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STEM Degrees: 3 STEM Participants: 4

Major Goals: The goal of this ARO project is to dissect at the cellular a binary Clostridium syntrophic co-culture
that exhibits unusual and previously unreported phenomena of cell fusion and direct exchange of matter between
the two microbes, based on data developed under the support of an ARO STIR grant. The syntrophic system is
made up of Clostridium acetobutylicum (Cac), which converts simple and complex carbohydrates into solvents and
carboxylates, and the acetogen C. ljungdahlii (Clj) which fixes COZ2. Direct cell-to-cell interactions and material
exchange among the two microbes enabled unforeseen metabolic rearrangements. Evidence for direct cell-to-cell
interactions was provided using metabolic analysis, fluorescence microscopy (FM) and electron microscopies (TEM
& SEM). This includes strong evidence for cell-wall and membrane fusion events and exchange of small molecules,
reducing equivalents (electrons) and macromolecules. Here we will test hypotheses aiming to dissect these novel
interactions using correlative FM/TEM/SEM and immunogold and/or related nanogold-based electron microscopies
to detail the exchange of macromolecules. We will also probe possible direct transfer of nucleic acids (RNA and
plasmid DNA) from Cac to Clj. We will use genetic and culture modifications to identify the mechanism by which
Cac transfers reducing equivalent (“electrons”) to Clj: if through direct transport of H2 or by direct transport of
electron-carrier proteins or by generating an artificial interspecies electron-transport chain. Cellular-level
understanding of this syntrophy, as proposed here, could lead to many fundamental and practical findings, with
applications in environmental sustainability, remediation, the study of natural and synthetic ecosystems and
microbiomes, and how they can be used to produce chemicals and fuels from renewable biomass and waste
materials, including CO2, H2 and syngas that can be generated from various sources. Such applications are of
interest to ARO as impacting defense-related operations. This grant will support graduate students working in the
PI’s lab.

Accomplishments: We accomplished goals from both Aim 1 and 2. For details see attached report.

For Aim 1, we developed two new anerobic fluorescent reporters, HaloTag and SNAP-tag for anaerobic labeling in
both C. acetobutuylicm and C. ljungdahlii. We also showed that HaloTag (with Janelia 646 fluorogen) and SNAP-
tag (with 647-SiR fluorogen) show orthogonal fluorescence labeling when co-incubated with FAST and HMBR
using flow cytometry. To determine if C. [jungdahlii can express anaerobic fluorescent fusion proteins we also
expressed Cac ZapA-FAST in Clj, showing evidence of the first fluorescent fusion protein expressed in Clj. We also
showed that there is exchange of the whole proteome between C. acetobutylicum and C. ljungdahlii in co-culture
using CellTracker DeepRed dye to label C. ljungdahlii proteins and C. acetobutylicum expressing ZapA-FAST
labeled with the HMBR fluorogen. We also showed the two organisms massively exchange cellular RNA in co-
culture. We showed evidence of a novel type of horizontal gene transfer between C. acetobutylicum and C.
ljundaglii in co-culture. Evidence of integration of a portion of the p100ptaHalo plasmid was transferred from C.
ljungdahlii to strain C. acetobutylicum.
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For Aim 2 We created a Cac Fd-FAST fluorescent fusion protein and show expression in pure C. acetobutylicum
using flow cytometry and confocal microscopy. This will allow us to examine the localization of Cac Fd-FAST in co-
culture with far-red labeled Clj ptaHaloTag (and Janelia 646 fluorogen) or ptaSNAP-tag (and 647-SiR fluorogen).
The massive exchange of the whole proteome between the two organisms in coculture demonstrates that the cells
use proteins from both organisms thus exchanging electrons directly. This was further supported by the
dramatically reduced H2 production in coculture, which means that the electrons were used to produce alcohols
(isopropanol and 2,3 butanediol) by C. ljungdahlii dehydrogenases rather than producing H2 by C. acetobutylicum.
We showed evidence for C. ljungdahlii chemotaxis towards CO2 and H2 (as a potential driver and first step to
enable heterologous cell fusion) in a novel anaerobic swim assay. We also showed that the movement of C.
ljungdahlii towards CO2 can be quantified through gPCR analysis of genome copies that pass through a sterile
polycarbonate filter. In addition to this evidence, we identified 2 genes that could be involved in the mechanism for
CO02 sensing in C. ljungdahlii, CA (CLJU_c10130) and MeChe (CLJU_c10160). These genes showed a significant
fold change in expression when grown in the presence of 80% H2 20% CO2 compared to a N2 and fructose grown
control. We have also provided strong evidence to formation of hybrid cells containing DNA from both organisms,
and evidence for some persistence of such hybrid cells. We started developing methods (DNA-FISH) to examine
the presence of the two different chromosomes in these hybrid cells. We also started the developing high-
throughput tools based on constructing transposon insertion libraries in order to start identifying genes and proteins
that enable the heterologous cell fusion.

Training Opportunities: Three graduate students and one undergraduate student (Yin Zou) were trained during
the execution of this grant (Hannah Streett, Kamil Charubin, John Hill). Kamil Charubin and Hannah Streett
completed their PhD thesis. Dr. Gwendoly Gregory also worked on the DNA transfer aspects of the work for 4
months. The students were trained in advanced microbiological and molecular methods of complex consortia, flow
cytometry, a broad spectrum of microscopies (optical, fluorescent, TEM, SEM, correlative microscopies). The
students also developed strong communication skills from preparing documents and presentations.

Results Dissemination: Streett, H. E., K. M. Kalis and E. T. Papoutsakis (2019). "A Strongly Fluorescing
Anaerobic Reporter and Protein-Tagging System for Clostridium Organisms Based on the Fluorescence-Activating
and Absorption-Shifting Tag Protein (FAST)." Applied and Environmental Microbiology 85(14): e00622-00619.

Charubin, K., H. Streett and E. T. Papoutsakis (2020). "Development of Strong Anaerobic Fluorescent Reporters
for Clostridium acetobutylicum and Clostridium ljungdahlii Using HaloTag and SNAP-tag Proteins." Applied and
Environmental Microbiology 86(20): e01271-01220.

Charubin, K., S. Modla, J. L. Caplan and E. T. Papoutsakis (2020). "Interspecies Microbial Fusion and Large-Scale
Exchange of Cytoplasmic Proteins and RNA in a Syntrophic Clostridium Coculture." Mbio 11(5): €02030-02020.

Streett, H., K. Charubin and E. T. Papoutsakis (2021). "Anaerobic fluorescent reporters for cell identification,
microbial cell biology and high-throughput screening of microbiota and genomic libraries." Curr Opin Biotechnol 71:
151-163.

Charubin, K., G. J. Gregory and E. T. Papoutsakis (2021). "Novel mechanism of plasmid-DNA transfer mediated by
heterologous cell fusion in syntrophic coculture of Clostridiumorganisms." bioRxiv: 2021.2012.2015.472834.

Honors and Awards: The Pl (Papoutsakis)

1) was elected to the International Academy of Medical & Biological Engineering (2021).

2) was elected to National Academy of Inventors (2021).

3) received the 2020 American Society for Microbiology Award for Applied and Biotechnological Research.

4) Received the 2022 Charles Thom Award (the senior award) of the Society of Industrial Microbiology and
Biotechnology (SIMB).

5) Received the 2022 William H. Walker Institute Award (the top award) of the American Institute of Chemical
Engineers.

Protocol Activity Status:

Technology Transfer: Nothing to Report
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Abstract: Visualizing protein localization and characterizing gene expression activity in live Clostridium cells is
limited for lack of a real-time, highly fluorescent, oxygen-independent reporter system. Enzymatic reporter
systems have been used successfully for many years with Clostridium spp.; however, these assays do not allow
for real-time analysis of gene expression activity with flow cytometry or for visualizing protein localization through
fusion proteins. Commonly used fluorescent reporter proteins require oxygen for chromophore maturation and
cannot be used for most strictly anaerobic Clostridium organisms. Here we show that the fluorescence-activating
and absorption-shifting tag protein (FAST), when associated with the fluorogenic ligand 4-hydroxy-3-
methylbenzylidene-rhodanine (HMBR; now commercially available) and other commercially available ligands, is
highly fluorescent in Clostridium acetobutylicum under anaerobic conditions. Using flow cytometry and a
fluorescence microplate rea
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Abstract: One of the biggest limitations in the study and engineering of anaerobic Clostridium organisms is the
lack of strong fluorescent reporters capable of strong and real-time fluorescence. Recently, we developed a strong
fluorescent reporter system for Clostridium organisms based on the FAST protein. Here, we report the
development of two new strong fluorescent reporter systems for Clostridium organisms based on the HaloTag and
SNAP-tag proteins, which produce strong fluorescent signals when covalently bound to fluorogenic ligands. These
new fluorescent reporters are orthogonal to the FAST ligands and to each other, allowing for simultaneous
labeling and visualization. We used HaloTag and SNAP-tag to label the strictly anaerobic organisms Clostridium
acetobutylicum and Clostridium ljungdahlii. We have also identified a new strong promoter for protein expression
in C. acetobutylicum, based on the phosphotransacetylase gene (pta) from C. ljungdahlii. Furthermore, the
HaloTag and the SNAP-tag
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Abstract: Microbial syntrophy is universal in nature, profoundly affecting the composition and function of
microbiomes. We have recently reported data suggesting direct cell-to-cell interactions leading to electron and
material exchange between the two microbes in the syntrophy between Clostridium ljungdahlii and C.
acetobutylicum. Here, transmission electron microscopy and electron tomography demonstrated cell wall and
membrane fusions between the two organisms, whereby C. ljungdahlii appears to invade C. acetobutylicum pole
to pole. Correlative fluorescence transmission electron microscopy demonstrated large-scale exchange of
proteins. Flow cytometry analysis captured the extent and dynamic persistence of these interactions. Dividing
hybrid cells were identified containing stained proteins from both organisms, thus demonstrating persistence of
cells with exchanged cellular components. Fluorescence microscopy and flow cytometry of one species with
stained RNA and the other tagged with a fluores
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Abstract: The lack of real-time reporters in obligate anaerobes has limited studies in gene expression, promoter
characterization, library screening, population dynamics, and cell biology in these organisms. While the use of
enzymatic, colorimetric, and luminescent reporters has been reported, the need for reliable anaerobic fluorescent
proteins is widely acknowledged. Recently, the fluorescent proteins HaloTag, SNAP-tag and FAST have been
established as reliable reporters in Clostridium spp., thus suggesting that these reporters can be adopted widely
for many obligate anaerobes. With a multitude of labeling options, these anaerobic fluorescent proteins hold a
great potential for screening promoters, terminators, and RBS sites, tracking population dynamics in complex
multi-species co-cultures, such as microbiomes, screening libraries, and in cell biology studies of protein
localization and interactions using high-resolution microscopy.
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Evidence for direct cell-to-cell interactions was C. acetobutylicum (Cac) C. ljungdahlii (CIj)
provided using metabolic analysis, fluorescence | Fig. 1. Syntrophic interactions in the Cac-Clj co-
microscopy (FM) and electron microscopies culture. Cac consumes glucose to produce solvents
(TEM & SEM). This includes strong evidence releasing CO, & H,. Clj utilizes CO, & H; through the
for cell-wall and membrane fusion events and Wood-Ljungdahl pathway (WLP) for survival
exchange of small molecules, reducing producing acetate and ethanol. In the co-culture,
equivalents (electrons) and macromolecules. acetone and acetoin produced by Cac are reduced by

