction of protein-associated information from large volumes of literature. This high-
level goal is divided into three core objectives: i) develop machine learning (ML) methods to 
visually process documents which are not in machine-readable formats; ii) use natural language 
processing (NLP) to identify protein relations described in text; iii) leverage machine learning 
techniques to demonstrate automatic extraction of structure and information from tables and 
figure embedded in documents. 

Abstract: A significant knowledge gap currently exists between sequenced genomes and the 
cellular function of the encoded proteins. This gap is growing as sequencing techniques 
accelerate while gene function-validating experiments continue at a slower pace. There is 
substantial cost (financial and time) in investigations seeking to capitalize on genome-enabled 
organisms by biological redesign to meet BER goals. Therefore, the automated -- and up-to-date 
with the current literature -- annotation of target genes is essential. Current techniques for 
managing this resource are inadequate: keyword-based search is largely limited to hand-picked 
terms or at best the contents of the abstract; reference crawling helps to expand a query, but not 
to refine it. Consequently, at present the most reliable functional annotations in databases are 
manually curated, which clearly cannot keep pace with the ever-growing body of literature. 
Moreover, much of the scientific contents of a publication are found within tables and figures, 
which are all but ignored by current literature search techniques. In this work, we use machine 
learning (ML) and natural language processing (NLP) techniques to move past these limitations 
and develop new tools to harvest knowledge from the literature at scale. 

We identified several challenges to the goal of scalable scientific literature mining for functional 
genomics: full-text document processing; non-machine-readable formats; inconsistent gene and 
protein identifiers; semantic ambiguity and complex relationship ontologies; scale and diversity of 
table and figure structures and contents; and extensible knowledge representations. For this year, 
we focus on two major subproblems, their associated challenges, and our approaches, methods, 
and results in addressing them in this work: 1) NLP for identifying protein entities and 
relationships (i.e., regulation) between them in the text, and 2) ML for automated information 
extraction from tables and figures. 

Due to broad inconsistencies in the in-text gene/protein identifiers found within the literature, a 
simple dictionary approach would not suffice for seeking textual evidence of relationships between 
these entities. We therefore used NLP techniques to train a named entity recognition (NER) model 



specialized in identifying mentioned of genes and proteins in the main-body text of biology 
articles. We then built upon this NER model to develop and train an entity-relationship model that 
identifies a refined set of relationships from the semantics of the textual evidence surrounding 
identified gene/protein entities. Based on our last success of PPI (protein-protein interaction) 
inference from literature, we leverage multisource gene databases and refine their labels to train 
natural language processing (NLP) models for predicting gene regulatory relations. Our best 
model achieves 90.04 F1 performance and we have used it to identify over 200 promising 
regulation candidates for our demonstration organism of Pseudomonas putida. We are currently 
working to combine other evidence sources (i.e., expression profiles) to further improve regulatory 
relation detection. 

Although tables and figures often contain much of the scientific 
contents in research publication, the information contained in 
these has largely remained opaque to automated information 
extraction techniques. To address this opening, we are adapting 
existing ML techniques as well as developing new ones to identify 
and isolate tables and figures of relevance, as well as to extract 
their structure and contents. We are building upon semantic 
segmentation ML methods to accurately capture the structure and 
contents of document-embedded tables, after which we may apply 
NLP techniques to process the text contents. We identified bar 
charts as a case study for demonstrating the novel ability to 
identify data plots of interest and automatically extract the 
data values they contain. For this purpose, we developed a novel point proposal network (PPN) 
for automatically identifying data points in charts and graphs. Our PPN model efficiently leverages 
synthetic data during training and achieves 87.05 F1 on real scientific bar charts from unseen 
literature; we are working on extending our PPN algorithm to other chart types such as pie chart. 
We also significantly improved Table structure detection accuracies, compared to the last year by 
leveraging direct cell structure 
inference instead of regular cell 
structure prediction, in order to 
better handle irregular table 
structures. 

This project aims to provide biologists with new tools to accelerate their work and to discover 
promising new directions of research informed by the wealth of knowledge buried in the published 
literature.  

Funding Statement: This research was supported by the DOE Office of Science, Office of 
Biological and Environmental Research (BER), grant no. DE-SC0012704. 
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results show the robust Figure detection 
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Project Goals: In an effort to accelerate the timeframe associated with the screening of 
genetic edits, an analytical workflow using desorption electrospray ionization mass 
spectrometry imaging was developed that allows for the rapid analysis of genetically 
engineered biological systems in-situ. The method has demonstrated the ability to 
differentiate individual phenotypes in co-cultures and can provide comparisons of the 
relative levels of metabolites produced.  

