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Fig. 2.2. A Glimpse into the Cellular World. Molecules and structures within cells largely determine cellular behavior 
and characteristics. Although a single cell is one of the most chemically complicated systems known, just a few basic 
types of small molecules give rise to the extraordinary chemical diversity of life. Small molecules—typically containing 
30 or fewer carbon atoms—are linked to assemble complexes and structures of increasing size and complexity. We know 
the genome provides instructions for building nucleic acids from nucleotides and proteins from amino acids, but much 
less is known about how the cell directs the assembly of macromolecular structures derived from sugars, fatty acids, 
and other small molecules or how the cell builds even larger cellular structures from macromolecules. The figure shows 
spatial scales associated with several molecules and structures in plant and microbial cells.
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global information. For example, although the interac-
tion between a few specific molecules can be probed 
using microscopy approaches such as fluorescence 
resonance energy transfer, this technique does not 
support the simultaneous measurement of many 
interactions. While mass spectrometry does allow the 
global characterization of cellular contents, it is not yet 
possible to measure the levels of a large number of 
different proteins in a dynamic fashion at the single-cell 
level. Increases in the wavelength range and intensity of 
spectroscopic approaches could provide improvements 
in spatial and temporal resolution, but, without 
multiplexed probes, they will be unable to acquire the 
information most needed to understand complex 
cellular responses.

New tools to characterize and quantify the charac-
teristics and molecular parts of individual cells and 
their regulatory networks as they respond to chemi-
cal and physical perturbations will enable the under-
standing, prediction, and manipulation not possible 
today. Such capabilities will illuminate the fate and 
transport of contaminants, cellular responses to 
climatic change, nutrient bioavailability, carbon 
biosequestration, how cells live in extreme environ-
ments, and processes for biomass degradation (see 
sidebar, Real-Time Chemical and Structural Analy-
ses Are Needed To Improve Enzymatic Degradation 
of Lignocellulosic Biomass, p. 9). Many of these 
topic areas cannot be addressed with existing tech-
nologies and computational resources. Development 
and advancement of the next generation of imaging, 
spectroscopic, and high-throughput characterization 
tools will aid in understanding cellular processes and 
lead to capabilities for manipulating and optimizing 
a cell’s output for desired applications. An improved 
understanding of cellular components, their spatial 
and temporal arrangements into networks, and their 
responses to chemical and physical changes will 
prove to be transformative for the biological sci-
ences. Without a detailed understanding of cells—
the building blocks of organisms and environmental 
communities—our ability to model and harvest 
their output will remain limited.

2.2 Understanding Interactions Between Cells: 
From One to Many
Whether found in a multicellular organism or surrounded 
by other cells within a heterogeneous community, a cell 
rarely acts independently from others. Rather, cells act 
as part of a community, tissue, or ecosystem. Biological 
function is critically dependent on such interactions. 
Elucidating how cells interact with one another is nec-
essary for predicting how natural processes arise from 
the collective function of individual cells.

By understanding and manipulating populations of 
cells, cellular communities, and complex organisms, 
the research community stands ready to make the leap 
to understanding cellular function in the context of 
the surrounding physical and chemical environment. 
The activities of individual cells give rise to collective 
phenomena that have tremendous impact at macro
scopic scales. However, even within populations 
considered to be clonal, there are extensive cell-to-cell 
variations in properties and behavior that may be due 
to stochastic variations in gene expression, exposure 
to variable microenvironmental conditions, or other 
factors. A well-known example is the differentiation in 
Anabaena, a type of cyanobacteria in which only some 
cells form nitrogen-fixing heterocysts. In heteroge-
neous populations, cell-to-cell variations typically are 
even more pronounced. This heterogeneity impacts 
the net function of a population of cells and is what 
makes functional measurements difficult. An example 
of collective phenomena arising from the activities of 
heterogeneous cells is the decomposition of struc-
turally and chemically complex organic material by 
microbial communities, as seen in the degradation of 
lignocellulose in the termite hindgut by a microbial 
consortium (Warnecke et al. 2007). Another example 
is the cleanup of groundwater contaminants by the 
rare microbial species Dehalococcoides (see sidebar, 
Microbial Environmental Remediation of Chlorinated 
Solvents, p. 10). There is a critical need to develop 
global measurement approaches that do not average 
large populations of cells but characterize the compo-
sition and activity of the individual cells making up 
the population or community. Among other chal-
lenges, the global approaches for cell characterization 
described in Section 2.1, p. 6, need to be deployed in 
high-throughput mode.
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Real-Time Chemical and Structural Analyses Are Needed To Improve  
Enzymatic Degradation of Lignocellulosic Biomass 

the reaction? Does the presence of lignin cross-
linking “stall” the hydrolysis progress?

