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Abstract: Biosensors can code information in nucleic acids, but they remain challenging to 23 

apply in complex microbial communities. To provide information about gene transfer host range 24 

among microbiome members, a synthetic catalytic RNA was used to barcode a highly conserved 25 

segment of ribosomal RNA (rRNA). By writing information into rRNA using a ribozyme and 26 

reading out native and modified rRNA using amplicon sequencing, we find that microbial 27 

community members from twenty taxonomic orders participate in plasmid conjugation with an 28 

Escherichia coli donor strain and observe differences in 16S rRNA barcode signal across 29 

amplicon sequence variants. Multiplexed rRNA barcoding using conjugative plasmids with 30 

pBBR1 or ColE1 origins of replication revealed differences in host range. This autonomous 31 



RNA-addressable modification (RAM), which provides information about gene transfer without 32 

requiring translation, will enable microbiome engineering across diverse ecological settings and 33 

studies of environmental controls on gene transfer and cellular uptake of extracellular materials.  34 

 35 

Main Text: 36 

Nucleic acids acquired through gene transfer can alter cell-cell interactions 1,2, facilitate 37 

niche expansion 3, drive bacterial resistance to phage 4, and control gene stability 5. Gene transfer 38 

is also critical to cellular domestication for synthetic biology 6–8 and a challenge for the safe 39 

application of such technologies 9. Because gene transfer can occur across species from different 40 

genera, phyla, and even kingdoms 10,11, there is a need to understand how it varies across 41 

communities. Of particular importance is understanding the host ranges of conjugative plasmids 42 

12, bacteriophages 13, and environmental DNA uptake 10, as well as the effects of biotic and 43 

abiotic parameters on gene transfer rates 14–19. Such knowledge is crucial to prevent the 44 

unwanted spread of harmful antibiotic resistance genes 20 and DNA from genetically-engineered 45 

biotechnologies 21. 46 

Genetically-encoded reporters are commonly used to study gene transfer 22,23. Fluorescent 47 

proteins and antibiotic-resistance genes can be coded into mobilizable genetic elements and used 48 

to identify cells that participate in gene transfer 24. These approaches led to the discovery of 49 

novel DNA exchange mechanisms 25,26 and provided mechanistic insight into gene transfer 50 

processes 27. However, since these methods require microbial growth and propagation, as well as 51 

specialized instrumentation like cell sorting 24, they require significant processing before 52 

sequencing to assess mobile DNA host range. 53 

Culture-independent strategies can autonomously record information about gene transfer in 54 



a community without the need for imaging. For instance, mobile DNA containing a transposase 55 

and transposon can be used to randomly integrate a transposon into the genomes of cells that take 56 

up genetic material, and DNA uptake can be read out using environmental transformation 57 

sequencing (ET-seq) 28. However, this approach requires metagenomic sequencing to detect the 58 

transposon and identify transconjugants, limiting sensitivity, it cannot measure plasmid dynamics 59 

as the insertion is irreversible, and it depends upon transposase transcription, translation, and 60 

folding 29, which varies across microbes. Chemical and enzymatic strategies for genetic 61 

barcoding overcome some of these limitations 30,31, but they cannot be performed autonomously 62 

within living cells and can require arduous chemical manipulations. 63 

To monitor gene transfer across microbiomes, we designed catalytic RNAs (cat-RNAs) that 64 

autonomously barcode host RNA upon gene transfer without the need for translation (Fig. 1A). 65 

These small, genetically-encoded cat-RNA are composed of: (i) a designable RNA guide that 66 

localizes the system to a target RNA through base pairing interactions, (ii) a catalytic core 67 

derived from a splicing ribozyme that serves as a writer to catalyze the barcoding reaction 32,33, 68 

and (iii) a non-coding RNA barcode. Upon interaction with the target RNA, cat-RNAs are 69 

designed to amend the RNA barcode onto the target RNA, forming transient genetically-encoded 70 

information (Fig. S1), which we designate RNA-addressable modification (RAM).  71 

 To determine cat-RNA efficiencies across different microbes, we developed a split gfp 72 

gene that functions as a visual reporter for RNA splicing (Fig. 1B). The first gfp fragment, which 73 

is translated, contains the coding sequence for GFP residues 1 to 65 (gfp-F1) fused to a uracil 74 

that is targeted for splicing and followed by a non-coding RNA (ncRNA) sequence. The second 75 

gfp fragment, which is fused to the end of a cat-RNA writer, has a guide that targets the last six 76 

nucleotides (nt) of gfp-F1 and 50 nt of the ncRNA sequence. The latter cat-RNA writer amends 77 



an RNA barcode composed of the coding sequence for GFP residues 66-238 (gfp-F2) to the end 78 

of gfp-F1 to create a native GFP transcript. When these RNA were transcribed in Escherichia 79 

coli from a pBBR1 plasmid, whole cell fluorescence exceeded that of cells transformed with 80 

empty plasmid (cells) and was ~30% of that in cells that constitutively express full-length GFP 81 

