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Abstract: Biosensors can code information in nucleic acids, but they remain challenging to
apply in complex microbial communities. To provide information about gene transfer host range
among microbiome members, a synthetic catalytic RNA was used to barcode a highly conserved
segment of ribosomal RNA (rRNA). By writing information into rRNA using a ribozyme and
reading out native and modified rRNA using amplicon sequencing, we find that microbial
community members from twenty taxonomic orders participate in plasmid conjugation with an
Escherichia coli donor strain and observe differences in 16S rRNA barcode signal across
amplicon sequence variants. Multiplexed rRNA barcoding using conjugative plasmids with

pBBRI1 or ColEl1 origins of replication revealed differences in host range. This autonomous
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RNA-addressable modification (RAM), which provides information about gene transfer without
requiring translation, will enable microbiome engineering across diverse ecological settings and

studies of environmental controls on gene transfer and cellular uptake of extracellular materials.

Main Text:

Nucleic acids acquired through gene transfer can alter cell-cell interactions !2, facilitate
niche expansion 3, drive bacterial resistance to phage 4, and control gene stability >. Gene transfer
is also critical to cellular domestication for synthetic biology ¢® and a challenge for the safe
application of such technologies °. Because gene transfer can occur across species from different
genera, phyla, and even kingdoms %!, there is a need to understand how it varies across
communities. Of particular importance is understanding the host ranges of conjugative plasmids
12 bacteriophages '3, and environmental DNA uptake '°, as well as the effects of biotic and
abiotic parameters on gene transfer rates '4'°. Such knowledge is crucial to prevent the
unwanted spread of harmful antibiotic resistance genes 2° and DNA from genetically-engineered
biotechnologies 2'.

Genetically-encoded reporters are commonly used to study gene transfer >3, Fluorescent
proteins and antibiotic-resistance genes can be coded into mobilizable genetic elements and used
to identify cells that participate in gene transfer 4. These approaches led to the discovery of
novel DNA exchange mechanisms 2>2¢ and provided mechanistic insight into gene transfer
processes 2. However, since these methods require microbial growth and propagation, as well as
specialized instrumentation like cell sorting 24, they require significant processing before
sequencing to assess mobile DNA host range.

Culture-independent strategies can autonomously record information about gene transfer in
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a community without the need for imaging. For instance, mobile DNA containing a transposase
and transposon can be used to randomly integrate a transposon into the genomes of cells that take
up genetic material, and DNA uptake can be read out using environmental transformation
sequencing (ET-seq) 2%. However, this approach requires metagenomic sequencing to detect the
transposon and identify transconjugants, limiting sensitivity, it cannot measure plasmid dynamics
as the insertion is irreversible, and it depends upon transposase transcription, translation, and
folding 2, which varies across microbes. Chemical and enzymatic strategies for genetic
barcoding overcome some of these limitations 3%3!, but they cannot be performed autonomously
within living cells and can require arduous chemical manipulations.

To monitor gene transfer across microbiomes, we designed catalytic RNAs (cat-RNAs) that
autonomously barcode host RNA upon gene transfer without the need for translation (Fig. 1A).
These small, genetically-encoded cat-RNA are composed of: (i) a designable RNA guide that
localizes the system to a target RNA through base pairing interactions, (ii) a catalytic core
derived from a splicing ribozyme that serves as a writer to catalyze the barcoding reaction 333,
and (iii) a non-coding RNA barcode. Upon interaction with the target RNA, cat-RNAs are
designed to amend the RNA barcode onto the target RNA, forming transient genetically-encoded
information (Fig. S1), which we designate RNA-addressable modification (RAM).

To determine cat-RNA efficiencies across different microbes, we developed a split gfp
gene that functions as a visual reporter for RNA splicing (Fig. 1B). The first gfp fragment, which
is translated, contains the coding sequence for GFP residues 1 to 65 (gfp-F1) fused to a uracil
that is targeted for splicing and followed by a non-coding RNA (ncRNA) sequence. The second
gfp fragment, which is fused to the end of a cat-RNA writer, has a guide that targets the last six

nucleotides (nt) of gfp-F1 and 50 nt of the ncRNA sequence. The latter cat-RNA writer amends
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an RNA barcode composed of the coding sequence for GFP residues 66-238 (gfp-F2) to the end
of gfp-F1 to create a native GFP transcript. When these RNA were transcribed in Escherichia
coli from a pBBR1 plasmid, whole cell fluorescence exceeded that of cells transformed with
empty plasmid (cells) and was ~30% of that in cells that constitutively express full-length GFP
(Fig. 1C, Fig. S2). The growth rates of cells expressing the reporter were not significantly
different from cells lacking it (Fig. S3). These results show that cat-RNA efficiently generates
chimeric transcripts through RNA-mediated barcoding with no detectable effects on cell fitness
under these growth conditions.