Developments within the field of synthetic biology have allowed for the production of genetic 
variants to outpace the screening capabilities of traditional analytical workflows. The 
acceleration of strain phenotyping is a critical need for effective determination of optimal target 
sequences for genetic engineering. In order to increase the throughput associated with this 
process, we have developed a workflow implementing desorption electrospray ionization-mass 
spectrometry imaging (DESI-MSI) that reduces sample preparation and allows for the rapid 
characterization of biosynthetic systems. DESI-MSI is unique in its ability to perform detailed 
spatially-resolved chemical mapping in situ that enables broadscale molecular phenotyping, 
including the analysis of labile and volatile small molecules. Through untargeted acquisitions 
and unsupervised segmentation, this multiplexed method is able to efficiently determine the 
metabolic phenotypes of bacterial colonies by analyzing their molecular profiles. The 
effectiveness of the workflow was demonstrated through the analysis of Escherichia coli strains 
engineered to overproduce free fatty acids (FFAs), wherein a single acquisition is able to 
distinguish individual phenotypes present within a co-culture and identify strains with the highest 
FFA production. Because the untargeted nature of the DESI-MSI approach, global metabolic 
information related to off-target production, product sinks, and membrane lipid compositions is 
also garnered, providing a more holistic screening of engineering efficacy. Further developments 
are currently being undertaken in order to optimize the workflow for the characterization of 
genetic edits associated with the production of high-value chemicals by cyanobacteria, with 
products such as FFAs having the potential to provide the basis of a renewable feedstock for 
biodiesel. 

This work was supported by Department of Energy awards DE-SC0019404 and DE-SC0022207. 
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Project Goals: This project will apply systems biology to identify metabolic control points and 
bottlenecks that regulate flux to lipid products in cyanobacteria. Our long-term goal is to develop 
strains of cyanobacteria that are optimized for producing renewable chemicals at commercially 
feasible rates and titers. 

Abstract Text: Cyanobacteria are attractive hosts for biomanufacturing because of their ability 
to rapidly fix CO2, grow in nutrient-poor environments, and produce renewable chemicals 
directly from photosynthesis. Unlike triacylglycerol production in green algae, production of free 
fatty acids (FFAs) using genetically engineered cyanobacteria results in secretion of the product 
into the culture medium where it can be efficiently recovered. However, there is a major gap in 
our understanding of how lipid metabolism is regulated in cyanobacteria that limits our ability to 
rationally engineer high-titer FFA production in cyanobacterial hosts. The overall objective of 
this project is to use systems biology to identify metabolic control points and bottlenecks that 
regulate flux to FFAs in cyanobacteria. Our central hypothesis is that cyanobacterial lipid 
metabolism can be modularized into pathways that are “upstream” and “downstream” of the 
nodal metabolite acetyl-CoA, which can be separately studied and optimized to enhance overall 
FFA production. We will apply a suite of systems biology approaches including 13C flux 
analysis, metabolomics, lipidomics, proteomics, and CRISPRi screens to rigorously define the 
regulation of flux within each module. As proof of principle, this modular approach will be 
applied to optimize cyanobacterial production of FFAs in the fast-growing, halotolerant strain 
Synechococcus sp. strain PCC 7002. The rationale for the proposed research is that a deeper 
understanding of how fatty acid flux is regulated upstream and downstream of acetyl-CoA will 
enable integrated “push-pull” metabolic engineering strategies to produce lipid products directly 
from photosynthetic CO2 fixation in cyanobacteria. This research will directly contribute to 
DOE’s mission by advancing toward biological production of renewable fuels that do not 
compete with agriculture. 

Funding Statement: This research was supported by the DOE Office of Science, Office of 
Biological and Environmental Research (BER), grant no. DE-SC0022207. 
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Project Goals:  
The goal of this project is to design enzymes capable of complete depolymerization of nylon 
6 and nylon 66 and engineer bacterial strains able to metabolize the degradation products to 
higher-value sustainable materials. 
 