(Fig. 1C, Fig. S2). The growth rates of cells expressing the reporter were not significantly 82 

different from cells lacking it (Fig. S3). These results show that cat-RNA efficiently generates 83 

chimeric transcripts through RNA-mediated barcoding with no detectable effects on cell fitness 84 

under these growth conditions.  85 

We next investigated how RNA guide length affects barcoding. Cat-RNA writers that 86 

generate a GFP output were designed with RNA guides ranging in length from 0 to 600 nt. A 87 

plasmid expressing each cat-RNA and target RNA was transformed into E. coli, and cellular 88 

fluorescence was measured (Fig. 1D). A wide range of guide lengths (25 to 375 nt) presented a 89 

signal, with the highest occurring with the 50 nt guide. All subsequent experiments used cat-90 

RNA guides that were 50 nt long. To determine if the cat-RNA writers function in different 91 

microbes, we introduced a broad host plasmid encoding the cat-RNA reporter into microbes from 92 

diverse environments, including gut (E. coli), ocean (Vibrio natriegens), soil (Pseudomonas 93 

putida), and freshwater (Shewanella oneidensis MR1). In all cases, a fluorescence signal was 94 

observed for the cat-RNA reporter (Fig. 1E). Thus, a single cat-RNA writer functions across 95 

microbes from different orders without optimization of the cat-RNA sequence or the 96 

transcription cassette.  97 

 Given the centrality of 16S rRNA in taxonomic analysis, we hypothesized that a 98 

universal cat-RNA writer could be created by modifying the RNA guide so that it is 99 

complementary to conserved 16S rRNA regions (Fig. 2A). We first identified variable regions of 100 



the 16S rRNA gene for five microbes, including four Gram negative and one Gram positive 101 

species, by aligning their 16S rRNA sequences and calculating Shannon entropy. To design 102 

universal cat-RNAs, we then performed a 16S rRNA multiple sequence alignment using the 103 

same microbes to identify conserved regions (6 nt) that end in a uracil (Fig. 2B). The 5 nt 104 

adjacent to the uracil will ultimately bind to the internal guide sequence (IGS) to form a paired 105 

domain called P1 34–36. We then designed 50 nt RNA guide sequences that are complementary to 106 

the rRNA sequences adjacent to each conserved IGS-U (Fig. S4). We scored each variant based 107 

on the conservation of the guide-binding region and identified 54 designs across the targeted 108 

species with >80% identity (Fig. S5). This finding shows a broad-host range RNA guide can be 109 

designed that targets cat-RNA to diverse 16S rRNA sequences for information storage. 110 

Four cat-RNA writers were built that target conserved rRNA sequences (Fig. S6). These 111 

cat-RNAs were expressed from plasmids in E. coli using a constitutive promoter (Fig. 2C), and 112 

the native and barcoded 16S rRNA was quantified by reverse transcription-quantitative 113 

polymerase chain reaction (RT-qPCR). All four of the designs produced barcoded 16S rRNA. A 114 

comparison of the barcoded 16S rRNA to total rRNA abundance revealed that these cat-RNAs 115 

presented similar barcoding efficiencies, with 5 to 28 barcoded rRNA per million total rRNA 116 

molecules. Assuming that exponentially growing cells contain ~72,000 copies of rRNA 37, this 117 

finding shows that 0.4 to 2 copies of rRNA per cell are barcoded.  118 

To establish the sequence of the barcoded rRNA, we performed RT-PCR and amplicon 119 

sequencing of the spliced product arising from the cat-RNA that targets U1376 (Fig. 2D). The 120 

major product arose from ligation of the barcode after U1376, although low frequency off-121 

pathway splicing occurred at sites with uracils and related P1 sequences (Fig. S7). We next 122 

investigated the stability and the reversibility of the barcoded rRNA (Fig. S8). This analysis 123 



revealed stability that is similar to that of a typical bacterial mRNA (3 to 8 minute half-lives) 38. 124 

Taken together, these findings show that cat-RNA can barcode a conserved rRNA sequence, 125 

creating a form of information storage that is expected to be less stable than information stored 126 

within DNA39,40. The cat-RNA that targets U1376 was used for all subsequent analyses.  127 

To determine whether cat-RNA efficiently barcodes rRNA in different microbes, we 128 

cloned it onto a broad host plasmid (pBBR1) and transformed this plasmid into E. coli, P. putida, 129 

Pseudomonas stutzeri, S. oneidensis, and V. natriegens. RT-qPCR detected barcoded rRNA in all 130 

five species although species-to-species variation in the fraction of barcoded 16S rRNA was 131 

observed (Fig. 2E). We also saw variation in cat-RNA transcription in each microbe with E. coli 132 

having the highest signal (Fig. S9). These findings demonstrate that a universal cat-RNA coded 133 

into a single broad-host-range plasmid can record information within a conserved rRNA 134 

sequence in diverse microbes, and they show that the gene transfer signal within each organism 135 

fluctuates due to variation in the activity of the promoter used to transcribe the cat-RNA.  136 