We next investigated how RNA guide length affects barcoding. Cat-RNA writers that
generate a GFP output were designed with RNA guides ranging in length from 0 to 600 nt. A
plasmid expressing each cat-RNA and target RNA was transformed into E. coli, and cellular
fluorescence was measured (Fig. 1D). A wide range of guide lengths (25 to 375 nt) presented a
signal, with the highest occurring with the 50 nt guide. All subsequent experiments used cat-
RNA guides that were 50 nt long. To determine if the cat-RNA writers function in different
microbes, we introduced a broad host plasmid encoding the cat-RNA reporter into microbes from
diverse environments, including gut (E. coli), ocean (Vibrio natriegens), soil (Pseudomonas
putida), and freshwater (Shewanella oneidensis MR1). In all cases, a fluorescence signal was
observed for the cat-RNA reporter (Fig. 1E). Thus, a single cat-RNA writer functions across
microbes from different orders without optimization of the cat-RNA sequence or the
transcription cassette.

Given the centrality of 16S rRNA in taxonomic analysis, we hypothesized that a
universal cat-RNA writer could be created by modifying the RNA guide so that it is

complementary to conserved 16S rRNA regions (Fig. 2A). We first identified variable regions of
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the 16S rRNA gene for five microbes, including four Gram negative and one Gram positive
species, by aligning their 16S rRNA sequences and calculating Shannon entropy. To design
universal cat-RNAs, we then performed a 16S rRNA multiple sequence alignment using the
same microbes to identify conserved regions (6 nt) that end in a uracil (Fig. 2B). The 5 nt
adjacent to the uracil will ultimately bind to the internal guide sequence (IGS) to form a paired
domain called P1 336, We then designed 50 nt RNA guide sequences that are complementary to
the rRNA sequences adjacent to each conserved IGS-U (Fig. S4). We scored each variant based
on the conservation of the guide-binding region and identified 54 designs across the targeted
species with >80% identity (Fig. S5). This finding shows a broad-host range RNA guide can be
designed that targets cat-RNA to diverse 16S rRNA sequences for information storage.

Four cat-RNA writers were built that target conserved rRNA sequences (Fig. S6). These
cat-RNAs were expressed from plasmids in E. coli using a constitutive promoter (Fig. 2C), and
the native and barcoded 16S rRNA was quantified by reverse transcription-quantitative
polymerase chain reaction (RT-qPCR). All four of the designs produced barcoded 16S rRNA. A
comparison of the barcoded 16S rRNA to total rRNA abundance revealed that these cat-RNAs
presented similar barcoding efficiencies, with 5 to 28 barcoded rRNA per million total rRNA
molecules. Assuming that exponentially growing cells contain ~72,000 copies of rRNA 7, this
finding shows that 0.4 to 2 copies of rRNA per cell are barcoded.

To establish the sequence of the barcoded rRNA, we performed RT-PCR and amplicon
sequencing of the spliced product arising from the cat-RNA that targets U1376 (Fig. 2D). The
major product arose from ligation of the barcode after U1376, although low frequency off-
pathway splicing occurred at sites with uracils and related P1 sequences (Fig. S7). We next

investigated the stability and the reversibility of the barcoded rRNA (Fig. S8). This analysis
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revealed stability that is similar to that of a typical bacterial mRNA (3 to 8 minute half-lives) 3%,
Taken together, these findings show that cat-RNA can barcode a conserved rRNA sequence,
creating a form of information storage that is expected to be less stable than information stored
within DNA3%40, The cat-RNA that targets U1376 was used for all subsequent analyses.