Here we will test hypotheses aiming to dissect
these novel interactions using correlative FM/TEM/SEM and immunogold and/or related nanogold-based
electron microscopies to detail the exchange of macromolecules. We will also probe possible direct
transfer of nucleic acids (RNA and plasmid DNA) from Cac to Clj. We will use genetic and culture
modifications to identify the mechanism by which Cac transfers reducing equivalent (“electrons”) to Clj:
if through direct transport of H, or by direct transport of electron-carrier proteins or by generating an
artificial interspecies electron-transport chain. Cellular-level understanding of this syntrophy, as proposed
here, could lead to many fundamental and practical findings, with applications in environmental
sustainability, remediation, the study of natural and synthetic ecosystems and microbiomes, and how they
can be used to produce chemicals and fuels from renewable biomass and waste materials, including COg,
H: and syngas that can be generated from various sources (1). Such applications are of interest to ARO as
impacting defense-related operations. This grant will support graduate students working in the PI’s lab.

5. Summary of the most important results

I. Design and expression of a new HaloTag fluorescent protein for C. acetobutylicum (Cac)
and C. ljungdahlii (Clj). In order to fluorescently visualize both organisms composing our synthetic Cac-
Clj co-culture we needed another fluorescent reporter protein. The 2" fluorescent reporter had to be
orthogonal to the previously developed FAST fluorescent reporter (2) in terms of ligand binding (to ensure
FAST ligands to no interact with the new protein) and fluorescence wavelength (new reporter must produce
fluorescent



signal orthogonal to the green fluorescence produced by FAST and HMBR ligand). Therefore, we used the
HaloTag® protein which is capable covalently binding to a variety of fluorescent ligands(3, 4) and uses
reactive chloroalkane linker chemistry (5) to bind its ligands, which is orthogonal to FAST. To express the
HaloTag protein in Cac and Clj we created the p100ptaHalo expression plasmid which can be expressed in
both organisms. The backbone of the p100ptaHalo was the modified pSOS95 clostridia-E. coli shuttle
vector (AmpR, MLSR, thl promoter, rho-independent terminator, ColE1 ori, repB ori)(6). The repB origin
of replication is of importance as it is compatible with both Cac and Clj. The HaloTag® was codon-
optimized for expression in clostridia and synthesized. To express the HaloTag in both Cac and Clj we used
the promoter from phosphotransacetylase (pta) gene native to Clj (Ppa)(6), and an ribosome-binding
sequence (RBS) used previously for expression of heterologous proteins in Clj (7). The plasmid was electro-
transformed into Cac and Clj according to previously reported methods (6, 8). We have successfully
expressed the HaloTag protein in Cac and Clj and successfully labeled it with two fluorescent ligands (Fig.
2). As shown in Fig. 2B and Fig. 2E, the Halo-Tag showed strong orange fluorescence in both Clj and Cac
when labeled with the TMR Direct ligand (Aem = 578 nm), when measured with flow cytometer. In
comparison, the wild-type cells did not show any fluorescence when labeled with the same ligand (Fig. 2A
& Fig. 2E). Similarly, both Clj-Halo and Cac-Halo strain were successfully labeled with the far-red
Janelia®646 ligand and visualized using super-resolution confocal microscopy (Fig. 2C & Fig. 2G).
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Fig. 2. Fluorescent labeling of A) wild-type Clj, B) Clj-Halo, E) wild-type Cac, and F) Cac-Halo strains with the
HaloTag® TMR Direct™ ligand (Aem = 578 nm, orange). The fluorescence was measured with the flow cytometer
(see Methods). Wild-type Clj and Cac did not show any fluorescence after labeling with the HaloTag®-specific ligand
(A & E). In comparison the Clj-Halo and Cac-Halo strains (plasmid p100ptaHalo) showed high intensity orange
fluorescence when labeled with the same TMR Direct™ ligand (B & F). Super-resolution fluorescence imaging of
the C) Clj-Halo strain and G) Cac-Halo labeled with the Janelia Fluor® 664 nm, far red). The Clj-Halo cells showed
strong far-red fluorescence under the microscope.



I1. Cell-to-cell fusion events facilitate the exchange of whole-cell proteome between C.
acetobutylicum and C. ljungdahlii in the co-culture. We have previously observed that Cac and Clj
physically interact under the co-culture conditions which facilitates the exchange of small molecules
(notably acetone and acetoin)(9). Could this interaction also facilitate the exchange of other cellular material
such as protein? To test whether both organisms can exchange protein, we co-cultured the Cac-FAST strain
(which fluoresces green, Aem = 541 nm) with wild-type Clj which was fluorescently labeled with the
CellTracker Deep Red dye (Aem = 660 nm). The Deep Red dye can freely pass through the cell membrane.
Once inside of the cell, its active succinimidyl ester reactive group reacts with amine groups of intracellular
proteins, rendering the dye membrane impermeant and thus is retained in living cells through several
generations, whereby the dye is transferred to daughter cells but not adjacent cells in a population (10).
Control experiments confirmed that this was indeed the case. Cac-FAST and red-labeled Clj with
CellTracker Deep Red were co-cultured and samples were used for correlative confocal/TEM microscopy.
First, confocal microscopy was used to identify Cac-Clj clusters in the sample and visualize the localization
of fluorescent proteins (FAST protein in Cac, and all intracellular proteins in Clj). In the Cac-Clj fusion
cluster shown in Figs. 3A-E, the red fluorescence signal (CellTracker Deep Red tagged Clj proteins) was
stronger in the top cell (Fig. 3A) and appeared to diffuse in the downward direction into the bottom cell.
The green fluorescent signal (FAST protein) showed the reverse trend, where the bottom cell had a stronger
green fluorescence (Fig. 3B). Based on the intensity of red and green fluorescence the top cell is arguably
red-labeled Clj, while the bottom cell is the green-labeled Cac-FAST cell. The identity of each cell was
confirmed using correlative TEM imaging (see Methods). TEM  confirmed that the top cell was a
“homogenous” Clj cell, while the bottom cell was a differentiating Cac-FAST cell (Fig. 3D). Their
peptidoglycan walls appear fused at the poles (Fig. 3E). Furthermore, the differential red and green
fluorescence intensities indicate the exchange of protein material between the two organisms. The intensity
of the red signal appeared to decrease from approximately the halfway point of Clj cell, through the fusion
site, and toward the bottom of the Cac cell (Fig. 3A). This suggests intracellular Clj proteins diffused into
the Cac cytoplasm. Similarly, the intensity of the green signal was stronger in the bottom Cac-FAST cell
and decreased from the fusion site toward the top of the Clj cell (Fig. 3B). To further pursue the protein
exchange between Cac-FAST and red-labeled Clj cells (Figs. 3A-J), we carried out co-culture experiments
with different strains of Cac and Clj. Here we used the Cac-ZapA-FAST strain, which expresses a fusion
protein of the fluorescent FAST protein and the ZapA protein involved in cell division in Cac and other
clostridia (11). Instead of fluorescently labeling Clj using the protein binding CellTracker Deep Red dye,
we used the Clj-Halo (Fig. 2A-C). We used Janelia Fluor646® to label the Clj-Halo strain, which produces
far-red fluorescence orthogonal to the green fluorescence produced by FAST. The Clj-Halo strain was co-
cultured with the Cac-ZapA-FAST strain and imaged after 20 hrs of co-culture growth. Figs. 3K-M show
a cell fusion event between the two strains similar to Figs. 3A-E. Here the top cell had strong red
fluorescence, and was identified as a Clj-Halo cell, while the bottom cell had strong green fluorescence and
therefore was identified as a Cac-ZapA-FAST cell. The red labeled HaloTag® peptide diffused downward
into the Cac-ZapA-FAST cell, while the green ZapA-FAST fusion protein diffused upwards into the Clj-
Halo cell.
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Fig. 3. Four Cac-Clj clusters captured using correlative fluorescence & TEM microscopy. The red signal was produced by the
CellTracker™ Deep Red dye bound to Clj’s proteins (A-H), and Janelia 646 ligand bound to the HaloTag in Clj-Halo (K-P). The green
signal was produced by the HMBR ligand bound to FAST (A-H), and ZapA-FAST fusion protein (K-P) in Cac strains. The fluorescent
images were captured in the Z-stack mode using super-resolution microscopy. Clusters (A-E) and (F-) were also imaged using TEM
(see Methods for details) to visualize each cell’s cytoplasm (D, I). The top panels show a cell fusion event between red-labeled Clj and
green Cac-FAST. Panel E) shows a close up of the interaction between the red Clj and green Cac at the poles. Middle panels show a
Cac-Clj hybrid cell undergoing cell division after acquiring both red and green fluorescent materials. Panel J) shows the close up of the
cell division site. The same type of interaction was found in the co-culture between Cac-ZapA-FAST and Clj-Halo (K-P). The cluster
(K M) shows a fu3|on event between Clj- Halo and Cac ZapA FAST The stralns were identified based on the strength of each