As of 2015, a total of 6.3 billion tons of plastic waste had been generated globally. It is estimated 
only 9% of this total had been recycled, while 12% had been incinerated to recover energy values, 
and the remainder entered landfills or the natural environment. New technologies are needed to 
address this ever-growing problem. While closed-loop recycling methods offer new potential 
routes for dealing with plastic waste, competition with cheap, fossil fuel-derived precursors is 
likely to inhibit progress on this front for the foreseeable future. An alternative approach, 
harnessing the power of biology to not just depolymerize plastics back to their monomer 
precursors, but convert them into higher-value products offers stronger economic incentives and 
in turn would be expected to drive more rapid and widespread adoption. Toward that end, our work 
focuses on combining cutting-edge computational protein design and synthetic biology to address 
the challenge of complete biodegradation and upcycling of the recalcitrant polymers nylon 6 and 
nylon 66. Although natural enzymes have been shown to be able to degrade amorphous portions 
of polyamides such as nylon 6 and nylon 66, complete enzymatic degradation has not been 
demonstrated. We hypothesize this to be due in large part to a lack of natural enzymes able to 
efficiently catalyze degradation of the crystalline portion of the polymer. We are computationally 
designing enzymes to alleviate this limitation by introducing and optimizing polyamide hydrolysis 
activity in scaffolds with open active sites. In conjunction, we are screening and engineering 
bacterial strains able to metabolize nylon 6 and nylon 66 degradation byproducts directly into 
central metabolism. Once achieved, such platform strains can be used to produce a wide variety of 
fermentation products from central metabolites. Integration of our designer nylon 6 and nylon 66 
depolymerizing enzymes into these engineered hosts will provide a novel, elegant, and cost-
effective consolidated fermentation process for nylon upcycling to higher-value sustainable 
materials. 
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Project Goals: This project couples novel lab and field studies to develop the first predictive model
of grass-microbiomes based on new mechanistic insights into dynamic plant-microbe interactions in
the grasses Sorghum bicolor and Brachypodium distachyon that improve plant nitrogen use
efficiency (NUE). The results will be used to predict plant mutants and microbial amendments
which improve low-input biomass production for validation in lab and field studies. To achieve this
goal, we will determine the mechanistic basis of dynamic exudate exchange in the grass rhizosphere,
with a specific focus on the identification of plant transporters and proteins that regulate root
exudate composition and how specific exudates select for beneficial microbes that increase plant
biomass and NUE. Further, we will develop a predictive plant-microbe model for advancing
sustainable bioenergy crops and will predictively shift plant-microbe interactions to enhance plant
biomass production and N acquisition of N from varied forms.

Up to 25% of all photosynthetically fixed carbon is released into the rhizosphere through root exudates.
Exudates, consisting of >100 distinct metabolites, provide a critical source of growth substrates for the
root microbiota, consisting of diverse microorganisms and fauna actively recruited by plants from bulk
soil. Yet, we lack the foundational understanding of plant exudate biology including if and how exudation
is controlled by active transporters and regulatory mechanisms. Unraveling the nature of plant and
microbial drivers behind these dynamic interactions is crucial for understanding the dynamics of N
cycling and uptake in the rhizosphere, and will guide the development of predictive models to inform the
design of sustainable bioenergy systems.

Plants use multiple forms of N from soil including nitrate (NO3
−), ammonium (NH4

+), and various forms
of organic N. To investigate how inorganic N affects plant root exudation, we grew B. distachyon in
sterile fabricated ecosystem devices (EcoFABs) supplied with NO3

−, NH4
+, or N-depleted media and then

characterized the resulting plant phenotypes, Additionally, we applied LC-MS/MS-based metabolomics to
analyze root exudates. Our untargeted metabolomics results demonstrate strong modulation of root
exudation by N supply. N source significantly changed root and shoot biomass and N uptake kinetics. To
examine the circadian rhythms of root exudation, we quantified the diurnal root exudation patterns of B.
distachyon cultivated in EcoFABs supplied with inorganic N. This analysis revealed more sugars and
amino acids, such as hexose, isoleucine, and glutamic acids, are exudated during the daytime. Finally, to
elucidate how plant transporters regulate the root exudation, we analyzed metabolites secreted by B.
distachyon ABC and N transporter mutants grown in EcoFABs. Together these studies are providing new
foundational insights into the regulation of plant-microbe interaction by evaluating the dynamics and
transporter of plant exudation.