The finding that cat-RNA can barcode rRNA in a range of microbes suggested it could be 137 

applied in a microbiome from the environment to record information about who participates in 138 

gene transfer. Because 16S rRNA sequences are used for taxonomic classification, we 139 

hypothesized that cat-RNA would generate an ensemble of chimeric rRNA that could be 140 

sequenced and analyzed to identify the organisms that participated in gene transfer. Since 141 

conjugation rates can vary widely 41, we programmed E. coli to minimize the donor rRNA 142 

barcoding signal by repressing cat-RNA transcription ~90 fold using repression with the 143 

transcription factor CymR (Fig. S10). We used this strain as a donor for conjugation into a 144 

wastewater sludge microbial community sampled from the West University Wastewater 145 

Treatment Plant in Houston, Texas (Fig. 3A). Filter mating assays were performed aerobically, 146 



total RNA was isolated and converted to cDNA, and amplicon sequencing was performed. 147 

Analysis of barcoded and native rRNA using high-throughput sequencing revealed 279 amplicon 148 

sequence variants (ASVs), with microbes from twenty orders (Fig. 3B). Among all ASVs 149 

detected, 140 presented 16S rRNA-barcode signals. Among these ASVs, twenty were only 150 

detected when sequencing the barcoded rRNA (Fig. S11). Thus, amplicon sequencing can be 151 

used with cat-RNA to read out information about who is present in a community and who 152 

participates in gene transfer.  153 

To understand how ASV relatedness correlates with information storage, we quantified 154 

the fraction of ASVs barcoded across each order (Fig. 3C). A majority of the Proteobacteria 155 

(60%), which represented almost 90% of the ASVs in the community, contained barcoded 16S 156 

rRNA. The order Aeromonadales presented the largest fraction of barcoded ASVs (~70%). The 157 

barcoding signal decreased with ASV taxonomic distance from this order, as did ASV abundance 158 

in each order. This data shows that diverse microbes in the wastewater community are capable of 159 

information storage about DNA uptake, and it shows that Aeromonadales, Enterobacterales, and 160 

Pseudomonadales are active participants in gene transfer, consistent with prior studies 3,42,43. 161 

To evaluate whether ASV abundance affects barcoding, we analyzed the relationship 162 

between total and barcoded 16S rRNA for the ASVs that presented detectable levels of both (Fig. 163 

3D). This analysis yielded a positive correlation, suggesting that microbial abundance in a 164 

community contributes to the barcode signal. However, the trend could not be fully explained by 165 

a simple linear model, suggesting that additional parameters contribute to the signals, such as 166 

conjugation efficiency, cat-RNA transcription, cat-RNA activity, and rRNA-barcode stability.  167 

To investigate if we could detect variation in barcoding efficiency across ASV pairs 168 

within the community, we compared the ratios of the barcoded to total 16S rRNA amplicon 169 



relative abundances. When this analysis was performed across only those ASVs that had 170 

detectable barcoded and total rRNA in all six replicates (Fig. 3E), we found that the ratio varied 171 

by up to ~43,000 fold. A pairwise analysis of this data revealed a range of differences in their 172 

ratios across ASVs within the same order and between different orders (Fig. 3F). Bootstrap 173 

analysis of the data revealed that many pairwise comparisons presented differences that were 174 

outside of the 95% confidence intervals (Fig. S12). These findings show that closely related 175 

organisms present variation in barcoding, which is thought to arise from differences in ASV 176 

conjugation rates, promoter activities, and the stabilities of cat-RNA and the mobile element 177 

coding for cat-RNA.  178 

To test if trans-splicing activity is required for 16S rRNA barcoding, we evaluated the 179 

signal arising from cat-RNA variants expected to abolish activity, including a cat-RNA having a 180 

G264A mutation and a variant lacking a guide (Fig. S13). When transformed into E. coli and 181 

conjugated into a community, these cat-RNA did not present barcoding signals. To provide 182 

further validation that the RAM signal arises from conjugation, we benchmarked the cat-RNA 183 

signal against a fluorescent reporter of gene transfer. Specifically, we created a plasmid that 184 

expresses cat-RNA and mScarlet under control of CymR (Fig. S14) and established the 185 

sensitivities of their signals (Fig. S15). This plasmid was then conjugated into a wastewater 186 

community, and samples were sequenced before and after sorting for mScarlet positive cells 187 

(Fig. S16A). In total, 905 ASVs were detected (Fig. S16B), including 845 in the total 16S rRNA 188 

sequencing, 548 in the mScarlet positive cell sequencing, and 306 in the 16S rRNA-barcode 189 

sequencing. Among the ASVs presenting a cat-RNA signal, 90% also exhibited a signal in the 190 

mScarlet positive cells. Of the 23 barcoded ASVs which were not observed in the total 16S 191 

rRNA sequencing, 70% had a mScarlet signal. Finally, the ASVs that presented signals in all 192 



three sample types represented those ASVs with the highest abundances (Fig. S16C). Thus, a 193 

majority of the ASVs that presented a cat-RNA signal also presented visual reporter signals, 194 

including many with low abundances. 195 

To establish whether cat-RNA can store information about the uptake of different 196 

conjugative plasmids in parallel, we created orthogonal cat-RNAs that amend distinct barcodes 197 

at U1376 on 16S rRNA. When transcribed in E. coli, both cat-RNA designs barcoded 16S rRNA 198 