�•	 When using different glycosyl hydrolases, what 
are the role and mode of synergy that will improve 
degradation rate and extent? Do different enzymes 
help process different biomass cross-linkages?

To address these challenges, dynamic chemical and 
structural measurements need to be made at the 
enzyme-lignocellulose interface as enzyme catalysis 
proceeds. Essentially, nanometer-scale resolution 
of chemical and structural information needs to be 
coupled with dynamic information that spans from 
milliseconds to minutes.

Understanding functional cellular proc
esses will be greatly facilitated by better 

insight into the component parts, their orches-
tration, and the multiple length and time 
scales in which they function. An illustrative 
example is microbial degradation of lignocel-
lulosic biomass that occurs at microbial-plant 
interfaces. Understanding this process is criti-
cal to improving both plant biomass conver-
sion to biofuels and the carbon cycling models 
used in climate projections.

Various extracellular enzymes, such as glyco-
syl hydrolases (i.e., cellulases), are tethered to 
the microbe’s surface using a protein scaffold. 
The cellulases may be “sitting” from tens to 
a hundred nanometers from the cell surface 
while interfacing with their lignocellulosic 
substrate. A more complex example is the 
cellulosome of Clostridium thermocellum. 
This cellulosome, analogous to a Swiss Army 
knife, is a multienzyme complex with mul-
tiple glycosyl hydrolases bound to a common 
flexible scaffoldin protein. The cellulosome is 
bound to the biomass substrate by a carbohy-
drate binding domain (CBD) and is tethered 
to the host microbe (see figure, this page).

Despite years of study focused on glycosyl 
hydrolases, a more detailed understanding is 
needed of how the molecular parts are orches-
trated in space and time. Cellulases are known to be 
slow degraders, and the reaction is often incomplete. 
Current questions whose answers may improve the 
action of hydrolytic enzymes on biomass include:

�•	 Is the maximum potential turnover rate limited by 
the intrinsic kinetics of action on a solid substrate?

�•	 Regarding the mode of enzyme binding and 
initiation of the reaction, how does the polysac-
charide thread into the active site?

�•	 What are the effects of the heterogeneity of the 
lignocellulosic biomass surface on the extent of 

A

Microbial 
Cellulosomes. 
(A) Simplified 
schematic depict-
ing components 
of the cellulosome 
of Clostridium 
thermocellum. 
[Adapted from 
Bayer, Shoham, 
and Lamed 2006 
and used with kind permission from Springer Science and Business 
Media.] (B) Electron tomography image showing a cross-section of 
a cellulosome (green) tethered to the cell surface of C. cellulolyti-
cum (blue). [Image courtesy of Donohoe and Haas, National 
Renewable Energy Laboratory, 2009, unpublished data.]

B
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Microbial Environmental Remediation of Chlorinated Solvents

Low-abundant Dehalococcoides species carry 
out the complete environmental remediation 

of the chlorinated solvents tetrachloroethene and 
trichloroethene (TCE) as well as other chlorinated 
ethenes. TCE compounds—the most abundant 
groundwater contaminants in the United States—are 
stepwise reductively dehalogenated to ethenes, via 
cis-dichloroethene and vinyl chloride (VC) as inter-
mediates. These reductive dehalogenation reactions 
represent the sole energy-conserving pathway, known 
as organohalide respiration, in Dehalococcoides. Key 
enzymes in organohalide respiration are cobalamine- 
and Fe-S clusters containing reductive dehaloge-
nases and hydrogenases. Dehalococcoides are strict 
anaerobic, H2-consuming bacteria highly adapted 
to this organohalide respiration niche. Despite 
a streamlined genome of ~1.4 million base pairs 
(among the smallest of any free-living microorgan-
ism), Dehalococcoides show great diversity in reduc-
tive dehalogenases, 36 of which are found in strain 
VS. Interestingly, most of this important diversity in 
reductive dehalogenases—including those respon-
sible for TCE and VC reduction—did not arise 
by gene duplication but were recently acquired by 
lateral gene transfer. In particular, transfer-messenger 
RNA—a bacterial RNA molecule with dual tRNA-

like and mRNA-like properties—is emerging as a 
preferred integration site for the acquisition of new 
reductive dehalogenase genes.