This research was supported by the DOE Office of Science, Office of Biological and Environmental
Research (BER), grant no. DE-SC0021234.
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Project Goals:  
The goal of this project is to integrate novel systems biology-based tools and genome-scale metabolic 
modeling with laboratory ecosystems (EcoFABs), plant genetics, and integrated field trials to gain 
insights into the dynamic plant-microbe interactions governing nitrogen exchange to improve plant 
productivity in marginal soils. The vast complexity of plant-microbe interactions and their dynamic 
nature renders elucidation of the underlying mechanisms of these interactions. Thus, we are developing 
a predictive metabolic model of plant root and rhizosphere community to guide experimental designs 
and generate hypotheses that are then tested in laboratory and field studies. 
 
Abstract: 
Genome-scale metabolic models for microorganisms derived from the rhizosphere can be employed as a 
framework to unravel microbe-microbe and host-microbe interactions. Here, we present manually-
curated genome-scale metabolic models for 17 bacteria of the rhizosphere. These bacteria were isolated 
from switchgrass rhizospheres, and represent dominant members commonly found in the rhizosphere of grasses 
belonging to the genera Arthrobacter, Bacillus, Bosea, Bradyrhizobium, Brevibacillus, Burkholderia, 
Chitinophaga, Lysobacter, Methylobacterium, Mucilaginibacter, Mycobacterium, Niastella, 
Paenibacillus, Rhizobium, Rhodococcus, Sphingomonas, and Variovorax. Genome-scale models were 
generated using standard pipelines developed by our lab. Collectively, the models incorporate 3,877 
reactions (including exchange reactions that represent uptake and secretion of metabolites) and 2,663 
metabolites. Moreover, the individual metabolic models contain 790 to 1,788 genes, covering 15% to 
30% of all functionally annotated genes in these microbial genomes. All models were manually curated 
using information based on literature and public databases, such as KEGG, modelSEED, MetaCyc, 
UniProt, BRENDA, IntEnz, TCDB, and TransportDB. The curation resulted in the removal of 271 genes 
and 21 reactions from the models on average, while 131 new genes and 3 new reactions were introduced 
into the models during curation. We simulated these models on 95 different carbon sources and compared 
predicted phenotypes with experimental measurements. This practice helped to validate the prediction 
capabilities of these models and provided information on pathways absent in the models. Subsequent 
gap-filling added 288 new reactions to the models. We are currently validating growth predictions under 
hundreds of different conditions experimentally. Collectively, the study will lay the foundation to 



advance our understanding of dynamic plant-microbe interactions in the rhizosphere and how these 
interactions contribute to nitrogen use efficiency.  
 
 
Funding: This work is supported by the U.S. Department of Energy, Office of Science, Office of 
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Project Goals:  

The goal of this project is to integrate innovative systems biology tools and genome-scale 
metabolic modeling to acquire a deeper understanding of the mutualistic interactions in a 
clostridial co-culture for the effective conversion of lignocellulosic biomass to butyric acid. 
Moreover, we aim to design a pipeline that facilitates the creation of engineering strategies to 
increase the complexity, stability and productivity of designer microbial communities for the 
production of next-generation biofuels and bioproducts from diverse biomass feedstocks. 

 

Abstract: 

Multi-species microbial consortia are widespread in nature. The majority of these communities are 
very diverse and highly dynamic. These complex communities depend on intricate interactions 
among their members, thereby accomplishing metabolic functions that are unfeasible for 
individual members. Understanding the relationship inside a community and being able to predict 
perturbation outcomes is critical for the design of robust and productive consortia for biochemical 



production. This project studies a lignocellulosic biomass-degrading and butyrate-producing co-
culture of Clostridium thermocellum and Clostridium thermobutyricum, to unravel inter-microbial 
interactions with the goal to design more effective consortia for production of bioproducts from 
biomass.  

To untangle metabolic traits and interactions of the clostridial co-culture, we first constructed and 
manually curated two individual genome-scale metabolic models (GEMs) for these strict anaerobic 
organisms, based on protein homology to other model microbial species and annotated data from 
public databases and literature; covering around 27% of all genes found in their annotated genome 
sequences. The two GEMs were then integrated into a compartmentalized community metabolic 
(CM) model. The compartmentalized model iGL1101, accounts for 1,888 reactions, 1,636 
metabolites and 1,101 genes. We will experimentally validate and refine the CM model though an 
iterative procedure that involves integration of multi-omics data and substrate utilization 
information obtained from Phenotype MicroArrays (Biolog) plate experiments. Model simulations 
will subsequently identify the biosynthetic requirements and trade-offs for butyrate production. 
The CM model offers a computational framework to contextualize butyrate production from 
lignocellulosic biomass and to determine metabolic bottlenecks of this co-culture. Identification 
of these bottlenecks will serve as a foundation for targeted strain engineering and the design of 
consortia of increased complexity for the effective conversion of biomass into bioproducts. 