(Fig. S17). The cat-RNA initially used for community barcoding was on a plasmid with a 199 

pBBR1 origin, while the orthogonal cat-RNA design was encoded in the same plasmid backbone 200 

modified to contain a ColE1 origin of replication. To evaluate the relative barcoding efficiencies 201 

of the cat-RNA plasmids with these different origins, referred to as pBBR1-cat and pColE1-cat, 202 

we transformed the two plasmids into separate E. coli cells and mixed them at different ratios. 203 

We then sequenced the barcoded rRNA of the mixtures and determined the relative counts of the 204 

orthogonal barcodes representing each plasmid (Fig. S18). This analysis revealed that pColE1-205 

cat produced a greater barcoding signal on average compared to pBBR1-cat, which we speculate 206 

was due to the differences in origins of replication that can affect copy number44. These findings 207 

show that orthogonal cat-RNA can amend different barcodes to the same site within 16S rRNA, 208 

and the information stored can be read out from mixtures of cells.  209 

 We next investigated whether information storage could be multiplexed across a single 210 

community to record the host range of multiple conjugative plasmids in parallel. We transformed 211 

pBBR1-cat and pColE1-cat into E. coli MDFpir and used a mixture of these strains as donors for 212 

conjugation into a wastewater sludge community (Fig. 4A). Following filter mating, analysis of 213 

community 16S rRNA revealed ASVs from twenty orders (Fig. 4B). Analysis of the barcoded 214 

rRNA revealed that 188 ASVs had the barcode from pBBR1-cat, while 187 ASVs contained the 215 



barcode from pColE1-cat (Fig. 4C). Among all ASVs, 145 had barcodes from both plasmids, and 216 

85 had barcodes from a single plasmid. These results show that the host range of conjugative 217 

plasmids that differ only in their origin of replication can be monitored in parallel within an 218 

environmental community. 219 

To investigate if the origin of replication in the plasmid affects conjugative host range, 220 

we evaluated the relative abundances of ASVs having one or both barcodes representing pBBR1-221 

cat and pColE1-cat, respectively. Enterobacterales was the most prevalent order among the 222 

ASVs only barcoded by pBBR1-cat (Fig. 4B), while Pseudomonadales was the most prevalent 223 

among organisms only barcoded by pColE1-cat. We also observed that pBBR1-cat presents a 224 

distinct barcoding pattern from pColE1-cat (Fig. S19). This can be seen in the barcoding of the 225 

four most prevalent orders. Aeromonadaceae, Moraxellaceae, and Enterobacteriaceae all 226 

present similar barcoding ratios for the two plasmids, as observed in the E. coli donor. However, 227 

Psuedomonadaceae presents stronger signals for the ASVs containing pBBR1-cat. Consistent 228 

with this observation, prior gene transfer measurements have shown that pBBR1 and ColE1 229 

origins can support plasmid replication in both Enterobacteriales and Pseudomonadales 24,45, 230 

while bioinformatics has found that ColE1 plasmids are rare in Pseudomonadales 45. Our results 231 

show how parallel analysis of plasmid conjugation across a microbiome can be applied to 232 

compare the relative host range of plasmids with different origins of replication.  233 

To determine if there are significant differences in the barcoding host range of pBBR1-234 

cat and pColE1-cat, principal component analysis (PCA) was used to compare the microbial 235 

community that was barcoded by each plasmid and the native community (Fig. 4D). This 236 

analysis revealed significant differences between the communities with the pBBR1-cat barcode, 237 

those that had the pColE1-cat barcode, and the native microbial community (Fig. S20). In 238 



addition, we identified ASVs and taxonomic groups with barcode abundances that were 239 

significantly different between the pColE1 and pBBR1 (Fig. 4E). Taken together, these findings 240 

illustrate how differences in the host range of two conjugative plasmids can be monitored in 241 

parallel within a single microbial community using orthogonal cat-RNA.  242 

The facile information storage enabled by cat-RNA has several advantages compared 243 

with existing nucleic acid barcoding systems 46–52. First, cat-RNA records information within 244 

universally-expressed biomolecules at highly conserved sequences adjacent to variable 245 

sequences that can be used to distinguish taxa 53. As such, well-established rRNA sequencing 246 

pipelines used for environmental microbiology can be used to read out community information 247 

54. Second, cat-RNA uses a small biomolecular writer (<500 nt) that only requires a single 248 

promoter to synthesize, while existing autonomous barcoding systems require transcription and 249 

translation 28. Thus, RAM can easily store information in microbes across a complex microbiome 250 

by coupling cat-RNA synthesis to broad-host-range promoters 55. Third, the use of RNA for 251 

writing and storing information is expected to minimize resource burdens, since the cost of 252 

protein synthesis required by existing memory systems is much greater than RNA synthesis 56. 253 

While no growth defect was observed with cells expressing a cat-RNA that barcodes an essential 254 

transcript, fitness could be negatively affected under alternative growth conditions. Fourth, after 255 

cells are cured of a mobile genetic element expressing cat-RNA, the recorded information will 256 

not be vertically inherited, making it compatible with transient information storage. This 257 

characteristic can be contrasted with DNA memory devices, such as lineage tracers 57, whose 258 

power lies in the vertical inheritance of information.  259 

To diversify this proof-of-concept cat-RNA for information storage, alternative 260 

promoters can be used to regulate cat-RNA synthesis, and donor strains that generate different 261 