1. Cell fusion between C. acetobutyllcum and C. IJungdath results in exchange of cellular
RNA. As shown above, the cell fusion events between Cac and Clj facilitated the exchange of whole-cell
proteome between both organisms. Since both organisms were exchanging large molecules like protein, it
was likely they exchanged other cellular material such as RNA. To test for RNA exchange, we labeled
wild-type Clj with the SYTO™ RNASelect™ dye, which fluoresces green only when bound to RNA



molecules. Clj cells with labeled RNA were co-cultured with the Cac-Halo strain expressed the HaloTag
protein (Fig. 2). Starting at 4 hrs of co-culture we observed cell fusion events similar to those seen in Fig.
3, where red Cac-Halo was fused with a Clj cell containing labeled RNA (Figs. 4A-C). This cluster in
particular is interesting since the red Cac-Halo acquired some of Clj’s green RNA during the fusion, while
the Clj cell did not acquire any red protein material from Cac-Halo. Therefore, the exchange of whole-cell
RNA must occur at a faster rate and to a greater degree compared to protein exchange. In comparison, the
cell fusion cluster from 20 hrs of co-culture (Figs. 4M-O) shows the exchange of both RNA and protein
later on in the co-culture. Here, the top cell is the Clj containing strong green signal (labeled RNA) and
weaker red signal coming from red HaloTag protein acquired from Cac-Halo. Similarly, the bottom cells
must be a Cac-Halo cells since it contains strong red signal (HaloTag), and weaker green signal produced
by green RNA acquired from Clj (top cell). This is consistent with flow cytometry time course data where
double-positive cells were observed only after 2 hrs of co-culture, and the double-positive fraction reached
51.9% by 27 hrs of co-culture (Suppl. Fig. 9). Furthermore, single hybrid cells containing green RNA
material and red protein material were observed at throughout the co-culture at 4 hrs (Figs. 4D-F), 9 hrs
(Figs. 4J-L) and 20 hrs (Figs. 4P-R). The cells shown in Figs. 4P-R from a 20 hrs sample is of particular
interest as it shows a Cac-Halo cell in the clostridial form (which is part of its sporulation mechanism (12))
containing the red HaloTag and the green RNA acquired from Clj. Thus, Cac that acquired foreign RNA
from Clj was still able to function and go through its normal sporulation process.
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Fig. 4. RNA exchange between red Cac-Halo and wild-type Clj labeled green with SYTO™ RNASelect™ dye. The
red signal was produced by the Janelia 646 ligand, while the green was produced by the RNASelect™ bound to Clj’s
whole-cell RNA. Thus, the red signal indicates presence of protein (HaloTag) while the green color indicates. The
images were collected in the Z-stack mode using a super-resolution confocal microscope. Two cell clusters are shown
at 4 hrs, 9 hrs, and 20 hrs of the co-culture. The presence of two-cell double-positive clusters early on in the co-culture
indicates whole-cell RNA is freely exchanged between both organisms under co-culture conditions.



IVV. SNAP-tag represents an orthogonal fluorescent reporter systems to use with FAST and
HaloTag in labeling of Clostridium co-cultures. To observe the direct transfer of proteins between
Clostridium species, other orthogonal fluorescent reporter systems are needed tag multiple proteins of
interest. Our lab has successfully used FAST and Halo-tag to label both C. acetobutylicum and C.
ljungdahlii and we have designed an additional orthogonal fluorescent system for Clostridium spp. using
the SNAP-tag. SNAP-tag is a mutant DNA repair protein O6-alkylguanine-DNAalkyltransferase transfers
the alkyl group of the substrate permanently to a cysteine residue (13). SNAP-tag irreversibly binds
benzylguanine derivatives like SNAP-Cell 647-SiR and benzylchloropyrimidine derivatives like SNAP-
Cell 505-Star and SNAP-Cell TMR-Star. Halo-tag and SNAP-tag used in addition to FAST results in 3
different orthogonal labeling methods for tagging Clostridium spp. The thI*® promoter used previously in
C. acetobutylicum when characterizing FAST as a fluorescent reporter (14) and also shows higher
fluorescence intensity compared to WT C. acetobutylicum when incubated with TMR-Star fluorescent
ligand when expressing codon optimized SNAP-tag (Fig. 5A-B). The thl promoter resulted in 8.4% of
labeled cells after 7 hours of culture and increased up to 21.5% after 35 hours, while the thI*? promoter
resulted in stable expression of the SNAP-tag resulting in 47.2% of labeled cells throughout the 35 hours
of growth. This is consistent with what we have shown previously using the anaerobic FAST fluorescent
tag (2). Cac thI*"?PSNAP-tag also shows brightly fluorescent cells using confocal microscopy (Fig 5C). Cac
thIF"’SNAP-tag shows significantly higher mean fluorescence intensity (MFI) compared to WT C.
acetobutylicum when incubated with the orange fluorescent ligand SNAP-Cell TMR-Star (Fig 5D).
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Fig. 5. C. acetobutylicum thISNAP-tag and thI***'SNAP-tag show fluorescence consistent with previously shown fluorescence using
thiolase promoters. A) C. acetobutylicum thISNAP-tag shows fluorescence brighter than WT C. acetobutylicum after 7, 11, 15.5, 31,
and 35 hours of growth. B) C. acetobutylicum thI**SNAP-tag shows fluorescence brighter than WT C. acetobutylicum after 7, 11,
15.5, 31, and 35 hours of growth. C) C. acetobutylicum thI***'SNAP-tag shows bright fluorescence when incubated with orange-red
SNAP-Cell TMR-Star after ~8 hours of growth. D) C. acetobutylicum thI**?"SNAP-tag shows higher Geometric Mean Fluorescence
Intensity (MFI) compared to WT C. acetobutylicum when incubated with orange-red SNAP-Cell TMR-Star after ~8 hours of growth.
Error bars represent SD. *p<0.05.

Because the thI*** promoter resulted in the higher expression of SNAP-tag in C. acetobutylicum,
we used the same SNAP-tag operon (and replaced the repL with repB ori in the backbone) in C. ljungdahlii
to make the Clj-thIF*?SNAP strain. Clj thI**?SNAP also shows higher fluorescence intensity compared to
WT C. ljungdahlii incubated with TMR-Star (Fig 6A). We also tested the pta promoter for expressing
SNAP-tag and Clj ptaSNAP-tag showed brighter orange fluorescence (Fig 6A) and more brightly
fluorescent cells than Clj thI**?"SNAP-tag (Fig 6B). However, SNAP-tag expressed in Clj with the RepB
replisome with both the pta promoter and the thI*"® promoter does not show as dramatic of a shift in
fluorescence intensity compared to WT as the pta promoter appears to with the Halo-tag (Fig 2). To have
orthogonal fluorescent reporters for multiple Clostridium spp. it is crucial for no cross reactivity between
fluorescent reporters.

When paired with a far-red ligand, both Halo-tag and SNAP-tag (Janelia 646 and 647-SiR
respectively) show distinct populations from FAST paired with a green fluorescent ligand (HMBR and
TFLime) when co-incubated (Fig. 7). When Clj ptaHalo-tag and Cac thI*?"FAST co-culture is incubated with
both Janelia 646 and HMBR, two separate populations are shown with flow cytometry using FITC (green)
and APC (far-red) (Fig. 7A). Additionally, Cac thI**"SNAP and Cac thI**?PFAST incubated with 647-SiR
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the Cac thISUP promoter and the red-orange fluorescent
ligand, TMR-Star (left confocal and top histogram). C.
ljungdahlii labeled with SNAP-tag expressed using the
C. acetobutylicum thISUP promoter and labeled using the

red-orange fluorescent ligand, TMR-Star (right confocal
and bottom histogram).

divisome protein ZapA, CLJU_c34400, which has not
been previously characterized. To express Cac ZapA-
FAST in C. ljungdahlii the same pta promoter and RBS
used with Halo-tag in pl00OptaHalo with the RepB
replisome was used. C. ljungdahlii ptaZapA-FAST
shows bright fluorescence using flow cytometry
compared to WT C. ljungdahlii when incubated with
HMBR (Fig. 8A). Confocal microscopy shows that C.
acetobutylicum ZapA-FAST localizes at a single pole in
C. ljungdahlii cells (Fig 8B). This provides an indication
of where ZapA-FAST will localize if ZapA-FAST
plasmid can be transmitted between species in co-
culture and expressed by C. ljungdahlii.