 

Funding: This work is supported by the U.S. Department of Energy, Office of Science, Office of 
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Project Goals: Of the myriad specialized metabolites that plants form to adapt to environmental 
challenges, terpenoids form the largest group. In many major crops, unique terpenoid blends serve 
as key stress defenses that directly impact plant fitness and yield. In addition, select terpenes are 
used for biofuel manufacture. Thus, engineering of terpenoid metabolism can provide a versatile 
resource for advancing biofuel feedstock production but requires a system-wide knowledge of the 
diverse biosynthetic machinery and defensive potential of often species-specific terpenoid blends. 
This project merges genome-wide enzyme discovery with comparative -omics and protein 
structural studies to define the biosynthesis and stress-defensive functions of switchgrass (Panicum 
virgatum) terpenoid metabolism. These insights would be combined with the development of 
genome editing tools to design plants with desirable terpene blends for improved biofuel 
production on marginal lands. 

Abstract Text: Diterpenoids constitute a diverse class of metabolites with critical functions in 
plant development, defense, and ecological adaptation. Major monocot crops, such as maize (Zea 
mays) and rice (Oryza sativa), deploy diverse blends of specialized diterpenoids as core 
components of biotic and abiotic stress resilience. This project reports the genome-wide discovery 
and functional characterization of the stress-related diterpenoid-metabolic network in the 
bioenergy crop switchgrass (Panicum virgatum). Mining of the allotetraploid switchgrass genome 
identified expansive diterpene synthase (diTPS) and cytochrome P450 monooxygenase (P450) 
enzyme families critical for the chemical diversity of bioactive diterpenoids. Tissue-specific 
transcriptome and metabolite analyses of drought-resistant (Alamo) and drought-susceptible 
(Cave-in-Rock) genotypes showed an earlier onset of transcriptomic changes and significantly 
more differentially expressed genes in response to drought in Cave-in-Rock. Diterpenoid-
biosynthetic genes showed drought-inducible expression in Alamo roots, contrasting largely 
unaltered triterpenoid and phenylpropanoid pathways. In addition, metabolomic analyses 
identified common and genotype-specific terpenoids. Consistent with transcriptomic alterations, 
several root diterpenoids showed significant drought-induced accumulation. Structural analysis of 
drought-responsive root diterpenoids verified these metabolites as oxygenated furanoditerpenoids 
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that are perhaps unique to switchgrass. Together, these findings support a role of diterpenoids in 
switchgrass drought stress tolerance and provide resources for understanding the molecular 
mechanisms underlying switchgrass environmental resilience.  
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Project Goals: Our goal is to combine systems biology approaches and gene-editing to develop 
a high-throughput genetic platform for large-scale phenotyping in a model wood decomposer 
fungus relevant to the DOE mission area. We will develop an efficient, CRISPR/Cas9-based 
gene-editing platform with model brown rot fungi, discovering and validating at a large scale the 
genetic functions of key wood-decaying gene pathways identified by network analysis. By this 
project, we expect to provide stand-alone tools and resources for discovering novel fungal 
genetic features that can also be used in combination to advance relevant plant biomass 
conversion research in the post-genomic era. 

Abstract:  

Wood decay fungi offer industrially-relevant pathways to extract carbohydrates from 
lignocellulose, and their mechanisms have broad relevance to global carbon cycling. Among 
these organisms, white rot-type fungi use ligninolytic enzymes (e.g., lignin peroxidases) to break 
down the lignin barrier, while brown rot fungi use non-enzymatic reactive oxygen species (ROS) 
mechanisms to modify lignin and selectively extract sugars.1, 2 Brown rot fungi evolved from 
white rot ancestral lines multiple times and, from a process efficiency standpoint, they represent 
a pathway ‘upgrade’ to approaches that mimic white rot. Brown rot is generally faster than white 
rot, the mechanism selectively releases soluble sugars by leaving lignin relatively intact as a by-
product (value addition).1, 2 These fungi achieved this, evolutionarily, by contracting rather than 
enhancing their repertoire of carbohydrate-active enzymes (CAZys), shedding ~65% of their 
ancestral CAZy genes, on average.3, 4, 5 Although DOE mission-relevance is clear, and we have 
made major genomically-informed advances, progress is limited by an inability to manipulate 
genes in any brown rot fungal strain.  