To determine whether cat-RNA efficiently barcodes rRNA in different microbes, we
cloned it onto a broad host plasmid (pBBR1) and transformed this plasmid into E. coli, P. putida,
Pseudomonas stutzeri, S. oneidensis, and V. natriegens. RT-qPCR detected barcoded rRNA in all
five species although species-to-species variation in the fraction of barcoded 16S rRNA was
observed (Fig. 2E). We also saw variation in cat-RNA transcription in each microbe with E. coli
having the highest signal (Fig. S9). These findings demonstrate that a universal cat-RNA coded
into a single broad-host-range plasmid can record information within a conserved rRNA
sequence in diverse microbes, and they show that the gene transfer signal within each organism
fluctuates due to variation in the activity of the promoter used to transcribe the cat-RNA.

The finding that cat-RNA can barcode rRNA in a range of microbes suggested it could be
applied in a microbiome from the environment to record information about who participates in
gene transfer. Because 16S rRNA sequences are used for taxonomic classification, we
hypothesized that cat-RNA would generate an ensemble of chimeric rRNA that could be
sequenced and analyzed to identify the organisms that participated in gene transfer. Since
conjugation rates can vary widely *!, we programmed E. coli to minimize the donor rRNA
barcoding signal by repressing cat-RNA transcription ~90 fold using repression with the
transcription factor CymR (Fig. S10). We used this strain as a donor for conjugation into a
wastewater sludge microbial community sampled from the West University Wastewater

Treatment Plant in Houston, Texas (Fig. 3A). Filter mating assays were performed aerobically,
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total RNA was isolated and converted to cDNA, and amplicon sequencing was performed.
Analysis of barcoded and native rRNA using high-throughput sequencing revealed 279 amplicon
sequence variants (ASVs), with microbes from twenty orders (Fig. 3B). Among all ASVs
detected, 140 presented 16S rRNA-barcode signals. Among these ASVs, twenty were only
detected when sequencing the barcoded rRNA (Fig. S11). Thus, amplicon sequencing can be
used with cat-RNA to read out information about who is present in a community and who
participates in gene transfer.

To understand how ASV relatedness correlates with information storage, we quantified
the fraction of ASVs barcoded across each order (Fig. 3C). A majority of the Proteobacteria
(60%), which represented almost 90% of the ASVs in the community, contained barcoded 16S
rRNA. The order Aeromonadales presented the largest fraction of barcoded ASVs (~70%). The
barcoding signal decreased with ASV taxonomic distance from this order, as did ASV abundance
in each order. This data shows that diverse microbes in the wastewater community are capable of
information storage about DNA uptake, and it shows that Aeromonadales, Enterobacterales, and
Pseudomonadales are active participants in gene transfer, consistent with prior studies 3443,

To evaluate whether ASV abundance affects barcoding, we analyzed the relationship
between total and barcoded 16S rRNA for the ASVs that presented detectable levels of both (Fig.
3D). This analysis yielded a positive correlation, suggesting that microbial abundance in a
community contributes to the barcode signal. However, the trend could not be fully explained by
a simple linear model, suggesting that additional parameters contribute to the signals, such as
conjugation efficiency, cat-RNA transcription, cat-RNA activity, and rRNA-barcode stability.

To investigate if we could detect variation in barcoding efficiency across ASV pairs

within the community, we compared the ratios of the barcoded to total 16S rRNA amplicon
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relative abundances. When this analysis was performed across only those ASVs that had
detectable barcoded and total rRNA in all six replicates (Fig. 3E), we found that the ratio varied
by up to ~43,000 fold. A pairwise analysis of this data revealed a range of differences in their
ratios across ASVs within the same order and between different orders (Fig. 3F). Bootstrap
analysis of the data revealed that many pairwise comparisons presented differences that were
outside of the 95% confidence intervals (Fig. S12). These findings show that closely related
organisms present variation in barcoding, which is thought to arise from differences in ASV
conjugation rates, promoter activities, and the stabilities of cat-RNA and the mobile element
coding for cat-RNA.

To test if trans-splicing activity is required for 16S rRNA barcoding, we evaluated the
signal arising from cat-RNA variants expected to abolish activity, including a cat-RNA having a
G264A mutation and a variant lacking a guide (Fig. S13). When transformed into E. coli and
conjugated into a community, these cat-RNA did not present barcoding signals. To provide
further validation that the RAM signal arises from conjugation, we benchmarked the cat-RNA
signal against a fluorescent reporter of gene transfer. Specifically, we created a plasmid that
expresses cat-RNA and mScarlet under control of CymR (Fig. S14) and established the
sensitivities of their signals (Fig. S15). This plasmid was then conjugated into a wastewater
community, and samples were sequenced before and after sorting for mScarlet positive cells
(Fig. S16A). In total, 905 ASVs were detected (Fig. S16B), including 845 in the total 16S rRNA
sequencing, 548 in the mScarlet positive cell sequencing, and 306 in the 16S rRNA-barcode
sequencing. Among the ASVs presenting a cat-RNA signal, 90% also exhibited a signal in the
mScarlet positive cells. Of the 23 barcoded ASVs which were not observed in the total 16S