Although a free-living microbe, the ecology of 
Dehalococcoides is firmly embedded into a complex 
metabolic network influenced by other community 
members. For example, the hydrogen substrate for 
organohalide respiration is provided in situ only via 
a complex anaerobic food web encompassing several 
other species. Moreover, Dehalococcoides cannot syn-
thesize de novo the important cobalamine coenzyme 
of catabolic reductive dehalogenases, which thus 
must be acquired from members of the surrounding 
microbial community.

In noncontaminated environments, Dehalococcoides 
species are extremely rare and postulated to exist by 
respiration of low-abundant organohalides produced 
at low rates by innate organisms. This combination 
of high niche specialization of low-abundant com-
pounds is believed to account for the natural low 
abundance and low growth rate of this population in 
complex communities. Yet the target of environmen-
tal remediation engineering efforts is this important, 
niche-specialized activity of rare Dehalococcoides sp.

different materials and with the polymeric organic or inor-
ganic materials to which the cells are interfaced. To follow 
material flow, concentrations of different substrates need 
to be mapped onto the cell population and the fluxes of 
various substrates through individual cells determined. 
Although such a dataset is important, acquiring it is well 
beyond our current technical capabilities.

Even within the field of genomics, which uses analytical 
technologies that are extremely sensitive, most measure-
ments require large populations of cells. This size is nec-
essary regardless of whether the purpose is to determine 
genome sequence or measure the products of genome 
expression (i.e., transcriptome or proteome). However, 
building accurate models of the collective behavior of 
cells requires the capability to measure properties and 
responses of the individual cells within a community. 

Important components of global approaches are those 
that illuminate the interface between cells and their 
environment and how the interface facilitates the flow of 
chemical and physical information (see sidebar, Uncover-
ing Key Interdependent Relationships Among Organisms 
To Leverage Beneficial Capabilities, p. 11). Learning how 
individual cells regulate these processes and how they 
sense and respond to their environment represents a 
particular challenge. In addition, there is the need to 
identify and characterize critical molecular interactions, 
including those that constitute communication pathways 
between cells, attachments between cells and the extracel-
lular matrix, and autocrine signaling such as quorum 
sensing. The types of information that need to be eluci-
dated include the substrate(s) for each cell type, the 
product(s) it produces, and the spatial relationship both 
between the various cells consuming and producing 
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Uncovering Key Interdependent Relationships Among Organisms  
To Leverage Beneficial Capabilities

Prior efforts and investments in characterizing 
genome sequences and the functional activities 

of gene products have focused primarily on the role of 
these molecules in the context of individual organisms. 
Increasingly apparent, however, is that an organism’s 
environment, including neighboring species, strongly 
influences how that organism uses its genetic-based 
information.

The relationship between plants and microbes exempli-
fies such a complex, multiorganism system, dependent 
on both the organisms involved and the environmental 
forces acting upon them (Bisseling, Dangl, and Schulze-
Lefert 2009). Understanding this relationship is critical 
to exploiting natural routes to environmental remedia-
tion processes, the terrestrial cycling of carbon, and the 
development and management of renewable energy 
sources (see figure, this page). Microorganisms are 
intimately associated with various plant tissues, produc-
ing short- and long-term effects on plant growth and 
development. Short-term effects are especially impor-
tant for improving plant establishment on marginal 
soils. Microbes can accelerate plant root development, 
thereby providing the plant with better access to nutri-
ents and water and reducing the need for irrigation and 
soil amendments. These better-developed root systems 
also increase the belowground flux of carbon. Exploit-
ing this property can improve belowground storage of 
recalcitrant carbon forms and enhance soil quality for 
increasing biomass production in which more labile 
carbon is released. Additionally, microbes can facilitate 
fast initial growth of a particular plant, allowing it to 
out-compete others for available resources. Over the 
long term, microbes improve plant growth, health, 
and survival. They also can counteract stress responses 
caused by drought or the presence of contamination 
when plants are grown on marginal soils or are used for 
managing and remediating contaminated sites. Further-
more, microbes can protect a plant against pathogens 
and directly assist the host plant by producing antimi-
crobial compounds.

Effective extrapolation of such beneficial interactions 
requires understanding the relationships between the 

genetic characteristics of the organisms involved and 
how they proportion and exchange information, energy, 
and materials among themselves. Specific knowledge 
gaps that need to be addressed include:

�•	 Determining the mechanisms for recognition and 
colonization of plants by beneficial microorganisms.