10

and HMBR show separate populations using the
same FITC and APC filters (Fig. 7B). The
overlapping green and far-red signal populations is
less than 1%, showing distinct and orthogonal
labeling strategies of both HaloTag and SNAP-tag
with FAST.

V. C. ljungdahlii ptaZapA-FAST
fluorescent  fusion protein  shows
localization at single pole in pure culture.
While the transfer of cellular Cac ZapA-FAST
protein has been shown in co-culture (Fig 3), we
wanted to determine the phenotype of Clj cells
expressing Cac ZapA-FAST and observe
localization of overexpressed C. acetobutylicum
ZapA-FAST in pure C. ljungdahlii culture.
Natively, C. ljungdahlii expresses a predicted
homolog the predicted C. acetobutylicum cell
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Fig. 7 Separation of Halo-tag Clj (top)
SNAP-tag Cac (bottom) from Cac
thIPFAST after co-incubation of each
respective ligands.
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Fig. 8. C. ljungdabhlii expressing C. aceobutylicum
ZapA-FAST fusion protein using the native C.
ljungdahlii pta promoter. C. ljungdahlii ptaZapA-
FAST shows higher fluorescence intensity
compared to WT C. ljungdahlii (top). Confocal
images of overexpressed C. acetobutylicum
ZapA-FAST appears to localize at a single pole of

V1. Successful design of C. acetobutylicum
ferredoxin fusion protein with FAST (thlFd-
FAST).

In addition to utilizing ZapA-FAST to view transfer of
plasmid and protein, we have designed an additional
fluorescent fusion protein to test plasmid and protein
transfer using C. acetobutylicum  ferredoxin
(CACO0303). Cac Fd has been shown to be the major
ferredoxin expressed in C. acetobutylicum (15, 16) and
has been suggested the in vivo application of this
ferredoxin is to channel electrons to HydAl (15), the
main hydrogen producing hydrogenase in C.
acetobutylicum. The fusion protein was constructed as
the C. acetobutylicum ZapA-FAST was previously (14)
using the native thl promoter and a flexible fusion
protein linker. We will use this thiFd-FAST fusion to
observe the potential localization of ferredoxin during
cell-to-cell interactions in co-culture. First, to examine
potential localization of ferredoxin in pure C.
acetobutylicum thlFd-FAST, we observed with both
flow cytometry and confocal microscopy. Flow
cytometry showed brightly fluorescent cells expressing
the Fd-FAST fusion protein and showed higher
fluorescence intensity when compared to WT C.
ljungdahlii (Fig. 9). Using confocal microscopy, Fd-
FAST appears to localize in small areas of certain cells,
shown by red arrows, which presumably shows Fd-
FAST interacting with native proteins in C.
acetobutylicum.
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V1. Evidence for transfer of plasmid DNA
from C. ljungdahlii (Clj) to C.
acetobutylicum (Cac), facilitated by the
unique cell fusion events that occur in the
co-culture.  The syntrophic co-culture
system discovered in this work provides
evidence for a new, and never-previously
described mechanism for the horizontal gene

transfer between bacteria. Here, the
exchange of plasmid, and possibly genomic
DNA has occurred through the cell-to-cell &
fusion that takes place in the syntrophic co-  ;
culture of C. acetobutylicum (Cac) and C.
ljungdahlii (Clj) and has been documented
previously (17). In the co-culture, the cell-to- 2
cell fusion and the formation of hybrid =
bacterial cells may have facilitated the =
exchange of DNA between these two unique
organisms. As detailed below, plasmid DNA

(p100ptaHalo) was successfully transferred
from the Clj-ptaHalo strain expressing the  Fig. 9 C. acetobutylicum expressing thIFd-FAST
HaloTag protein (18), to the wild-type Cac in  fusion protein fluorescence compared to WT C.
the co-culture of the two organisms. The acetobutylicum. C. acetobutylicum thlFd-FAST
gene transfer between these two organisms shows _higher fluorescence intensity compared to
could not have occurred through the natural T using flow cytometry (top) and thlFd-FAST

. shows small localizations of fluorescence in some
competency route, where Cac picked up the
plasmid DNA from any lysed Clj-ptaHalo, for two reasons. First, there is no evidence that either
Cac or Clj have the ability to become naturally competent (19, 20). Second, the RM methylation
system of Clj is not compatible with that of Cac, which prevents the transformation with Clj-
methylated plasmids into Cac, as described later. Thus, the observed DNA exchange must have
occurred through the unique cell-to-cell fusion observed in the co-culture of the two organisms.
Since neither organism is known to possess any conjugation machinery, the cell-to-cell fusion and
formation of hybrid bacterial cells that occurs in the co-culture of these two organisms is likely to
be a never-previously seen mechanism of horizontal gene transfer.
VI1I. Design of the selection process for isolating Cac cells which acquired plasmid DNA
from Clj-ptaHalo under co-culture conditions. To determine if DNA can be transferred between
Clj and Cac under co-culture conditions, four co-cultures (biological replicates) of Clj-ptaHalo
strain (carrying p100ptaHalo plasmid compatible with both organisms) and the wild-type Cac were
performed. After 24 hrs of growth, co-culture samples were collected for selection in order to
isolate any Cac that may have acquired the p100ptaHalo plasmid (carrying the HaloTag gene and
the erythromycin resistance gene, ErmR) from the Clj-ptaHalo strain. The selection was done in
liquid medium during the first two steps, followed by selection on and solid selection plates. The
liquid selection was done in Turbo CGM, containing 80 g/L of glucose (Cac specific substrate)
and no fructose (Clj specific substrate), supplemented with 100 pg/mL of erythromycin. The liquid
selection cultures were done in unsealed 100 mL bottles in the anaerobic chamber with no extra

D Cac WT
[ Cac thiFd-FAST

Cell Count

Mo

Cac WT

Cac thlFd-FAST
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H2/CO2 gas (Clj specific substrate). The plate selection was done on 2xY TG plates, containing 5
g/L of glucose, no fructose, and 100 pg/mL of erythromycin. Therefore, in the liquid and solid
selection, the presence of only high glucose concentration (Cac substrate), and no fructose, nor
concentrated gas sources present (Clj substrates), was expected to enrich the original co-cultures
samples in Cac cells, while eliminating Clj-ptaHalo over time. The selection media also contained
the antibiotic erythromycin (100 pg/mL) in order to eliminate wild-type Cac cells during the
selection process, and over time isolate only Cac cells that acquired the plasmid DNA
(p100ptaHalo) in the co-culture. The isolated strains are defined from this point on as Cac-X.#,
where ‘X’ represents the different starting co-cultures, while the ‘#’ represents the specific
selection stage (passage), as shown in Figure 1.

Selection Conditions:
Co-culture Passages in Liquid Medium Passages on Plates * Glucose Only
(PX.1 & PX.2) (PX.3, PX.4, PX.5) * No Extra H,/CO,
*  Erythromycin
' * Heat-shock (HS)
N f/-\\"z NoHS/I-\\’G
:: ::: ’::: Test Colonies from
Co-culture Passage Grow Single Plate CGI-PI.S
1.0 1.4 Colonies
. S ~
s N X2 X3
P fj No Hs_J=__ '
:D |:I; ED Test Colonies from
Co-culture Passage Grow Single Plate Cal-P2.5
e 2.4 Colonies
" o J
P 4 P = x2 x3
Co-culture :> — |::> No Growth
3.0 3.4
. J
P e N x2 X3
/—\ o Test Colonies f
|:> I:> 00,0 |:> est Colonies from
Co-culture Passage o Grow Single Plate Cac-P4.5
4.0 4.# Colonies

" /
Figure 10. The summary of the selection procedure for isolating Cac-PX.# strains, which acquired the plasmid
DNA from Clj-ptaHalo in the co-culture. The selection started with 4 co-cultures. In the first two selection
passages (PX.1, and PX.2) co-culture samples were incubated in selective liquid medium. At the passage PX.3,
cells were plated on selective plates to generate and isolate single colonies of Cac-X.# strains, which have
acquired the plasmid DNA. The selection line Cac-P3.2 did not survive on plates and was abandoned. Selection
lines Cac-1.3 and Cac-2.3 (and all subsequent passages) could not survive the heat-shock, indicating the lack of
sporulation genes, and were grown without heat-shock selection for analysis. The selection passage line Cac-
P4.3 (and all subsequent passages) survived the heat-shock, thus showing a phenotype consistent with wild-type
Cac.