rRNA sequencing, 70% had a mScarlet signal. Finally, the ASVs that presented signals in all
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three sample types represented those ASVs with the highest abundances (Fig. S16C). Thus, a
majority of the ASVs that presented a cat-RNA signal also presented visual reporter signals,
including many with low abundances.

To establish whether cat-RNA can store information about the uptake of different
conjugative plasmids in parallel, we created orthogonal cat-RNAs that amend distinct barcodes
at U1376 on 16S rRNA. When transcribed in E. coli, both cat-RNA designs barcoded 16S rRNA
(Fig. S17). The cat-RNA initially used for community barcoding was on a plasmid with a
pBBR1 origin, while the orthogonal cat-RNA design was encoded in the same plasmid backbone
modified to contain a ColE1 origin of replication. To evaluate the relative barcoding efficiencies
of the cat-RNA plasmids with these different origins, referred to as pBBR1-cat and pColE1-cat,
we transformed the two plasmids into separate E. coli cells and mixed them at different ratios.
We then sequenced the barcoded rRNA of the mixtures and determined the relative counts of the
orthogonal barcodes representing each plasmid (Fig. S18). This analysis revealed that pColE1-
cat produced a greater barcoding signal on average compared to pBBR1-cat, which we speculate
was due to the differences in origins of replication that can affect copy number**. These findings
show that orthogonal cat-RNA can amend different barcodes to the same site within 16S rRNA,
and the information stored can be read out from mixtures of cells.

We next investigated whether information storage could be multiplexed across a single
community to record the host range of multiple conjugative plasmids in parallel. We transformed
pBBR1-cat and pColE1-cat into E. coli MDFpir and used a mixture of these strains as donors for
conjugation into a wastewater sludge community (Fig. 4A). Following filter mating, analysis of
community 16S rRNA revealed ASVs from twenty orders (Fig. 4B). Analysis of the barcoded

rRNA revealed that 188 ASVs had the barcode from pBBR1-cat, while 187 ASVs contained the
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barcode from pColE1-cat (Fig. 4C). Among all ASVs, 145 had barcodes from both plasmids, and
85 had barcodes from a single plasmid. These results show that the host range of conjugative
plasmids that differ only in their origin of replication can be monitored in parallel within an
environmental community.

To investigate if the origin of replication in the plasmid affects conjugative host range,
we evaluated the relative abundances of ASVs having one or both barcodes representing pBBR1-
cat and pColE1-cat, respectively. Enterobacterales was the most prevalent order among the
ASVs only barcoded by pBBR1-cat (Fig. 4B), while Pseudomonadales was the most prevalent
among organisms only barcoded by pColE1-cat. We also observed that pPBBR1-cat presents a
distinct barcoding pattern from pColE1-cat (Fig. S19). This can be seen in the barcoding of the
four most prevalent orders. Aeromonadaceae, Moraxellaceae, and Enterobacteriaceae all
present similar barcoding ratios for the two plasmids, as observed in the E. coli donor. However,
Psuedomonadaceae presents stronger signals for the ASVs containing pBBR1-cat. Consistent
with this observation, prior gene transfer measurements have shown that pBBR1 and ColE1
origins can support plasmid replication in both Enterobacteriales and Pseudomonadales ***,
while bioinformatics has found that ColE1 plasmids are rare in Pseudomonadales . Our results
show how parallel analysis of plasmid conjugation across a microbiome can be applied to
compare the relative host range of plasmids with different origins of replication.

To determine if there are significant differences in the barcoding host range of pPBBR1-
cat and pColE1-cat, principal component analysis (PCA) was used to compare the microbial
community that was barcoded by each plasmid and the native community (Fig. 4D). This

analysis revealed significant differences between the communities with the pBBR1-cat barcode,

those that had the pColE1-cat barcode, and the native microbial community (Fig. S20). In
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addition, we identified ASVs and taxonomic groups with barcode abundances that were
significantly different between the pColE1 and pBBR1 (Fig. 4E). Taken together, these findings
illustrate how differences in the host range of two conjugative plasmids can be monitored in
parallel within a single microbial community using orthogonal cat-RNA.