�•	 Understanding the temporal and spatial variations in 
plant colonization by beneficial microorganisms.

�•	 Determining microbial community structure in the 
rhizosphere.

�•	 Establishing how important endophytic and 
rhizospheric microbes are in fostering carbon and 
nutrient sinks, and how the size and recalcitrance 
of these sinks might be influenced to affect below-
ground carbon biosequestration and aboveground 
biomass production.

�•	 Determining how the observed microbial stimulation 
in plant growth and development might be controlled 
to tailor biomass composition to less-recalcitrant 
forms better suited for biofuel production.

Plant-Microbe Interactions.
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living there are perhaps not cultivatable. Thus, differ-
ent strategies are needed for performing manipulative 
experiments. Along with patient and careful “con-
ventional” approaches, new techniques are needed to 
capture as-yet unidentified metabolic capabilities for 
study under carefully defined conditions in the lab.

Other challenges include linking different types of 
data. As one example, how do we link genomic-based 
information on individual cells to different levels of 
molecular information, such as the transcriptome, 
proteome, metabolome, regulatory networks, and 
even the environmental niche? Another critical unan-
swered question is whether or how a cell’s genetic 
program is coordinated with that of neighboring 
organisms. We also do not know how the phenotype 
of a population arises from the functions of individual 
cell types. Some methods show promise for monitor-
ing activity at the level of single microbial cells within 
complex mixtures; these methods include the use of 
stable isotope–labeled compounds in combination 
with nanoSIMS, microautoradiography–fluorescence 
in situ hybridization (MAR-FISH), and Raman-FISH 
(Neufeld, Wagner, and Murrell 2007). New methods 
are needed to accurately measure a greater variety of 
biomolecules—ranging from proteins, nucleic acids, 
carbohydrates, and lipids to low-molecular-weight 
metabolites for selected cells in the community or 
population. Single-cell transcriptomic, proteomic, 
and metabolomic measurements are needed, but 
whether such measurements are possible for most 
molecules is unclear. Nevertheless, it is essential to 
understand the flux of metabolites through particular 
metabolic pathways and the responses of regulatory 
networks in individual cells under relevant condi-
tions. This information would move us away from the 
current approach of modeling populations of cells 
based on the potential of their genomes and into the 
area of modeling the “configuration” of individual 
cells within a given environment. Such capabilities 
would significantly advance the ability to translate 
genomic data into phenotype. In combination with 
improved capabilities for data integration, this would 
greatly enhance our ability to predict the response of 
heterogeneous biological communities.

This difference between the level at which we can make 
measurements and the level at which we need under-
standing is both a conceptual and a technical challenge.

Another particular challenge is the ability to dynami-
cally monitor a selected individual living cell in a 
complex environment in the presence of other live 
cells. Electron microscopy and other current tech-
nologies exhibiting excellent spatial resolution often 
damage cells because they require special preparative 
techniques that “fix” and stain cells to maintain their 
structure under high vacuum and to provide contrast. 
To truly understand the fundamental mechanisms of 
cellular responses, noninvasive (or minimally invasive) 
methods such as fluorescence microscopy will be 
needed to measure metabolism and other key cellular 
properties in these selected cells within the popula-
tion. These properties include expression of specific 
genes or networks of genes or proteins in a specific 
metabolic pathway. Because many cellular signaling 
and metabolic pathways act on time scales of mil-
liseconds to seconds, there also is a critical need for 
single-cell measurement techniques with similar time 
resolution. Thus, techniques are needed not only for 
spatially resolving measurements in specific cells, but 
also for temporally resolving them.

Biologists are beginning to address the question of 
“who is present” using rapid and sensitive nucleic acid 
technologies to determine phylogeny, but measur-
ing function is much more difficult and represents 
an emerging challenge. Current capabilities can 
provide insight into microbial community structure 
but cannot detect activity at the single-cell level. The 
traditional approach of measuring microbial activi-
ties under a narrow set of optimal abiotic conditions 
in the laboratory does not provide a sufficient basis 
for predicting community responses under the wide 
spatiotemporal variability of abiotic conditions in 
natural environments. Thus, approaches such as stable 
isotope probing are needed for detecting the microbes 
that are active (e.g., respiring, performing mainte-
nance, producing proteins or other cell constituents, 
or replicating) under a wide range of conditions and 
revealing their functions in real time (Dumont and 
Murrell 2005). We also need to be able to enrich 
and isolate microbes involved in key processes in the 
environment, but the vast majority of microorganisms 
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2.3 Understanding Dynamic Biological Systems 
Across Multiple Scales of Time and Distance
Understanding and modeling cell dynamics represent 
two of the most significant challenges for the postgen-
omic era. A current limitation to understanding biology 
is the tendency to model bioprocesses as hierarchical, 
linear responses rather than combinatorial, recur-
sive networks. A major challenge associated with the 
increased throughput of molecular analysis is managing 
large sets of data and translating them into predictive 
models. New modeling approaches will be required 
to represent the nonlinearity and adaptive behavior 
of biological systems. These approaches could involve 
modeling the responses as assets of a biological network 
rather than simply the programmed responses of cells. 
To advance these efforts, new approaches should bring 
together tools from such diverse disciplines as engi-
neering, biology, and computational sciences. Systems 