To start the selection process, 5 mL samples from each co-culture were washed in Turbo CGM
medium (80 g/L of glucose only, no fructose) and transferred to 25 mL of the liquid selection
medium. The co-culture samples were washed to remove any fructose left over from the co-culture
growth medium. This was the 1st selection passage PX.1 (Figure 10). After 24 hrs of growth, 5
mL samples from each PX.1 culture were collected, washed, and transferred to fresh 25 mL of the
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liquid selection medium again (passage PX.2) to further enrich the passaged cultures for plasmid-
containing Cac cells. After 24 hrs of incubation, samples from passages PX.2 were steaked onto
2xYTG selection plates (PX.3) to begin isolating and testing single colonies. Plating on the 2xYTG
selection plates was expected to further eliminate any pure Clj-ptaHalo cells from the selection
samples, since Clj cells do not develop colonies on plate surface, and instead have to be imbedded
within the agar to grow (6, 16). The selection plates (PX.3) developed colonies after 2 days of
incubation at 37°C, except the selection plate P3.3 which did not develop any colonies (Figure 10).
Thus, the P3.# selection line was abandoned at that point. Multiple colonies (8-10) were picked
from each successful selection plate (P1.3, P2.3, & P4.3) and were cultured in the liquid selection
medium (80 g/L glucose with 100 pg/mL erythromycin). Half of the selected colonies were heat-
shocked at 80°C for 10 minutes (per standard Cac culture techniques) to check whether the
colonies from the selection plates were still able to sporulate. Colonies from plates P1.3 and P2.3
did not survive the heat-shock selection, but were able to grow in the liquid selection medium,
while colonies from the plate P4.3 survived the heat-shock and grew in the liquid selection
medium. All colonies that grew in the liquid selection medium were then streaked again on the
2xXYTG selection plate (passage PX.4), and the process was repeated one more time (passages
PX.5) to further enrich each selection strains (P1.#, P2.#, and P4.#) for Cac cells resistant to
erythromycin. Finally, colonies from plates P1.5, P2.5, and P4.5 were grown in the liquid selection
medium, and analyzed using microscopy, flow-cytometry, HPLC, and PCR assays to determine
whether the plasmid DNA (and any genomic DNA) were transferred from Clj-ptaHalo to the wild-
type Cac cells during co-culture.

Table 1. The phenotype checklist of the parent strains used for the starting co-culture (Clj-ptaHalo and wild-type Cac),
the expected phenotype of Cac cells which acquired the plasmid DNA and the observed phenotype in the isolate.

. . Wild-type Cac-ptaHalo Cac-P4.5
Characteristic Clj-ptaHalo Cac (p100ptaHalo) Strain

Hea'g—shock No Yes Yes Yes

survival

Growth on No Yes Yes Yes

glucose only Cac
Specific

Growth on plates No Yes Yes Yes

Prod. of butan_ol, NO Yes Ves Yes

acetone, acetoin

Growth on . Yes No Yes Yes

erythromycin Plasmid
Specific

HanTag Yes No Yes No P

fluorescence

Productlon of No No No No Co-cul_tL_Jre

isopropanol Specific

IX. Successful transfer of plasmid DNA from Clj-ptaHalo strain to the wild-type Cac in the
co-culture. Of the four starting co-culture selection lines (Figure 10), only the Cac-P4.5 strain
showed almost the full expected phenotype of Cac cells that acquired the plasmid DNA
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(p100ptaHalo) from Clj-ptaHalo strain. The phenotype of all cells was determined based on seven
characteristics:

1) Survival of the heat-shock selection (Cac phenotype only)

2) Growth on the plate surface (Cac phenotype only)

3) Growth on glucose only (Cac phenotype only)

4) Production of butanol (Cac phenotype)

5) Growth with erythromycin (only possible with the plasmid, or the ErmR gene)

6) HaloTag fluorescence (only possible with the plasmid, or the HaloTag gene)

7) Production of isopropanol (co-culture phenotype only)
The phenotype checklist of the starting co-culture partners (Clj-ptaHalo and wild-type Cac), the
expected phenotype of Cac cells that carry the plasmid, like the Cac-ptaHalo strain, and the
phenotype observed in the Cac-P4.5 strain is shown in Table 1 for comparison. All strains were
negative for isopropanol production, since that phenotype is only observed in the co-culture of Cac
and Clj, and only possible when both organisms are present. As such, the Clj-ptaHalo cells were
only positive for growth on erythromycin, and the HaloTag fluorescence, and negative for all other
characteristics. The wild-type Cac was the opposite of Clj-ptaHalo strain, and was positive for the
first five characteristics, but not for growth on erythromycin nor the HaloTag fluorescence. It
follows that any wild-type Cac cells that acquired the pl0OptaHalo plasmid, would have a
phenotype that was a sum of both parent strains (wild-type Cac and Clj-ptaHalo strains), and would
be positive for all of the chosen characteristics (except the production of isopropanol, which is a
co-culture specific phenotype). The isolated Cac-P4.5 strain matched the expected phenotype
almost exactly, except for the plasmid-specific HaloTag fluorescence phenotype (Table 1).
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Figure 11. The metabolite profile of the Cac-P4.5 isolated strain. This strain showed the pure Cac phenotype
of butanol, acetone, and acetoin production. No isopropanol was detected, indicating the selection process
removed all Clj-ptaHalo cells. Product profiles of two biological replicates are shown.

The cells from the selection line Cac-P4.5 had the expected Cac phenotype of surviving the
heat-shock, growth on glucose only, and growth on plate surface (Table 1). Cac-P4.5 strain also
produced butanol, as well as acetone and acetoin, all of which are Cac specific metabolites (Figure
13). Significantly, no isopropanol nor 2,3-butanedio (co-culture specific metabolites) were
detected in this strain, indicating the selection process worked at eliminating all Clj-ptaHalo cells
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from the original co-culture (Figure 11). Per the goal of this study, the selected Cac-P4.5 cells also
showed the evidence of acquiring the plasmid DNA from Clj-ptaHalo during the co-culture. The
erythromycin resistance of the Cac-P4.5 strain can only be explained by the presence of the ErmR
gene in the selected strain, which was encoded on the p100ptaHalo plasmid (originally in the Clj-
ptaHalo parent strain. However, the Cac-P4.5 strain did not show any red fluorescence when
labeled with the red HaloTag ligand Janelia Fluor (Figure 12). Thus, it was not clear why the
isolated strain had the ErmR gene phenotype, but did not appear to express the HaloTag.
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Figure 12. The results of fluorescent labeling of the Cac-P4.5 strain. Cells were labeled with the red Janelia
Fluor®646 ligand (see Methods). No red fluorescent cells were detected using flow cytometry, indicating the
lack of the HaloTag protein expression in the Cac-P4.5 strain. Results from two biological replicates are shown.

The Cac-P4.5 strain had the expected Cac phenotype of surviving the heat-shock, growing on
glucose alone, growth on plate surface. In terms of metabolic activity, Cac-P4.5 cells produced
butanol, as well as acetone and acetoin, all of which are Cac-specific metabolites (Figure 11).
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Significantly, no isopropanol (the metabolite that can only be produced by the Cac-Clj co-culture)
was detected in this selection line, indicating the selection process worked at eliminating all Clj-
ptaHalo cells from the original co-culture (Figure 11). Per the goal of this study, the selected Cac-
P4.5 cells also showed the evidence of acquiring the plasmid DNA from Clj-ptaHalo in the original
co-culture. This is because the Cac-P4.5 cells were resistant to the erythromycin (Table 1). Thus,
the Cac-P4.5 strain acquired the ErmR gene, but could express HaloTag protein as assessed by
flow cytometry analysis. This could be explained in two ways; either the HaloTag gene was lost
at some point during the selection process (Figure 12), or the HaloTag gene was expressed at very
low levels by the Cac-P4.5 strain and not detectable by flow cytometry. Therefore, at least a part
of the p100ptaHalo plasmid, carrying the ErmR gene was transferred to Cac. The transfer of the
pl00ptaHalo plasmid is examined in detail using PCR assays in the following section. To further
confirm the identity of the Cac-P4.5 strain, its morphology was examined using transmission
electron microscopy (TEM). As shown in Figure 13, after 24 hrs of growth the Cac-P4.5 cells had
the appearance of wild-type Cac cells (17): they displayed large translucent regions (granulose
formed in preparation for spore formation) in their cytoplasm, and a few fully formed Cac-P4.5
spore was observed (Figure 13A). In summary, the Cac-P4.5 strain showed the phenotype of wild-

o2 ERRS R
A) ' - k-

Figure 13. TEM imaging of the Cac-P4.5 selection cell line. A) A fully formed Cac spore. B) Cac-P4.5 cells
showing the formation of granulose, which are the large white & translucent regions, consistent with the wild-type
Cac phenotype.

type Cac cells (Table 1), metabolic activity of a pure wild-type Cac culture (Figure 11), and the
cell morphology and spore formation consistent with wild-type Cac (Figure 13). At the same time
the Cac-P4.5 strain was resistant to erythromycin. The latter shows that at least a part of the Clj-
ptaHalo plasmid DNA, containing the ErmR gene, was transferred to Cac from Clj-ptaHalo cells.
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A) Cac-P4.5.1 B) Cac-P4.5.2

Figure 14. PCR assays used to test genomic DNA of cells from the Cac-P4.5 strain for three Clj -specific (blue)
and five Cac-specific (red) genes. Two biological replicates are shown. In both, only the Cac-specific primers
generated the expected ~100 bp band products. Clj-specific primers did not generate any product, indicating no Clj
cells were present in the isolated strain.