DNA modifications can be applied to minimize mobile DNA degradation by restriction-262 

modification systems 58. Alternative RNA guides can be created to selectively store information 263 

in a subset of consortia members by targeting RNA sequences that are only conserved in those 264 

species. By diversifying RNA barcodes, cat-RNA can be created that store information about the 265 

activity of different promoters across a range of microbes. Small, cat-RNA that store information 266 

about cellular uptake of molecules across microbial communities situated in their natural 267 

environment will revolutionize our ability to program cells using synthetic biology by allowing 268 

researchers to perform the design-build-test-learn cycle in environmental samples, and it will 269 

advance our ability to study and understand the environmental controls on the mobility of natural 270 

and synthetic DNA that is exchanged via conjugation, transduction, and transformation. Future 271 

work will be required to extend cat-RNA to other mobile genetic elements and establish its 272 

sensitivity in real-world samples and more representative environments. 16S rRNA barcoding 273 

should transform our ability to study how environmental conditions affect gene transfer host 274 

range and efficiencies across environmental communities.  275 

 276 

Methods 277 

Plasmid construction 278 

Table S1 lists all plasmids. Plasmids were constructed through either PCR cloning, Gibson 279 

assembly, or Golden Gate assembly 59,60. Sanger or whole plasmid sequencing was used to verify 280 

all constructs. The synthetic plasmids used for community-scale information storage were identical 281 

in all respects, except they differed by 5 bp in their barcode amended and their origins of 282 

replication. One plasmid used a pBBR1 origin, while the other used a ColE1 origin derived from 283 



pMB1 (Supplementary Table 1). The sequences of these origins of replication are provided as 284 

supporting information. 285 

 286 

Strains, growth, and transformations  287 

Table S2 lists all strains. For all manipulations, single colonies were used to inoculate liquid 288 

cultures. Escherichia coli: cells were made competent by growing overnight in Lysogeny Broth 289 

(LB) medium at 37°C and 225 rpm, diluting 1:100 in fresh LB, and growing to an optical density 290 

(OD) of ~0.5. Cells were harvested by centrifugation, 3,000 g for ≥10 minutes (min), resuspended 291 

in TSS (1% w/v PEG3500, 0.5% V/V DMSO, 20 mM MgCl2 in LB) medium using a volume that 292 

concentrates 40 fold, and stored at -80°C in aliquots (200 µL). To transform, a cell aliquot was 293 

mixed with plasmid DNA (50 ng), incubated for 20 min on ice, heat shocked at 42°C for 45 seconds 294 

(s), grown for 1 hour (hr) in 2x YT medium (0.5 mL) at 37oC and 225 rpm, and plated on LB-agar 295 

medium containing antibiotics. Shewanella oneidensis MR-1: cells were made competent by 296 

growing in LB medium for 17 hrs at 30°C and 250 rpm, were washed 3x by pelleting using 297 

centrifugation (7,900 g, 2 min) and resuspending in 10% glycerol (V/V), and ultimately 298 

resuspended in a volume of 10% glycerol that concentrates 15 fold. Unmethylated plasmid DNA 299 

(100 ng) purified from dam-/dcm- E. coli (New England Biolabs) was mixed with freshly prepared 300 

cells (50 µL), incubated on ice for 1 min, and electroporated using 1.2 kV for ~5 milliseconds (ms) 301 

with a 0.1 cm cuvette. After recovery in LB medium (1 mL) for 2 hrs at 30°C and 250 rpm, cells 302 

were plated on LB-agar containing antibiotics. Vibrio natriegens: cells were made competent by 303 

growing in Brain Heart Infusion (BHI) medium with V2 salts (204 mM NaCl, 4.2 mM KCl, 23.1 304 

mM MgCl2) for 2 hrs 37°C and 250 rpm 61. When cells reached an OD of 0.5, they were pelleted, 305 

washed 3x times using electroporation buffer (680 mM sucrose and 7 mM K2HPO4, pH = 7), 306 



resuspended in a volume that concentrates 100 fold, and frozen in aliquots (50 µL) at -80°C. To 307 

transform, a cell aliquot was mixed with plasmid DNA (100 ng), incubated on ice for 1 min, and 308 

electroporated using a 0.9 kV pulse for ~5 ms using a 0.1 cm cuvette. After recovering in BHI 309 

medium (0.5 mL) supplemented with 680 mM sucrose and V2 salts for 1 hr at 37°C and 250 rpm, 310 

cells were plated on LB-agar containing V2 salts and antibiotics. Pseudomonas putida: E. coli 311 

MFDpir, a diaminopimelic acid (DAP) auxotroph 62, containing plasmid DNA was grown in LB 312 

supplemented with 0.3 mM DAP for 10 hrs at 37oC and 250 rpm, while P. putida was grown in 313 