The facile information storage enabled by cat-RNA has several advantages compared
with existing nucleic acid barcoding systems 46-32, First, cat-RNA records information within
universally-expressed biomolecules at highly conserved sequences adjacent to variable
sequences that can be used to distinguish taxa 3. As such, well-established rRNA sequencing
pipelines used for environmental microbiology can be used to read out community information
34 Second, cat-RNA uses a small biomolecular writer (<500 nt) that only requires a single
promoter to synthesize, while existing autonomous barcoding systems require transcription and
translation 2%. Thus, RAM can easily store information in microbes across a complex microbiome
by coupling cat-RNA synthesis to broad-host-range promoters . Third, the use of RNA for
writing and storing information is expected to minimize resource burdens, since the cost of
protein synthesis required by existing memory systems is much greater than RNA synthesis >°.
While no growth defect was observed with cells expressing a cat-RNA that barcodes an essential
transcript, fitness could be negatively affected under alternative growth conditions. Fourth, after
cells are cured of a mobile genetic element expressing cat-RNA, the recorded information will
not be vertically inherited, making it compatible with transient information storage. This
characteristic can be contrasted with DNA memory devices, such as lineage tracers 37, whose
power lies in the vertical inheritance of information.

To diversify this proof-of-concept cat-RNA for information storage, alternative

promoters can be used to regulate cat-RNA synthesis, and donor strains that generate different
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DNA modifications can be applied to minimize mobile DNA degradation by restriction-
modification systems 8. Alternative RNA guides can be created to selectively store information
in a subset of consortia members by targeting RNA sequences that are only conserved in those
species. By diversifying RNA barcodes, cat-RNA can be created that store information about the
activity of different promoters across a range of microbes. Small, cat-RNA that store information
about cellular uptake of molecules across microbial communities situated in their natural
environment will revolutionize our ability to program cells using synthetic biology by allowing
researchers to perform the design-build-test-learn cycle in environmental samples, and it will
advance our ability to study and understand the environmental controls on the mobility of natural
and synthetic DNA that is exchanged via conjugation, transduction, and transformation. Future
work will be required to extend cat-RNA to other mobile genetic elements and establish its
sensitivity in real-world samples and more representative environments. 16S rRNA barcoding
should transform our ability to study how environmental conditions affect gene transfer host

range and efficiencies across environmental communities.

Methods

Plasmid construction

Table S1 lists all plasmids. Plasmids were constructed through either PCR cloning, Gibson
assembly, or Golden Gate assembly >, Sanger or whole plasmid sequencing was used to verify
all constructs. The synthetic plasmids used for community-scale information storage were identical
in all respects, except they differed by 5 bp in their barcode amended and their origins of

replication. One plasmid used a pBBR1 origin, while the other used a ColE1 origin derived from
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pMB1 (Supplementary Table 1). The sequences of these origins of replication are provided as

supporting information.

Strains, growth, and transformations

Table S2 lists all strains. For all manipulations, single colonies were used to inoculate liquid

cultures. Escherichia coli: cells were made competent by growing overnight in Lysogeny Broth

(LB) medium at 37°C and 225 rpm, diluting 1:100 in fresh LB, and growing to an optical density
(OD) of ~0.5. Cells were harvested by centrifugation, 3,000 g for >10 minutes (min), resuspended
in TSS (1% w/v PEG3500, 0.5% V/V DMSO, 20 mM MgCI2 in LB) medium using a volume that
concentrates 40 fold, and stored at -80°C in aliquots (200 pL). To transform, a cell aliquot was
mixed with plasmid DNA (50 ng), incubated for 20 min on ice, heat shocked at 42°C for 45 seconds
(s), grown for 1 hour (hr) in 2x YT medium (0.5 mL) at 37°C and 225 rpm, and plated on LB-agar

medium containing antibiotics. Shewanella oneidensis MR-1: cells were made competent by

growing in LB medium for 17 hrs at 30°C and 250 rpm, were washed 3x by pelleting using
centrifugation (7,900 g, 2 min) and resuspending in 10% glycerol (V/V), and ultimately
resuspended in a volume of 10% glycerol that concentrates 15 fold. Unmethylated plasmid DNA
(100 ng) purified from dam/dcm™ E. coli (New England Biolabs) was mixed with freshly prepared
cells (50 pL), incubated on ice for 1 min, and electroporated using 1.2 kV for ~5 milliseconds (ms)
with a 0.1 cm cuvette. After recovery in LB medium (1 mL) for 2 hrs at 30°C and 250 rpm, cells