X. PCR analysis of the genomic and p100ptaHalo-plasmid DNA in the Cac-P4.5 cell line. The
Cac-P4.5 strain showed almost the exact phenotype that was expected of Cac that has acquired the
plasmid DNA from Clj-ptaHalo. The only inconsistency was the lack of the HaloTag fluorescence
in the Cac-P4.5 strain, suggesting either the lack of the HaloTag gene, or the lack of detectable
HaloTag expression. To examine whether the whole or parts of the p100ptaHalo plasmid are
present in the Cac-P4.5 strain, three PCR assays were used. First, genomic DNA of the Cac-P4.5
strain was tested for the presence of any Clj-ptaHalo genes that may be present in these cells. There
was a possibility that a small number of Clj-ptaHalo cells was still persisting in the Cac-P4.5 cell
line, which could break down erythromycin in the culture medium, and therefore allow Cac-P4.5
cells to grow. Therefore, the Cac-P4.5 cells were screened for 5 Cac genes (adc, ctfA, ctfB, adhE1,
& thl), and 3 Clj genes (sadh, 23bdh, & rho). Control PCR reactions with the pure wild-type Cac
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Figure 15. The overview of the p100ptaHalo plasmid. The plasmid contained the HaloTag gene (red), and the ErmR
gene (yellow). The plasmid also contained the repB ori for Clostridium organisms, ColE1 ori for E. coli, and AmpR
gene for ampicillin resistance for use in E. coli (see Methods). Three primer pairs were designed for each gene, as
shown, to test for the left (L), middle (M), and the right (R) portions of the two target genes. Primers E1 and H1
bind outside of each gene to the left, while primers E6 and H6 bind outside of each gene to the right, to test whether
the original plasmid backbone was still present in the tested selected cells.

genomic DNA produced bands (~100 bp) only with the Cac-specific primers. Similarly, control
reactions with the pure Clj genomic DNA produced bands (~100 bp) only with the Clj-specific
primers. Thus, the primers designed for the assay showed very high specificity for their target
organisms. Genomic DNA from Cac-P4.5 strain was tested using the same PCR assays (Figure
14). Both biological replicates showed the presence of only the Cac genes in the samples, while
Clj genes were not detected (Figure 14). Therefore, Cac-P4.5 strain must have acquired the ErmR
gene from the Clj-ptaHalo strain during the selection process. Of note, these results are another
piece of evidence that shows the selection process used in this study (Figure 10) worked as
expected i.e., over the course of the selection, it eliminated all Clj-ptaHalo cells, and enriched the
culture in Cac cells that acquired p100ptaHalo-plasmid.

Genomic DNA extracts from the Cac-P4.5 strain were tested for the ErmR gene, and the
HaloTag gene using PCR assays. Genomic DNA samples were tested, since the genomic DNA
extraction would also contain any plasmid DNA present in these cells. Control PCR reactions for
both genes showed identical results for both genomic and plasmid DNA extracts from the positive
control Cac-ptaHalo strain. Three sets of primers were designed for both genes to test either the
left flank (L), the middle (M), or the right flank (R) of both genes (Figure 15). The flanking PCR
reactions had one primer bind either end of the target gene, while the second primer would bind
outside of the gene on the plasmid backbone (Figure 15). Genomic DNA from four biological
replicates of the Cac-P4.5 strain was tested for the presence of the ErmR gene, since Cac-P4.5 cells
were resistant to erythromycin. Here, the middle (M) and right (R) PCR tests for the ErmR gene
generated the expected bands (Figure 16B). Surprisingly, the left (L) reaction did not generate the
expected band in all tested colonies (Figure 16B). Since the Cac-P4.5 strain was resistant to
erythromycin, the ErmR gene sequence must be complete, and the primer E2 was unlikely to be
the reason behind the negative PCR outcome. Thus, the reaction did not work most likely because
the target sequence of the primer E1, which would bind to the left and outside of the ErmR gene
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must be missing (Figure 16). This implies that at least a portion of the p100ptaHalo plasmid, which
contains the ErmR gene, was integrated into the Cac-P4.5’s genome. This is further supported by
the lower intensity of the M & R bands produced from Cac-P4.5’s DNA, compared to bands
generated from the Cac-ptaHalo’s DNA (positive control; Figure 16A). In both cases, the

same amount of DNA template was used for the PCR reaction. Cac-ptaHalo cells contain multiple
copies of the plasmid, and thus multiple copies of the ErmR gene, which resulted in the strong PCR
bands. If a portion of the p100ptaHalo plasmid integrated into Cac-P4.5’s genome, each cell of
that strain would only carry a single copy of the ErmR gene, resulting in less PCR product, and
thus bands with lower intensity.
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E Cac-Hal Cac-Hal
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Figure 16. PCR assays used to detect the presence of the ErmR gene in the Cac-P4.5 strain. A) The DNA sample
from the Cac-ptaHalo (containing the p100ptaHalo plasmid, positive control) produced the expected bands, with
strong intensity for the left (L), middle (M), and right (R) PCR reactions. B) Results of the PCR reactions on the
DNA extracts from four biological replicates of the Cac-P4.5. In all replicates the left (L) reaction did not generate
the expected band (white arrows). The middle (M) and right (R) reactions worked as expected. The M and R bands
in all four samples had a lower intensity compared to the positive control. The same amount of the DNA template
was used in all reactions.

The same Cac-P4.5 DNA samples were tested for the presence of the HaloTag gene as well.
All three PCR reactions (L, M, R) of the HaloTag gene assay produced the expected bands in all
four DNA samples from the Cac-P4.5 strain (Figure 17B). Why were the Cac-P4.5 cells non-
fluorescent when labeled with the HaloTag ligand if they did carry the HaloTag gene? The bands
generated from the Cac-P4.5’s DNA had a lower intensity, compared again to the positive-control
Cac-ptaHalo DNA sample (Figure 17A), similarly to the results of the ErmR-gene assay (Figure
16). Since the same amount of DNA template was used in all PCR reactions, this again implies
that the Cac-P4.5 strain contains fewer HaloTag gene copies, compared to the Cac-ptaHalo strain
which carries multiple copies of the p100ptaHalo plasmid. This is further evidence for plasmid
DNA integration into the Cac-P4.5 strain’s genome. A single copy of the HaloTag gene, depending
on where and how the integration event occurred, would most likely not be able to produce enough
of the HaloTag protein, per each Cac-P4.5 cell, to reach the detection threshold of flow cytometry.
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In summary, p100ptaHalo-plasmid DNA originating from the Clj-ptaHalo strain successfully
transferred into the WT Cac cells during the co-culture. Over the course of the selection process
(Figure 10), a portion of the plasmid containing the ErmR and HaloTag genes integrated into Cac’s
genomic DNA, creating the Cac-P4.5 strain. The integration of the portion of the p100ptaHalo
plasmid fully explains the observed phenotype of the Cac-P4.5 strain.
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Figure 17. PCR assays used to detect the presence of the HaloTag gene in the Cac-P4.5 strain. A) The DNA sample
from the Cac-ptaHalo (positive control) produced the expected bands, with strong intensity for the left (L), middle
(M), and right (R) reactions. B) Results of the PCR reactions on the DNA extracts from four biological replicates
of the Cac-P4.5 strain. All three reactions produced the expected product, implying the entire gene is present. The
bands in all four samples had a lower intensity compared to the positive control. The same amount of the DNA

template was used in all reactions.

XI. C. ljungdahlii seeks out COz2 in novel anaerobic chemotaxis swim assay. Gas chemotaxis
has been well established for physiologic gases like O, and nitric oxide (NO) (21), however CO, sensing
mechanisms are less established. CO; sensing is thought to be widespread across plants, fungi, insects and
animals, but more studies are need to pinpoint the mechanisms of Co2 sensing in bacterial systems (21).
Many bacterial pathogens are thought to have developed sensing CO, mechanisms used to locate the
perfect host environment. For example, Bordatella (22), Bacillus (23), Borrelia (24), Vibrio (25), and
Pseudomonas spp (26). have been shown to have increased virulence gene expression, including
adherence to cells and toxin production, when the CO; level is consistent with a mammalian host.
Currently, one of the most promising candidates for CO2 sensing mechanisms across all species is
carbonic anhydrase (CA). Carbonic anhydrase is a metalloenzyme that reversibly hydrates carbon dioxide
(CO2 + H20 «> HCO3 + H+) (27). There are 5 classes of carbonic anhydrases (a, B, v, 6 and ) (21), with
a, B, and y CA being the classes in bacterial systems (28). However, it is not clear whether CA itself does
the sensing or if the conversion of CO; to bicarbonate transduces a change in CO; levels that can be used
by actual CO; sensors in the cell (21).
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Figure 18: Novel anaerobic swim assays show
movement of WT C. Jjungdahlii towards various
headspace gas mixes using RCM medium with 0.3%
agar in sealed serum tubes. Arrow indicates
inoculation line. A) WT C. ljungdahlii swims toward
a 80% H, 20% CO, headspace at 24, 48, and 72
hours. B) WT C. ljungdahlii swims toward a 100%
CO, headspace at 24, 48, and 72 hours. C) WT C.
ljungdahlii appears not to swim towards a 100% H,
headspace at 24, 48, and 72 hours. D) WT C.
ljungdahlii appears not to swim towards a 100% N,
headspace at 24, 48, and 72 hours. Blue arrows
indicate inoculation layer in agar.

24 hours 48 hours
U -
H, +CO, .

+CO

To investigate how C. ljungdahlii and C. acetobutylicum are attracted to each other in co-culture, we
decided to probe the ability for C. ljungdahlii to sense waste gases produced by C. acetobutylicum. A
novel anaerobic swim assay was developed in sealed serum tubes in order to test the movement of C.
ljungdahlii towards gases in the headspace. Figure 9 shows the movement of WT C. ljungdahlii towards
80% H, 20% CO; (Fig 18A), 100% CO, (Fig 18B), 100% H, (Fig 18C), and 100% N (Fig 18D) at 24, 48,
and 72 hours. While both 80% H, 20% CO- and 100% CO,show movement toward the headspace, the
most prominent movement appears to be towards pure CO,. Pure H, and N2 headspace showed little to no
movement of C. ljungdahlii away from the initial inoculation site, indicating in these particular conditions
C. ljungdahlii was not actively seeking only H. or the N control. To further quantitate the movement C.
ljungdahlii toward gases, we established a gPCR based assay to count the number of genome copies (9,
29).
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Figure 19 Schematic of chemotaxis swim tubes for quantification of C. ljungdahlii movement towards
gases. 4 ml of reinforced clostridium medium (RCM) with 0.3% agar were added to sterile serum tubes
and allowed to solidify. A layer of exponentially growing WT C. ljungdahlii was mixed with RCM 0.3%
agar and allowed to solidify. 2 mL of RCM 0.3% agar were added and solidified. A sterile 1.2 um
polycarbonate filter was placed on top of the solid agar and 4 mL of RCM 0.3% agar was used to cover
the filter. Once all agar was solid tubes were sealed and flushed with either 80% H, 20% CO, or 100%

N,.