biology approaches could be used to address the 
multiscale nature of a phenotype and then be applied 
to understand how the behavior of multiple cell types 
is coordinated physiologically or in response to exter-
nal stimuli (see sidebar, Working Toward Real-Time 
Measurements of Biological Responses: The Low Dose 
Radiation Challenge, this page).

Most biological problems are multiscale and thus 
complex. Understanding the nature of this complexity 
is critical because microscale biological and chemical 
interactions in large part are moderated by signal-
ing between cells and organisms that, in turn, influ-
ence macroscale ecosystem compositional dynamics. 
There also is a need to adequately define “complexity,” 
especially as it pertains to microbes and interfaces 
or eukaryotic cells in their microenvironments (see 
sidebar, Targeting the Interfacial Region Between 
Microbial Cells and the Geosphere, pp. 14–15). 

Working Toward Real-Time Measurements of Biological Responses: 
The Low Dose Radiation Challenge

Low dose radiation research seeks to determine 
when and why the physical attributes of radiation 

(i.e., dose and dose rate, volume, and quality) impact 
human health. The physical interactions of radiation 
energy with biological macromolecules are very well 
defined on the femto to millisecond time scales, and 
in the last decade so too are the immediate biological 
responses (i.e., damage recognition, repair, and cell-
fate determination). However, the ensuing biological 
changes lose definition over the course of days. How 
can detailed mechanistic information about energy 
deposition be used to identify significant cellular 
or molecular events? How can this information in 
populations be linked across cell types and long time 
scales? These low dose radiation problems reflect 
common issues of data integration and analysis that 
span Department of Energy research problems.

Understanding the biological bases for health 
effects caused by exposure to low doses of radiation 
requires interrogating multiple scales of informa-
tion (from micro to macro) over sometimes very 
long time scales (from minutes to years). Non- or 
minimally invasive interrogation of multiple critical 

events in vivo is needed. A research framework might 
be initiated to a first approximation by analyzing 
fixed specimens across relevant time scales to gener-
ate a statistical model of the interactions between 
irradiated cells, tissues, and organs. The second 
generation might use complex in vitro models, but 
the ultimate goal is to analyze the evolution of inter-
actions in an organism in real time.

Radiation exposure has a finite, dose-dependent 
probability of generating stochastic genetic change 
(e.g., mutation). However, the biological response to 
radiation is both nonlinear and deterministic, and it 
is the interaction of these two types of processes that 
can produce cancer. Thus, the fundamental problem 
is to identify and track rare events (aberrant cells) 
and characterize their dynamic interactions within 
a tissue environment. Besides the technical break-
throughs necessary for multiplex analyses at multiple 
scales, a critical need is to develop the computational 
models that identify watershed events, pathways, 
hubs, or processes and to mechanistically link them 
across time scales.
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Targeting the Interfacial Region Between Microbial Cells and the Geosphere

Microbial life has been closely intertwined with 
the geosphere throughout Earth’s history. 

Microorganisms, because of their small size, high 
ratio of surface area to volume, and incredibly diverse 
metabolism, have a tremendous influence on their 
environment through the transfer of energy and mate-
rials across complex biologic-solvent-solid interfaces. 
These microbes are agents of rock and mineral weath-
ering as well as catalysts for their formation. Although 
the products of such microbial “sculpting” of the geo-
sphere are often evident at large scales over the surface 
of the planet, the interplay between microbes and 
geological materials is dominated by processes at the 
molecular and microscopic scales (see figure, Inter-
faces Between Microbial Cells and Reactive Solids, 
from Landscape to Microscopic Scales, next page). 
The microbe-mineral interface is a prime example 
of this interplay and represents a complex, relatively 
unexplored domain that has important implications 
for carbon cycling and biosequestration, environmen-
tal remediation, and bioenergy. This interfacial region 
between microorganisms and minerals is dynamic, 
with chemistry and structure determined by interplay 
and response. The properties of reactive surfaces, cells, 
and adjacent regions alike are difficult to characterize 
because they are dynamic and occur at small (i.e., nm) 
scales. In 2000, the American Academy of Microbiol-
ogy sponsored a colloquium, Geobiology: Exploring 
the Interface between the Biosphere and the Geo-
sphere, and participants concluded that significant 

