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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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