New swim tubes were designed using a sterile porous (1.2 um) polycarbonate membrane
embedded in the reinforced clostridium medium (RCM) swim agar (0.3% ). Figure 19 shows a schematic
of how these tubes were set up. The agar layer above the polycarbonate filter was harvested for genomic
DNA extraction every 24 hours for each condition. Figure 11 shows WT C. ljungdahlii movement
through 1.2 um pores with 80% H, 20% CO; (Fig 20A), and 100% N2 (Fig 20B) over 48 hours. Cells
have clearly moved between the pores in the sterile filter to move towards the 80% H, 20% CO-
headspace after 48 hours. After extracting the genomic DNA from the swim agar a standard curve was
performed on C. ljungdahlii gDNA(Fig 20C), and the g°PCR method we have previously used to quantify
genome copies was calculated and showed the highest genome copy number after 48 hours above the

filter (Fig 20D).
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XI1. A potential mechanism for chemotaxis towards CO: in C. ljungdahlii. To begin the search
for a potential CO- sensing system in C. ljungdahlii, we first took a look at carbonic anhydrase homologs
in Clostridium spp. Recently, a novel  CA has been characterized in C. autoethanogenum, a close
relative to C. ljungdahlii. When purified, this § CA was shown to have carbonic anhydrase activity, and
functional knockout complementation in E. coli carbonic anhydrase knockout (30). This  CA was also
shown to form as a dimer and is predicted to have a molecular weight of 14.2 kDa. C. ljungdahlii also has
this carbonic anhydrase (CLJU_c10130), which on the WT C. ljungdahlii genome, is located near a
putative methyl-accepting chemotaxis receptor (CLJU_c10160) and flagellar assembly machinery genes
(CLJU_c10190-CLJU_c10450) (Figure 21A). Based on this location, we believe this methyl-accepting
chemotaxis protein has potential to be a novel CO; sensor in C. ljungdahlii. Methyl-accepting chemotaxis
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Figure 20: Quantification of cell movement towards headspace gases. Swim tubes were inoculated with
exponentially growing C. ljungdahlii in a layer of 0.3% RCM swim agar. A 1.2 um polycarbonate
membrane filter was positioned on top of fresh medium above the inoculation. A final layer of 0.3% agar
was added on top of the filter. A) WT C. ljungdahlii movement towards 80% H, 20% CO, over 48 hours.
B) WT C. ljungdahlii shows no movement towards N, Headspace after 48 hours. C) Standard curve to
determine DNA concentration of samples based on Cq value. This DNA concentration is then used to
calculate the number of genome copies per uL. D) WT C. ljungdahlii genome copies per uL that passed
through the sterile filter after 48 hours. Error bars represent SE, Student’s t-test. n=6 except t2 H, + CO,

(n=4) *p < 0.05, **p< 0.01.

proteins are the main
chemotactic sensing
proteins in bacteria,
which include a
ligand binding
domain,
transmembrane
helices and a
cytoplasmic signaling
domain that interacts
with downstream
regulatory proteins
involved in
chemotaxis pathways
(31) (Figure 21B).
CLJU_c10160
contains regions
typical to methyl-
accepting chemotaxis
protein signaling
domains (HAMP and
SD) based on
homology, however
the ligand binding
domain does not
appear to be similar
to any previously

characterized methyl-accepting chemotaxis protein. Many types of membrane topology exist for different
known chemotaxis receptors (31), so further bioinformatic analysis is needed to elucidate the function of

this particular methyl-accepting chemotaxis protein.
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Figure 21: A potential mechanism for chemotaxis towards CO, in C. ljungdahlii. A) locus of C.
ljungdahlii CA, MeChe and flagellar assembly genes in C. ljungdahlii genome (KEGG). B) Typical
structure of methyl-accepting chemotaxis receptors in bacteria. LBD ligand binding domain, TM
transmembrane helix, CC control cable, HAMP histidine kinase, adenyl cyclase, methyl-accepting
chemotaxis protein and phosphatase region, PS phase stutter, SD signaling domain, MH methylation
helix, FB flexible bundle, SSD signaling subdomain. (from A. I. M. Salah Ud-Din, A. Roujeinikova
2017)

XI11. Putative methyl-accepting chemotaxis receptor and carbonic anhydrase show

significant increase in fold change under low COz2 concentrations in C. ljungdahlii. To test if
CLJU_c10160 is upregulated in conditions where C. ljungdahlii needs gases to survive, we compared the
fold change of expression for both CA (CLJU_c10130) and MeChe (CLJU_c10160) grown on only 80%
H2 20% CO; to N, and 5g/L fructose. Interestingly, MeChe had a fold change of 194.8 + 90.4, while CA
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1,600 * %k N=3 has a fold change 1,124.4 +245.1 when
1,400 *=p<0.05 comparing growth on only gases and growth
*T* =P <0.0005 on only fructose (Figure 22). This is
consistent with other bacterial carbonic

1,200

& 1,000 . .. .
= anhydrases in low CO: conditions (32). This
L . -
o 0 leads us to believe that these proteins may be
2 600 involved in the mechanism that C. ljungdahlii
* . .
400 uses to sense CO; in the environment. To
200 further investigate the role of this methyl-
. accepting chemotaxis protein, we plan to
MeChe Clj-CA knock out MeChe from the C. ljungdahlii
genome and determine if this protein is
Figure 22: Fold change of methyl-accepting chemotaxis receptor necessary for sensing CO; in the environment
(CLJU ¢10160) and carbonic anhydrase (CLJU_¢10130) grown on : : :
80% H, 20% CO, compared to N, and fructose after 6 hours. N=3 as well as for sensing C. aCEtObUtyI icum in
* = p < 0.05, ¥*#* = p < 0.0005 Student’s t-test. co-culture.

XIV. A fluorescent fusion protein of Clj-MCP and Clj-CA using HaloTag.

To further study Clj-CA and CIj-MCP, a fluorescent fusion protein was created with HaloTag
and a flexible protein linker that was previously used for creating a fluorescent fusion with FAST
(2). First, a Gblock containing the pta promoter, optimized Clj RBS, BamHI restriction site and
HaloTag with the flexible linker (ggaggtggaggaagc) was designed and cloned into a p100_MCS
based vector. This plasmid can then be cut with BamHI and any genome-amplified gene can be
inserted into the cut site to create a HaloTag fluorescent fusion tag on the C-terminus of a protein
of interest. Here we added CIj-MCP and CIj-CA to the p100ptalinker plasmid to create
p100ptaMCP-Halo and p100CA-Halo (Figure 23).
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Figure 23: Vector design for p100ptalinkerHalo (left), p100ptaCA-Halo (top right), p100ptaMCP-Halo (bottom right). Ppta:
promoter for C. ljungdahlii phosphotransacetylase gene (pta), Clj RBS: C. ljungdahlii optimized ribosome binding site (Ueki
et al 2014), BamHI: BamHI restriction enzyme cut site, HaloTag: codon optimized HaloTag for Clostridium, Terminator:
Clostridium rho independent terminator (C. acetobutylicum adc gene). ColE1 ori: Gram-negative origin of replication, AmpR:
ampicillin resistance gene, RepB ori: Gram-positive origin of replication, RepB: protein that initiates replication, ErmR:
Erythromycin resistance gene, Clj-CA: C. ljungdahlii carbonic anhydrase (CLJU_c10130), Clj- MCP: C. ljungdahlii Methyl-
accepting chemotaxis receptor (CLJU c10160). Vector maps generated with SnapGene.
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When expressed in C. ljungdahlii, Clj-
5um MCP-Halo shows fluorescence around
: the outer edge of the cells near the cell
membrane (Figure 24A). This suggests
that Clj-MCP is a transmembrane or
membrane anchored MCP. Clj-CA-Halo,
however, does not appear to localize in
any particular area of the cell and
remains in the cytosol (Figure 24B).
This is consistent with previous evidence
of other CA localization within the
cytosol (33).
XV. A fluorescent co-culture including
Figure 24: Fluorescent fusion proteins of Clj-MCP (A) and CIj-CA C. Ijungdah“i CA-Halo and MCP-
(B) using codon optimized HaloTag and a flexible linker. Circled Halo.
areas indicate individual cells. C. acetobutylicum and C. ljungdahlii
have shown evidence of exchange of
metabolites (9), and also protein and RNA (34). To test whether C. ljungdahlii CA-Halo and
MCP-Halo have an impact on the previous observation of fluorescent cellular material exchange,
a co-culture of C. acetobutylicum ZapA-FAST (2) and C. ljungdahlii ptaHalo (35) were
compared to C. acetobutylicum ZapA-FAST paired with either C. ljungdahlii CA-Halo or C.
ljungdahlii MCP-Halo. In the C. acetobutylicum ZapA-FAST and C. ljungdahlii ptaHalo co-
culture, a small number of cells (0.78%) show both red and green fluorescence after 4 hours, but
double positive cells increase to 3.68% after 9 hours in co-culture (Figure 4.7A). When C.
acetobutylicum ZapA-FAST is paired with C. ljungdahlii CA-Halo, after 4 hours a similarly
small number of cells (0.99%) show both red and green fluorescence after 4 hours, with less
double positive cells (1.39%) compared to C. ljungdahlii ptaHalo after 9 hours (Figure 4.7B).
Similarly, C. acetobutylicum ZapA-FAST paired with C. ljungdahlii MCP-Halo showed few
cells (0.55%) with red and green fluorescence after 4 hours and lower double positive cells
(1.82%) after 9 hours compared to C. ljungdahlii ptaHalo.