LB for 10 hrs at 37oC and 250 rpm. After mixing these cultures at a 1:1 ratio, 50 µL was added to 314 

a nitrocellulose filter on top of LB-agar containing 0.3 mM DAP, and this plate was grown 315 

overnight at 25°C. The filter was placed in a 1.5 mL tube, and phosphate-buffered saline (PBS) 316 

was added (1 mL) and vortexed for 10 s. Cells were pelleted (6,800 g for 3 min), washed with PBS 317 

(1 mL), and plated on LB-agar containing antibiotics. Pseudomonas stutzeri: cells were made 318 

competent by growing for 16 hrs at 30°C and 250 rpm in LB. After harvesting cells by 319 

centrifugation (16,000 g, 2 min), they were washed 4 times by resuspending in 300 mM sucrose 320 

solution. Fresh cells (70 µL) that had been concentrated 86 fold were mixed with plasmid DNA 321 

(≥200 ng), incubated at 23°C for 1 min, and electroporated using a 2.5 kV pulse for ~5 ms with a 322 

0.1 cm width cuvette. After allowing cells to recover in LB (1 mL) for 2 hrs at 30°C and 250 rpm, 323 

cells were plated on LB-agar containing antibiotics. 324 

 325 

Fluorescence measurements  326 

To assess ribozyme activity across diverse microbes, our visual reporter (pRAM18) was tested in 327 

E. coli, S. oneidensis, P. putida, and V. natriegens. Single colonies containing pRAM18, 4 for each 328 

strain, were used to inoculate cultures containing antibiotics in a 2 mL 96-well block and grown 329 



for ~17 hrs at 1,000 rpm in a VorTemp 56 (Labnet) shaker. LB medium was used for all cultures, 330 

except V. natriegens which used LB containing v2 salts. After inoculating fresh LB (1:50 dilution), 331 

cultures were grown for 3 to 8 hrs at 30 or 37°C and 1,000 rpm. Whole-cell fluorescence was 332 

performed using cells (50 µL) mixed with PBS (50 µL) in a 96-well plate. Optical density (OD) at 333 

600 nm and sfGFP fluorescence (FL) were measured using a Tecan Spark (excitation: 485 nm; 334 

emission: 510 nm). OD and FL values were corrected by subtracting the corresponding mean 335 

values of the media blank. The FL to OD ratio (FL/OD) was calculated for each well, which was 336 

derived from a single colony. Normalized FL/OD was calculated for each colony by dividing the 337 

mean of a specified condition (described in each figure legend) and each data point presented. For 338 

analysis of conjugative vector repression, we transformed a vector that expresses mScarlet under 339 

control of the CymR promoter (pRAM24) into E. coli MG1655 containing or lacking a CymR 340 

expression plasmid (pRAM25). Single colonies were used to inoculate LB cultures (1 mL) 341 

containing antibiotics. After growing for 18 hrs at 37°C and 650 rpm, OD and FL were measured 342 

(excitation: 569 nm; emission: 610 nm). For flow cytometry analysis, overnight cultures of cells 343 

harboring pRAM18 and appropriate controls (pRAM16, pRAM17) were diluted 1:100 and 344 

analyzed using a Sony Biotechnology SH800 Cell Sorter. In total, 50,000 events were collected 345 

per sample (excitation: 487 nm; emission: 525 nm). Flowjo (BD Biosciences) was used to process 346 

flow cytometry data. An elliptical gate was used to isolate the densest population on the plot 347 

containing SSC-H vs FSC-H channels, containing ~80% of the population. A second gate was 348 

used on the FSC-H vs FSC-A for doublet discrimination.  349 

 350 

Growth measurements 351 



Single colonies (n = 12 each) of E. coli MG1655 harboring plasmids that express the visual reporter 352 

(pRAM18), a sfGFP positive control (pRAM17), and an empty vector (pRAM16) were used to 353 

inoculate LB cultures (1 mL) containing antibiotics. After growing cultures overnight at 30°C and 354 

650 rpm, 1 µL was used to inoculate LB medium (99 µL) containing antibiotics in Nunc Edge 2.0 355 

96-well plates (Thermo Fisher). Cells were grown for 24 hrs at 30°C with double orbital rotation 356 

(3 mm amplitude) in a Tecan M1000 while measuring the OD every 10 min. Maximum specific 357 

growth rates were obtained using Growth Curve Modeler 63.  358 

 359 

RNA extraction 360 

E. coli, S. oneidensis, P. putida, P. stutzeri, and V. natriegens transformed with plasmids for 361 

expressing different cat-RNA were grown in LB as described for sfGFP fluorescence. Stationary 362 

phase cultures were diluted 1:100 into LB medium (1 mL) containing antibiotic, except V. 363 

natriegens which was diluted into LB medium containing V2 salts. After growing for ~4 hrs, cells 364 

were pelleted (4,000 g, 5 min). The Maxwell® Purefood GMO and Authentication Kit (Promega) 365 

was used to extract total DNA and RNA using an automated magnetic bead purification with a 366 

Maxwell® RSC 48 instrument. In brief, cell pellets were resuspended by vortexing in CTAB buffer 367 

(1 mL), heated for 5 min at 95°C, incubated at 23°C for 2 min, and vortexed. Proteinase K (40 μL, 368 