and critical events in geobiology happen at the level 
of individual cells or groups of cells. The ensuing 
report (Nealson and Ghiorse 2001) emphasized that 
the details of such processes would be revealed only 
by observations and measurements made at small 
scales—that of individual cells and their surrounding 
environment. This cell-scale research would seek to 
answer, for example, the following questions:

�•	 How do microbial cells adjust their cell-surface 
molecular properties to facilitate the formation, disso-
lution, and weathering of minerals? Do cells similarly 
adjust their metabolism to alter the local chemical 
environment and thereby influence geobiological 
reactions? Do cells sense and respond to the precipita-
tion of solids in association with their cell surfaces? If 
so, what are the environmental signals and the mecha-
nisms of signal transduction?

�•	 What are the mechanisms by which microbial cells 
catalyze CaCO3 precipitation in advection-dominated 
systems?

�•	 How do microorganisms engage with mineral 
surfaces and exchange electrons? How are elec-
trons transferred across the outer membrane of 
gram-negative bacteria to minerals, metal ions, and 
electrodes?

�•	 How do microscale biological and chemical interac-
tions control and influence macroscale processes 
such as the formation and dissolution of minerals?
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Interfaces Between Microbial Cells and Reactive Solids, from Landscape 
to Microscopic Scales. [Angel Terrace, Mammoth Hot Springs, Yellowstone 
National Park, USA. Images courtesy of Bruce Fouke.] 

(A) A travertine terracette formed as groundwater emerges at 73°C and 6 pH, 
rapidly cooling and then degassing CO2 to produce distinct covarying assem-
blages of microbial communities and CaCO3 mineral precipitates. Aragonite 
(a polymorph of CaCO3) crystal growths composing the travertine grew at 
a rate of 5 mm/day to create the 1-m-thick travertine terracette in less than 
9 months. Controlled field experiments have demonstrated that microbial 
communities catalyze precipitation of the travertine CaCO3 (Kandianis et al. 
2008). [Image used with permission from the Society for Sedimentary Geol-
ogy. From Veysey et al. 2008.]

(B) Field photograph of filamentous thermophilic microbes encrusted by 
CaCO3 travertine precipitation. The spring water moves from right to left as 
a shallow (< 3 cm deep) turbulent sheet flow that drives rapid CO2 degas-
sing. The large (2 mm in diameter and 10 cm in length) individual microbial 
filaments are widely spaced and excrete draped sheets of extracellular poly-
meric substance (EPS) that contain abundant elliptical holes caused by water 
turbulence, gravity stretching, and gas-bubble release. The travertine directly 
encrusts and thus mimics the morphology of these filamentous microbial mats 
that then become well preserved in the geological record (Veysey et al. 2008). 
The 16S rRNA clone libraries, T-RFLP*, and metagenomic analyses indicate 
that these large filaments are Sulfurihydrogenibium. 

(C) A microcomputed tomography scan (left) and a three-dimensional 
X-radiograph rendering of Sulfurihydrogenibium filaments (right). 

(D) A Sulfurihydrogenibium filament, captured by an environmental scan-
ning electron microscope (ESEM), showing that it is composed of small micro-
bial filaments interwoven to create a larger filament. 

(E) An ESEM micrograph showing aragonite (CaCO3) precipitation growing 
on a Sulfurihydrogenibium filament at 71°C and 6.2 pH in a field experiment. 
Larger aragonite crystals surround densely packed smaller crystals coating a 
bacterial filament; significantly larger crystals are precipitating on EPS, filling 
the void spaced between microbial filaments. These crystal fabrics are evidence 
of microbial catalysis of aragonite crystal growth. [Image used with permission 
from the Geological Society of America. From Kandianis et al. 2008.]
_____________
See also Fouke et al. 2000 and Fouke et al. 2003.
*Terminal restriction fragment length polymorphism.
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