were plated on LB-agar containing antibiotics. Vibrio natriegens: cells were made competent by

growing in Brain Heart Infusion (BHI) medium with V2 salts (204 mM NaCl, 4.2 mM KCl, 23.1
mM MgClz) for 2 hrs 37°C and 250 rpm ®'. When cells reached an OD of 0.5, they were pelleted,

washed 3x times using electroporation buffer (680 mM sucrose and 7 mM K2HPOa4, pH = 7),
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resuspended in a volume that concentrates 100 fold, and frozen in aliquots (50 pL) at -80°C. To
transform, a cell aliquot was mixed with plasmid DNA (100 ng), incubated on ice for 1 min, and
electroporated using a 0.9 kV pulse for ~5 ms using a 0.1 cm cuvette. After recovering in BHI
medium (0.5 mL) supplemented with 680 mM sucrose and V2 salts for 1 hr at 37°C and 250 rpm,

cells were plated on LB-agar containing V2 salts and antibiotics. Pseudomonas putida: E. coli

MFDpir, a diaminopimelic acid (DAP) auxotroph 2, containing plasmid DNA was grown in LB
supplemented with 0.3 mM DAP for 10 hrs at 37°C and 250 rpm, while P. putida was grown in
LB for 10 hrs at 37°C and 250 rpm. After mixing these cultures at a 1:1 ratio, 50 pL. was added to
a nitrocellulose filter on top of LB-agar containing 0.3 mM DAP, and this plate was grown
overnight at 25°C. The filter was placed in a 1.5 mL tube, and phosphate-buffered saline (PBS)

was added (1 mL) and vortexed for 10 s. Cells were pelleted (6,800 g for 3 min), washed with PBS

(1 mL), and plated on LB-agar containing antibiotics. Pseudomonas stutzeri: cells were made
competent by growing for 16 hrs at 30°C and 250 rpm in LB. After harvesting cells by
centrifugation (16,000 g, 2 min), they were washed 4 times by resuspending in 300 mM sucrose
solution. Fresh cells (70 pL) that had been concentrated 86 fold were mixed with plasmid DNA
(>200 ng), incubated at 23°C for 1 min, and electroporated using a 2.5 kV pulse for ~5 ms with a
0.1 cm width cuvette. After allowing cells to recover in LB (1 mL) for 2 hrs at 30°C and 250 rpm,

cells were plated on LB-agar containing antibiotics.

Fluorescence measurements

To assess ribozyme activity across diverse microbes, our visual reporter (PRAM18) was tested in
E. coli, S. oneidensis, P. putida, and V. natriegens. Single colonies containing pPRAM18, 4 for each

strain, were used to inoculate cultures containing antibiotics in a 2 mL 96-well block and grown
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for ~17 hrs at 1,000 rpm in a VorTemp 56 (Labnet) shaker. LB medium was used for all cultures,
except V. natriegens which used LB containing v2 salts. After inoculating fresh LB (1:50 dilution),
cultures were grown for 3 to 8 hrs at 30 or 37°C and 1,000 rpm. Whole-cell fluorescence was
performed using cells (50 pL) mixed with PBS (50 pL) in a 96-well plate. Optical density (OD) at
600 nm and sfGFP fluorescence (FL) were measured using a Tecan Spark (excitation: 485 nm;
emission: 510 nm). OD and FL values were corrected by subtracting the corresponding mean
values of the media blank. The FL to OD ratio (FL/OD) was calculated for each well, which was
derived from a single colony. Normalized FL/OD was calculated for each colony by dividing the
mean of a specified condition (described in each figure legend) and each data point presented. For
analysis of conjugative vector repression, we transformed a vector that expresses mScarlet under
control of the CymR promoter (pRAM24) into E. coli MG1655 containing or lacking a CymR
expression plasmid (pRAM25). Single colonies were used to inoculate LB cultures (1 mL)
containing antibiotics. After growing for 18 hrs at 37°C and 650 rpm, OD and FL were measured
(excitation: 569 nm; emission: 610 nm). For flow cytometry analysis, overnight cultures of cells
harboring pPRAM18 and appropriate controls (pRAM16, pPRAM17) were diluted 1:100 and
analyzed using a Sony Biotechnology SH800 Cell Sorter. In total, 50,000 events were collected
per sample (excitation: 487 nm; emission: 525 nm). Flowjo (BD Biosciences) was used to process
flow cytometry data. An elliptical gate was used to isolate the densest population on the plot
containing SSC-H vs FSC-H channels, containing ~80% of the population. A second gate was

used on the FSC-H vs FSC-A for doublet discrimination.