Using multi-omics tools, our team has been leading the research of dissecting this brown rot 
mechanism ‘upgrade’. 1) We reported the first brown rot genome in Postia placenta (now 
Rhodonia placenta) in PNAS in 2009.3 2) We then used phylogenomics to discover the genetic 
inventories unique to brown rot fungi in Science in 20124 and in PNAS in 20145. 3) More 
recently, we used functional genomics to further elucidate a staggered ‘two-step’ (i.e., oxidation-
then-hydrolysis) gene regulation model for brown rot in PNAS in 2016 and in mBio in 2019.6, 7 
Although these genomic studies have greatly advanced our understanding of brown rot, its 



genetic basis remains uncharacterized and unharnessed. This is, to a large extent, due to the lack 
of a robust genome editing tool – these fungi have one of the most mission-relevant mechanisms 
for deconstruction, and we cannot currently engineer their genomes to learn how they work. 

Targeted gaps are remaining for understanding the brown rot genetic mechanism. First, multi-
omics approaches have advanced our knowledge of the ‘two-step’ mechanism,6, 7 but the 
functions of genes involved remain unverified and ambiguous. Second, brown rot fungi have 
adapted distinct gene regulatory mechanisms to precisely control and consolidate the two steps 
during wood decay,8, 9 but little is known about this process. This limits our ability to refer to 
brown rot gene functions from other fungi with known decay pathways. Third, the majority of 
genes identified by multi-omics are of hypothetical/unknown function, 5, 6, 7 leaving major gaps 
for discovering novel functional genes.  

This project will integrate systems biology, genome-editing, and network modeling to address 
these key gaps. Our objective 1 is to optimize a CRISPR/Cas9-mediated gene-editing system 
based on the established genetic manipulation platform in brown rot fungi, and use it for 
targeting genes that have been isolated by multi-omics studies. This will generate a single-gene 
mutant library for phenotypic studies. Our objective 2 is to build an extensive carbon utilization 
network using transcriptomic analyses and network modelling, discovering the distinctive gene 
regulation features adapted by brown rot. Leveraging this objective, we will also complement the 
gene pool for large-scale phenotypic screening. Finally, the objective 3 aims to develop a 
pipeline to use the multiplexing sgRNA library for genome-editing, building the mutant library 
for large-scale phenotypic screens. This will allow us to rapidly link genotype to the phenotypes 
that enable brown rot efficacy. 

With this project, we anticipate to provide stand-alone tools and resources to elucidate 
fundamental microbial processes relevant to DOE mission area, advancing new engineering 
designs for lignocellulose bioconversion.  

References: 1Hibbett & Donoghue 2001 Syst Biol 50:215-; 2Eastwood et al. 2011 Science 
333:762-; 3Martinez et al. 2009 PNAS 106:1954-; 4Floudas et al. 2012 Science 336:1715-; 5Riley 
et al. 2014 PNAS 111:9923-; 6Zhang et al. 2016 PNAS 113:109682-; 7Zhang et al. 2019 mBio 
10:e02176-19; 8Zhang et al. 2017 Fungal Genet Biol 106:1-; 9Kubicek et al. 2014 Annu Rev 
Phytopathol 52:427-.  
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Project Goals: Our project aims to develop new metabolic engineering, omics analysis, 
and computational modeling tools at the genome scale for strain development, which may 
be implemented in an automated manner at the Illinois Biological Foundry for Advanced 
Biomanufacturing. Two non-model yeasts, Rhodosporidium toruloides for the production 
of oleaginous compounds and Issatchenkia orientalis for the production of organic acids, 
are selected as the platform organisms. Milestones achieved so far include reconstruction 
of comprehensive genome-scale metabolic models, development of carbon mapping 
models, and 13C-metabolic flux analysis at the genome-scale. The final goal is to develop 
kinetic models to guide metabolic engineering accounting for reaction kinetics and 
allosteric regulations. 
 