20 mg/mL) was added, vortexed, and incubated at 70 oC for 10 min. Lysed samples (300 µL) were 369 

added to the receiver well of the extraction cartridges along with lysis buffer (300 μL), and elution 370 

buffer (50 μL) was used to obtain total RNA and DNA. DNA was then removed by adding 2 μL 371 

of Turbo DNAse (Thermofisher) per 10 μg RNA in a 50 μL reaction volume. The sample was 372 

cleaned up using a Turbo DNA free kit (Invitrogen) by adding the chelating bead suspension (5 373 

µL), incubating for 10 min while agitating every 2 min to resuspend the beads, and centrifuging at 374 



10,000 g for 3 min. To obtain the RNA concentrations, the resulting supernatant (47 µL) was 375 

analyzed using a Qubit™ Broad Range (BR) Assay Kit. To ensure that all inhibitors from the kit 376 

were diluted, all samples were adjusted to an RNA concentration that was 10 fold lower than the 377 

sample having the lowest concentration following purification.  378 

 379 

Reverse transcription quantitative PCR (RT-qPCR) 380 

Primers (Table S3) and probes used for RT-qPCR were designed using Primer3plus with user-381 

defined thermodynamic parameters 64. RT-qPCR reactions quantifying barcoding by different cat-382 

RNA designs were performed using a dye-based qPCRbio Sygreen 1-step kit (PCR Biosystems, 383 

PB25.11) in a Quantstudio-3 qPCR thermocycler (ThermoFisher). RNA template (4 μL) was used 384 

in a 10 μL total reaction volume with 0.4 μM of each primer and the provided RTase Go reverse 385 

transcriptase (0.5 µL). To determine an initial concentration, RT-qPCR amplification curves were 386 

analyzed using LinRegPCR 65, which background subtracts, log-transforms, and finds the linear 387 

phase of the amplification curve. To compare the concentration of native and barcoded 16S rRNA 388 

across microbes and measure the stability of barcoded rRNA, RT-qPCR reactions were performed 389 

with probes using PCRbio Probe 1-step Detect master mix (PCR Biosystems, PB25.41). RNA 390 

template (4 μL) was added into a 10 μL total reaction volume with 0.4 μM of each primer and 0.2 391 

μM of each probe along with RTase Go reverse transcriptase (0.1 µL). For the same samples, the 392 

16S rRNA quantification was performed in a 10 µL reaction using a dye-based qPCRbio Sygreen 393 

blue mix (PCR Biosystems, PB20.15) with RTase Go reverse transcriptase spiked in (0.5 μL). A 394 

custom R script was used to convert the Cq data exported from Thermo Fisher Quantstudio 395 

software into absolute quantities in copies/μL template using standard curves. In all cases, sample 396 

concentrations were converted to copies/μL template using standard curves made with known 397 



concentrations of commercially-synthesized DNA (IDT) or purified PCR products. Scripts are 398 

available on GitHub (github.com/ppreshant/qPCR-analysis). 399 

 400 

RNA stability measurements 401 

To measure RNA stability, E. coli harboring vectors that express GFP (pRAM17) or the cat-RNA 402 

that targets U1376 (pRAM23) were grown to stationary phase in LB medium (3 mL) containing 403 

antibiotics, diluted 1 to 100 into fresh LB (3 mL), and grown for 3 hrs at 37°C. Cells were diluted 404 

to an OD of 0.5 into fresh LB medium (5 mL) containing or lacking the transcription inhibitor 405 

rifampicin (150 ng/µL). Samples (750 uL) harvested from these cultures after 0, 10, 30, 60, and 406 

180 min incubations were frozen prior to RNA extraction and RT-qPCR analysis.  407 

 408 

Universal cat-RNA guide design 409 

To identify possible cat-RNA designs, a 16S rRNA sequence alignment was created using four 410 

Gammaproteobacteria strains and one Bacillus strain, including E. coli K-12 MG1655 (NCBI: 411 

NC_000913.3, bases 223771-225312), P. stutzeri NCTC10475, (NCBI: LR134482.1, bases 412 

939610-941134), S. oneidensis MR-1, (NCBI: AE014299.2, bases 46116-47649), V. natriegens 413 

NBRC 15636, (NCBI: CP009977.1, bases 55-1617), and Bacillus subtilis subsp. subtilis 168, 414 

NCBI: CP053102.1, bases 30279-31832). First, we identified the uracils that were conserved 415 

across all of the 16S rRNA from each species. Those uracils within 35 nucleotides (nt) of the 3’ 416 

end of the 16S rRNA were discarded because we set a minimum sequence length of 35 nt for 417 

complementary sequence to the 50 nt guide RNA. All uracils within 5 nt of the 5’ end of the 16S 418 

rRNA were also discarded, because they could not be sequenced if barcoded. Second, we used 419 