Growth measurements
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Single colonies (n = 12 each) of E. coli MG1655 harboring plasmids that express the visual reporter
(pPRAM18), a sfGFP positive control (pPRAM17), and an empty vector (pPRAM16) were used to
inoculate LB cultures (1 mL) containing antibiotics. After growing cultures overnight at 30°C and
650 rpm, 1 pL was used to inoculate LB medium (99 pL) containing antibiotics in Nunc Edge 2.0
96-well plates (Thermo Fisher). Cells were grown for 24 hrs at 30°C with double orbital rotation
(3 mm amplitude) in a Tecan M1000 while measuring the OD every 10 min. Maximum specific

growth rates were obtained using Growth Curve Modeler %.

RNA extraction

E. coli, S. oneidensis, P. putida, P. stutzeri, and V. natriegens transformed with plasmids for
expressing different cat-RNA were grown in LB as described for sfGFP fluorescence. Stationary
phase cultures were diluted 1:100 into LB medium (1 mL) containing antibiotic, except V.
natriegens which was diluted into LB medium containing V2 salts. After growing for ~4 hrs, cells
were pelleted (4,000 g, 5 min). The Maxwell® Purefood GMO and Authentication Kit (Promega)
was used to extract total DNA and RNA using an automated magnetic bead purification with a
Maxwell® RSC 48 instrument. In brief, cell pellets were resuspended by vortexing in CTAB buffer
(1 mL), heated for 5 min at 95°C, incubated at 23°C for 2 min, and vortexed. Proteinase K (40 pL,
20 mg/mL) was added, vortexed, and incubated at 70 °C for 10 min. Lysed samples (300 pL) were
added to the receiver well of the extraction cartridges along with lysis buffer (300 pL), and elution
buffer (50 pL) was used to obtain total RNA and DNA. DNA was then removed by adding 2 pL
of Turbo DNAse (Thermofisher) per 10 png RNA in a 50 pL reaction volume. The sample was
cleaned up using a Turbo DNA free kit (Invitrogen) by adding the chelating bead suspension (5

uL), incubating for 10 min while agitating every 2 min to resuspend the beads, and centrifuging at
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10,000 g for 3 min. To obtain the RNA concentrations, the resulting supernatant (47 puL) was
analyzed using a Qubit™ Broad Range (BR) Assay Kit. To ensure that all inhibitors from the kit
were diluted, all samples were adjusted to an RNA concentration that was 10 fold lower than the

sample having the lowest concentration following purification.

Reverse transcription quantitative PCR (RT-qPCR)

Primers (Table S3) and probes used for RT-qPCR were designed using Primer3plus with user-
defined thermodynamic parameters . RT-qPCR reactions quantifying barcoding by different cat-
RNA designs were performed using a dye-based qPCRbio Sygreen 1-step kit (PCR Biosystems,
PB25.11) in a Quantstudio-3 qPCR thermocycler (ThermoFisher). RNA template (4 uL) was used
in a 10 pL total reaction volume with 0.4 uM of each primer and the provided RTase Go reverse
transcriptase (0.5 pL). To determine an initial concentration, RT-qPCR amplification curves were
analyzed using LinRegPCR 9, which background subtracts, log-transforms, and finds the linear
phase of the amplification curve. To compare the concentration of native and barcoded 16S rRNA
across microbes and measure the stability of barcoded rRNA, RT-qPCR reactions were performed
with probes using PCRbio Probe 1-step Detect master mix (PCR Biosystems, PB25.41). RNA
template (4 uL) was added into a 10 pL total reaction volume with 0.4 uM of each primer and 0.2
uM of each probe along with RTase Go reverse transcriptase (0.1 pL). For the same samples, the
16S rRNA quantification was performed in a 10 pL reaction using a dye-based qPCRbio Sygreen
blue mix (PCR Biosystems, PB20.15) with RTase Go reverse transcriptase spiked in (0.5 uL). A
custom R script was used to convert the Cq data exported from Thermo Fisher Quantstudio
software into absolute quantities in copies/uL template using standard curves. In all cases, sample

concentrations were converted to copies/uL template using standard curves made with known
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concentrations of commercially-synthesized DNA (IDT) or purified PCR products. Scripts are

available on GitHub (github.com/ppreshant/qPCR-analysis).