Oleaginous yeasts are, in recent years, being studied in greater detail for their higher lipid 
accumulating capacity.  In the context of metabolic engineering, they offer the promise of 
platform hosts that can be used to produce lipid-related biochemicals. Their higher 
accumulation potential over model yeasts suggests the possibility of achieving production titers 
that can compete with chemical synthesis routes, thus ensuring economic viability. One such 
microorganism is the non-model yeast Rhodosporidium toruloides, which has been 
documented to accumulate high titers of intracellular lipids. However, barriers such as lack of 
precision genetic editing or an incomplete understanding of its metabolic and regulatory 
topology can hinder the creation of successful overproduction phenotypes. Here we adopt a 
multi-omic approach to investigate the molecular mechanisms governing lipid accumulation. 
The R. toruloides strain IFO0880 was cultivated in nitrogen-rich and nitrogen-deficient 
conditions and analyzed via RNA-Seq and lipidomic analysis experiments. 
 
The results from transcriptomic analysis indicate global metabolic shifts were governed by 
nitrogen limitation. From hierarchical clustering of gene expression data, a pattern emerged 
where samples grown in high carbon-to-nitrogen ratio clustered together despite different 
values of the ratio. This trend was observed in both fatty acid biosynthesis and fatty acid 
utilization pathways implying that culture conditions exerted a greater amount of control on 
gene expression profiles than the exact function of different pathways. Clustering analysis 
across different timepoints showed that in the logarithmic stage of growth, all cultures clustered 
together independent of the carbon-to-nitrogen ratio, while the distinct clusters were only seen 
in the stationary phase of culture, indicating the role that logarithmic and stationary phase play 
in switching to a lipid accumulation mode. 
 
In addition, we identified the genes and pathways involved in transcriptional reprogramming 
during lipid production induced by nitrogen limitation and mapped them to metabolic pathways 
of R. toruloides.  We further used bioinformatics analysis to identify networks of co-regulated 
gene clusters. The multi-omics analysis of regulatory mechanisms of lipid accumulation in 
such oleaginous yeast thus paves a useful path towards identifying control levers of its 
metabolism. 
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Title: Population phenomics of Issathenkia orientalis for creation of a safer and more robust 
chassis for next-generation industrial biotechnology 
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Project Goals: To alleviate reliance on chemical synthesis and shift into the bioeconomy 
regime, it is imperative to develop a biological chassis for producing organic acids from 
renewable biological resources. Issatchenkia orientalis, a nonconventional acid-tolerant yeast, 
has been characterized, engineered, and employed as a production chassis for several organic 
acids, including succinate acid1 and D-lactic acid2. In addition to tolerating acid, I. orientalis has 
extraordinary tolerance to other stressors, including heat, lignocellulosic inhibitors, and 
antifungal drugs, although the biological mechanisms for these tolerances are still unknown. 
These innate tolerances and the limited information on their underlying mechanisms arouse 
safety concerns, making use of I. orientalis as a production chassis a double-edged sword. To 
help alleviate these concerns, we elucidated genotype-phenotype relationships by analyzing 
populations obtained by collecting I. orientalis strains from around the globe. This effort will 
provide a knowledge database to help design and build a safer and more robust I. orientalis 
chassis for industrial biotechnology. 

Abstract Text: The bioeconomy revolves around efforts to use bio-based resources and products 
to help tackle grand societal challenges such as climate change, nature conservation, and food 
security. Microbial chassis mediate the bioeconomy scheme, serving as molecular factories that 
convert various biological resources into a broad spectrum of chemicals, fuels, and materials. 
Among these products, organic acids are value-added platform molecules that have gained 
attention in the food, pharmaceutical, and chemical industries. Producing them microbially using 
bioenergy crops such as miscanthus and switchgrass as feedstocks is a viable way to reduce 
reliance on chemical synthesis and avoid its environmental burdens. Tolerance of final organic 
acids, low pH, and inhibitory compounds present in lignocellulosic hydrolysates are prerequisites 
in order for any organic acid production chassis to be cost-effective and environmentally 
friendly. A nonconventional yeast, Issatchenkia orientalis, is well aligned with the requirements 
because of its renowned tolerance to multiple stresses, including various organic acids1, low pH, 
phenolic compounds, furan aldehydes, and salts. However, it also resists antifungal drugs, 
potentially raising concerns (most pathogenic fungi are opportunistic, even Saccharomyces 
cerevisiae, or baker’s yeast)3. These potential concerns can be alleviated by following laboratory 
practices appropriate for I. orientalis's assessment at biosafety level 1, the lowest security level. 
Nevertheless, considering that I. orientalis would typically be genome engineered to optimize it 
as a production chassis, it is important to identify genotype-phenotype relationships that might 
bring to light opportunities to engineer robust but safer properties. In this study, we focused on 