When cells from C. acetobutylicum ZapA-FAST and C. ljungdahlii CA-Halo co-culture
are observed with microscopy, evidence of cells containing both green ZapA-FAST and red CA-
Halo are observed. Cells with both green ZapA-FAST localization (bottom cell) and red CA-
Halo (top and bottom cell) were observed in co-culture (Figure 4.8A). The localization pattern of
ZapA-FAST on the bottom cell is indicative of a C. acetobutylicum cell with ZapA-FAST (2)
localizing to the poles of the cell. CA-Halo appears to be distributed throughout the cytosol, as
seen in Figure 4.6B, of both cells. It is possible that the top cell is a C. ljungdahlii cell and the
bottom cell is a C. acetobutylicum cell, and ZapA-FAST and CA-Halo are being exchanged
between the two. In another cell, ZapA-FAST appears to localize to only one of the cell poles,
which is consistent with the localization pattern of ZapA-FAST expressed in C. ljungdahlii (35).
This cell also contains CA-Halo, leading us to believe that this is a C. ljungdahlii cell that may

Individual cell

Individual cell
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Figure 25: Flow cytometry co-culture of C. acetobutylicum ZapA-FAST (green) and C.

ljungdahlii fluorescent fusion proteins (red). Purple cells indicate cells that contain both green
and red fluorescent signals. A) Co-culture of C. acetobutylicum ZapA-FAST (green) and C.
ljungdahlii ptaHalo (red) after 4 hours (left) and 9 hours. B) Co-culture of C. acetobutylicum
ZapA-FAST (green) and C. ljungdahlii CA-Halo (red) after 4 hours (left) and 9 hours. C) Co-
culture of C. acetobutylicum ZapA-FAST (green) and C. [jungdahlii MCP-Halo (red) after 4
hours (left) and 9 hours. Grey cells indicate cells that are do not contain green or red signal.

have taken up ZapA-FAST from C. acetobutylicum (Figure 4.8B). Evidence of C.
acetobutylicum uptake of CA-Halo is also shown in co-culture, with what appears to be a

dividing C. acetobutylicum ZapA-FAST cell that has ZapA-FAST localization at both the poles
and the center of the dividing cell. This cell also appears to contain CA-Halo, showing evidence
that CA-Halo can be taken up by C. acetobutylicum (Figure 4.8C). While these protein exchange
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events happen infrequently in C. acetobutylicum ZapA-FAST and C. ljungdahlii CA-Halo co-
culture, protein exchange still appears to be possible when overexpressing CA-Halo.

HaloTag FAST Overlap DIC Composite

Figure 26: C. acetobutylicum ZapA-FAST and C. ljungdahlii CA-
Halo co-culture cells that contain both green and red signal. A)
Two cells showing exchange of both red and green fluorescent
proteins. B) Cell showing C. ljungdahlii ZapA localization pattern
and HaloTag labeling. C) Two cells showing C. acetobutylicum
ZapA localization and HaloTag labeling.

It is unclear how C. ljungdahlii CA-Halo and MCP-Halo impact the exchange of
fluorescent proteins in co-culture, however, overexpression of each protein of interest may
impact the ability to sense attractants that are produced by C. acetobutylicum. For example, if
Clj-CA is used to increase intracellular concentrations of COz2, overexpression of Clj-CA may
increase efficiency of retaining high intracellular CO: levels, reducing the need for C. ljungdahlii
to move towards gases. C. ljungdahlii MCP-Halo appears to be a transmembrane or membrane
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anchored MCP (Figure 24A) and overexpression of Clj-MCP may block the mechanism for
exchanging intracellular materials by crowding the cell membrane.

XVI. Oligonucleotide
based fluorescent
techniques for
tracking nucleic acid
transfer during fusion.
Hybrid cells contain a
genetic amalgam of the
fusion partner’s

Figure 27. (A) Schematic of an oligopaint. (B) Schematic of chromosomal labelling via DNA-FISH. Chromosom_es and RNA’
(C) Small fluorescent localizations appears where Clj’s chromosome has been labelled with the Clj- but the spatio-temporal

specific library. (D) The library does not label Cac. dynamics of this form of
nucleic acid transfer are
unknown. To analyze dynamics of DNA and RNA exchange during hybridization, the development of
robust and programmable visualization tools is critical. RNA-FISH is a modality of fluorescence in situ
hybridization which targets species specific 23S ribosomal subunit sequences with complementary 18-bp
oligonucleotide probes. DNA-FISH is an analogous technique which uses a library of ‘oligopaints’ to
label the chromosome. An ‘oligopaint’ is a 70-86 bp oligonucleotide with three distinct regions. A central
28-44 bp region bares homology to a target chromosomal sequence and is flanked by 21 bp primer
binding sites(36). Oligopaints are generated in libraries containing hundreds of unique
oligonucleotides(37). Each oligopaint, while retaining the same terminal 21 bp primer binding sites, has a
unique, central homology region allowing hybridization to only one position on the chromosome (Figure
27A). The homology regions are generated bioinformatically to ensure uniform binding thermodynamics,
prevent secondary structure formation, and regulate the number of probe binding sites per length of
chromosome(38). Then the oligonucleotides are synthesized without fluorophores through a commercial
vendor. The common

Fluorophore

0

2 &)
3 A
s, o
o] T
@ Homology Seq. Q

T L
J \Chromosome

primer binding sites
allow fluorescent
molecules such as
Alexa 647 or Cy5.5 to
be attached to the 5’
end of every
‘oligopaint’ en masse
using routine
procedures such as real-
time PCR and in vitro
transcription. The cells
are first fixed and
permeabilized (39).

Then the DNA IS_ Figure 28. CloLjun-E1698 and CloAcet-E268B label orthogonally as shown by fluorescent signal only
denatured, allowing the when the library is matched with its target species.

Cac - Unlabeled Cac - CloLjun-E1968 Cac - CloAcet-E268B Cac — Both =

Clj - Unlabeled Clj - CloLjun-E1698 Clj - CloAcet-E268B Clj - Both

probes to fall into an
energetically favorable duplex with the chromosome. Subsequently, unbound probes are washed away.
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The SILVA ribosomal RNA database was used
in conjunction with ARB to determine species
specific sequences on the 23S subunit of Clj and
Cac. The probes with fluorophores were generated
by a commercial vendor. The 2 probes are
designated CloLjun-E1968 and CloAcet-E268B
and label Clj and Cac respectively. An RNA-FISH
labelling procedure for Gram-positive was adapted
for use with Cac and Clj. Cultures were imaged on

Figure 29. Cac and Clj identified via RNA-FISH in a synthetic aI_SZIS/:58580
microbial community. .
Figure 28 ®,. %
shows that labelling is orthogonal, and Figure 29 shows that the % @

probes can be used in conjunction to identify the species of Cac and
Clj in synthetic co-cultures. Simultaneously, an oligopaint library
specific to Clj was designed with the Oligominer web utility and
synthesized with through a commercial vendor. Alexa fluor 647
was then attached to the library. The labelling procedure used for
RNA-FISH was adapted for use with DNA-FISH. Pure cultures of
Clj were labeled with the probe and imaged via confocal
microscopy as can be seen in Figure 27B.

XVII. Development of a Transposon Insertion Library for
investigation of genes involved in membrane fusion events.
Transposon Insertion Sequencing (TIS) is a forward genetic
approach designed to assign gene essentiality and gene function
(40). Transposases are enzymes which insert and excise specific
genetic elements, called transposons, into and out of the
chromosome. A transposon landing inside a gene’s locus disrupts
the gene, effectively disabling the gene function. Transposases
insert transposons randomly, making the system a viable bases for
random mutagenesis. Libraries of mutants created via random
transposon insertion are called Transposon Insertion Libraries
(TILs)(41). A major benefit to creating TILs is that each mutation
is ‘barcoded’ with the transposon. Using Next Generation
Sequencing (NGS), the unique insertion location of transposons in
millions of mutants is catalogued at once(41). As insertion is
random, insertion sites should be regularly dispersed throughout the
genome except when the insertion is either detrimental or beneficial
to the fitness of the cell. If the insertion grants a competitive
advantage to the mutant, it will outcompete other mutants. Since
disruption of an essential gene will be outcompeted by other
mutants during growth, the TIL includes only a few essential gene
disruptions, if any.

We have successfully constructed a Clj TIL using a
Himar1C9 transposase (42) under a bi-directional
anhydrotetracycline (aTc) inducible promoter which successfully
constructed TIL of C. autoethanogenum (43) (Figure 30). The
library consists of roughly 3.5x10® mutants with a transposition

32

catP

himarC9

b <]
=
+Thiamphenicol

+anhydrotetracycline

Co-culture w/

o
lethal Cac )
—

x10*7 - x10"8

Relative change in insertion density

—

Figure 30. The TIS process. Transposition
is induced from cells carrying the CW-21
plasmid. The library is collected and grown
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frequency of .029 %. False positive rate was 1.2%. False positive colonies have not undergone
transposition but were able to survive selection due to plasmid retention in the presence of aTc. The TIL
can be combined with synthetic biology tools to identify genes contributing to the heterogenous cell
fusion.
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