RNA stability measurements

To measure RNA stability, E. coli harboring vectors that express GFP (pRAM17) or the cat-RNA
that targets U1376 (pRAM23) were grown to stationary phase in LB medium (3 mL) containing
antibiotics, diluted 1 to 100 into fresh LB (3 mL), and grown for 3 hrs at 37°C. Cells were diluted
to an OD of 0.5 into fresh LB medium (5 mL) containing or lacking the transcription inhibitor
rifampicin (150 ng/uL). Samples (750 uL) harvested from these cultures after 0, 10, 30, 60, and

180 min incubations were frozen prior to RNA extraction and RT-qPCR analysis.

Universal cat-RNA guide design

To identify possible cat-RNA designs, a 16S rRNA sequence alignment was created using four
Gammaproteobacteria strains and one Bacillus strain, including E. coli K-12 MG1655 (NCBI:
NC _000913.3, bases 223771-225312), P. stutzeri NCTC10475, (NCBI: LR134482.1, bases
939610-941134), S. oneidensis MR-1, (NCBI: AE014299.2, bases 46116-47649), V. natriegens
NBRC 15636, (NCBI: CP009977.1, bases 55-1617), and Bacillus subtilis subsp. subtilis 168,
NCBI: CP053102.1, bases 30279-31832). First, we identified the uracils that were conserved
across all of the 16S rRNA from each species. Those uracils within 35 nucleotides (nt) of the 3’
end of the 16S rRNA were discarded because we set a minimum sequence length of 35 nt for
complementary sequence to the 50 nt guide RNA. All uracils within 5 nt of the 5” end of the 16S
rRNA were also discarded, because they could not be sequenced if barcoded. Second, we used

Clustal Omega multiple sequence alignment to establish the conservation in the 5 nt upstream to
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the conserved uracils %, where the IGS in the cat-RNA will be designed to anneal, which is
designated the P1 stem. To maximize IGS binding in synthetic cat-RNA designs, only those uracils
and adjacent P1 stems with 100% sequence conservation were used for further analysis. Third, we
created a consensus sequence corresponding to the 50 nt downstream of every completely
conserved P1-uracil, which corresponds to the region that is complementary to the synthetic guide
sequences in cat-RNA. To do this, we used BioPython’s “dumb_consensus” with a threshold of
0.70, and denoted any base pairs as ambiguous N if below this threshold 7. The consensus score

S(x), which ranged from 0 to 1, was calculated using the consensus sequence as follows:

s - izt

where x; is the identity of the base at location i of the consensus sequence having length », and
a(xi)is 1 if xi = A, U, C, or G and a(x;) is 0 if x; is N. As such, the consensus score provides a
simple metric of sequence conservation. Finally, we designed complementary cat-RNA guide
sequences (50 nt) based on 4 sequences with the high consensus scores, which were used to guide
the construction of plasmids that express four different cat-RNA. These are named based on the
uracil targeted for the trans splicing reaction in E. coli 16S rRNA, which included U17, U891,
U1376, and U1490 (Table S4). Community conjugation studies all used cat-RNA U1376. The

variable regions in E. coli 16S rRNA used for comparisons were previously reported 68,

Amplicon sequencing of barcoded rRNA in £. coli

To convert extracted RNA to DNA for amplicon sequencing, purified RNA (~500 ng) was
combined with primers (0.5 pL each, 2 uM), dNTPs (0.5 uL, 10 mM), and water to a final volume
of 6.5 pL. RNA was denatured at 65°C (5 min), cooled on ice for 5 min, and the following reagents

(Thermofisher) were added: dithiothreitol (0.5 pL, 100 mM), 5x first strand buffer (2 pL),
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RNAseOUT ribonuclease inhibitor (0.5 pL, 40 U/ul), Superscript III reverse transcriptase (0.25
uL, 200 U/uL), and water (2.5 puL). Reverse transcription was carried out at 55°C for 1 hr, heat
inactivation was done at 75°C for 15 min, and the resulting cDNA was stored a