expanding knowledge of I. orientalis through population phenomics with associated statistical 
analyses. We developed a high-throughput phenotyping assay method that allowed us to measure 
growth profiles of respective strains on an agar plate in various chemical compounds and under 
various environmental conditions. We used the assay to analyze 160 I. orientalis strains across 
58 representative conditions. Analysis of the correlation between conditions indicated a trend in 
population-level behavior, suggesting that significantly (anti-)correlated cellular responses likely 
occur through a mechanism that affects the phenotypes and no significantly correlated pairs may 
not arise from a common mechanism. Therefore, we highlighted specific paired conditions in the 
context of generating a safer and more robust chassis. We also compared the geographical 
origins of each isolate with the phenotypic behaviors to investigate potential evolutionary effects 
of surrounding environments. In addition, a genome-wide association study (GWAS) identified 
potential genetic loci, and deletion of these loci allowed us to select for a genetic locus that 
affects phenotypic changes. Our study showcases the utility of this population growth assessment 
strategy for evaluating phenotypic changes for further statistical analyses. The knowledge 
database we developed will offer potential opportunities to engineer safer and more robust 
chassis for biotechnological applications. 

References 
1. Xiao, H., Shao, Z., Jiang, Y., Dole, S. & Zhao, H. Exploiting Issatchenkia orientalis 

SD108 for succinic acid production. Microbial Cell Factories 13, 1–11 (2014). 

2. Park, H. J. et al. Low-pH production of d-lactic acid using newly isolated acid tolerant 
yeast Pichia kudriavzevii NG7. Biotechnology and Bioengineering 115, 2232–2242 
(2018). 

3. Pérez-Torrado, R. & Querol, A. Opportunistic strains of Saccharomyces cerevisiae: A 
potential risk sold in food products. Frontiers in Microbiology 6, 1522 (2016). 

 
Funding Statement: This work was supported by the Biosystems Design program (DOE, Office 
of Science contract DE-SC0018260), US Department of Energy (DOE) Joint Genome Institute 
(DOE Office of Science User Facility contract DE-AC02-05CH1123), and the Genomic Science 
Program (DOE, Office of Science contract DE-SC0020390). 
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Project Goals: Our project aims to develop new metabolic engineering, omics analysis, and 
computational modeling tools at the genome scale for strain development, which may be 
implemented in an automated manner at the Illinois Biological Foundry for Advanced 
Biomanufacturing. Two non-model yeasts, Rhodosporidium toruloides for the production of 
oleaginous compounds and Issatchenkia orientalis for the production of organic acids, are 
selected as the platform organisms. Milestones achieved so far include reconstruction of 
comprehensive genome-scale metabolic models, development of carbon mapping models, 
and 13C-metabolic flux analysis at the genome-scale. The final goal is to develop kinetic 
models to guide metabolic engineering accounting for reaction kinetics and allosteric 
regulations. 
 
Many platform chemicals can be produced from renewable biomass by microorganisms, with 
organic acids making up a large number of these chemicals. Intolerance to the resulting low pH 
growth conditions and inhibitors in biomass hydrolysates, however, remains a challenge for the 
industrial production of organic acids by microorganisms. The unique metabolic capabilities and 
resilience to inhibitory stressors enable some non-model yeasts to be attractive microbial cell 
factories. The non-model yeast Issatchenkia orientalis is a promising host for industrial production 
because it is tolerant of low pH conditions. 
 
Here, we explore engineering synthetic pathways in I. orientalis to produce 21 different organic 
acids from glucose under aerobic or microaerobic conditions. These organic acids include seven 
of the eight organic acids identified by the US Department of Energy as part of the top twelve bio-
based building-blocks. We use a genome-scale metabolic (GSM) model for I. orientalis SD108 to 
blueprint pathways and to examine yields and dependences of product formation on oxygen uptake 
levels. Based on the model, we determined that the production of 3-hydroxypropionic acid in I. 
orientalis can be enhanced by microaerobic fermentation conditions. Our experimental results 
have recently supported this finding. We also use constraint-based methods to assess the potential 
of computationally designing growth-coupled strains and to propose genetic modifications that 
bolster product formation. We identified growth-coupled strategies for 15 of the substrate-product 
pairs. We detail our work to introduce pathways in vivo and the use of a recently developed 
CRISPR/cas system for I. orientalis. We also highlight recent updates to the GSM model. 
 
This research was supported by the DOE Office of Science, Office of Biological and 
Environmental Research (BER), grant no. DE-SC0018260. 
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