Clustal Omega multiple sequence alignment to establish the conservation in the 5 nt upstream to 420 

https://github.com/ppreshant/qPCR-analysis


the conserved uracils 66, where the IGS in the cat-RNA will be designed to anneal, which is 421 

designated the P1 stem. To maximize IGS binding in synthetic cat-RNA designs, only those uracils 422 

and adjacent P1 stems with 100% sequence conservation were used for further analysis. Third, we 423 

created a consensus sequence corresponding to the 50 nt downstream of every completely 424 

conserved P1-uracil, which corresponds to the region that is complementary to the synthetic guide 425 

sequences in cat-RNA. To do this, we used BioPython’s “dumb_consensus” with a threshold of 426 

0.70, and denoted any base pairs as ambiguous N if below this threshold 67. The consensus score 427 

S(x), which ranged from 0 to 1, was calculated using the consensus sequence as follows: 428 

𝑆(𝑥) =
∑ 𝛼(𝑥𝑖)
𝑖=𝑛
𝑖=1

𝑛
 429 

where xi is the identity of the base at location i of the consensus sequence having length n, and 430 

ɑ(xi) is 1 if xi = A, U, C, or G and ɑ(xi) is 0 if xi is N. As such, the consensus score provides a 431 

simple metric of sequence conservation. Finally, we designed complementary cat-RNA guide 432 

sequences (50 nt) based on 4 sequences with the high consensus scores, which were used to guide 433 

the construction of plasmids that express four different cat-RNA. These are named based on the 434 

uracil targeted for the trans splicing reaction in E. coli 16S rRNA, which included U17, U891, 435 

U1376, and U1490 (Table S4). Community conjugation studies all used cat-RNA U1376. The 436 

variable regions in E. coli 16S rRNA used for comparisons were previously reported 68. 437 

 438 

Amplicon sequencing of barcoded rRNA in E. coli 439 

To convert extracted RNA to DNA for amplicon sequencing, purified RNA (~500 ng) was 440 

combined with primers (0.5 µL each, 2 µM), dNTPs (0.5 µL, 10 mM), and water to a final volume 441 

of 6.5 µL. RNA was denatured at 65°C (5 min), cooled on ice for 5 min, and the following reagents 442 

(Thermofisher) were added: dithiothreitol (0.5 µL, 100 mM), 5x first strand buffer (2 µL), 443 



RNAseOUT ribonuclease inhibitor (0.5 µL, 40 U/µl), Superscript III reverse transcriptase (0.25 444 

µL, 200 U/µL), and water (2.5 µL). Reverse transcription was carried out at 55°C for 1 hr, heat 445 

inactivation was done at 75°C for 15 min, and the resulting cDNA was stored at -80°C. PCR 446 

amplification was performed in a 25 µL reaction by combining cDNA (0.5 to 1 µL), forward and 447 

reverse primers (0.125 µL each, 100 mM), dNTPs (0.5 µL, 10 mM), 5x Q5 reaction buffer (5 µL), 448 

and Q5 DNA polymerase (0.25 µL, 2 U/µL). The following PCR protocol was used: 1 cycle of 449 

98°C for 1 min, 25 cycles of 98 °C for 10 s, 60°C for 25 s, and 72°C for 20 s, and 1 cycle of 72°C 450 

for 2 min. An aliquot of the product (3 µL) was analyzed on a 1% TAE-agarose gel to visualize 451 

the amplicon. Gel analysis confirmed the presence of the expected barcoded product (552 bp) 452 

along with an additional side product. All potential PCR products having a range of sizes were 453 

purified using a silica spin column (Epoch) and sequenced by Genewiz using their Amplicon-EZ 454 

protocol.  455 

 456 

Barcoding specificity analysis 457 

Deep sequencing of barcoded rRNA in E. coli was returned as paired-end reads, with the forward 458 

and reverse reads in separate files. Even though all PCR products are expected to contain a splice 459 

site, since they were generated using one primer that anneals to the 16S rRNA and a second primer 460 

that anneals to the barcode, the forward and reverse sequencing reads will only detect the splice 461 

site in cases where it is proximal to the sequencing adapters, since Amplicon-EZ sequencing yields 462 

short reads. The reverse reads are all expected to begin with the barcode sequence, which is 463 

proximal to the splice site junction between 16S rRNA and the barcode (<79 bp), so all of these 464 

reads are predicted to contain splicing information. The forward reads begin with 16S rRNA 465 

sequence information, so only a subset of these reads are expected to yield splicing information, 466 



given their wide range of potential sizes. For example, forward reads of small PCR products (<250 467 

bp) are expected to contain a splice site, while forward reads of longer PCR products (>250 bp) 468 

are expected to yield sequences that are completely 16S rRNA sequence as the reads do not extend 469 

to the splicing site. Due to these constraints, only the reverse sequencing reads were used for the 470 

identification of the splice site within 16S rRNA. Cutadapt was used to first find reads with the 471 

reverse primer sequence (AACCTTCGGGCATGG) used for PCR, and then it was used to remove 472 

the primer sequences from these reads using the default parameters 69, with the exception of setting 473 

the minimum overlap to 5 and minimum length to 1. The forward PCR primer site 474 

(AACGCGAAGAACCTTAC) was also removed for small PCR products where the reverse read 475 

covered the entire barcode, 16S rRNA, and forward PCR primer sequence. If no reverse primer 476 

sequence was identified in a read, the read was discarded. Using Cutadapt, the barcode sequence 477 

was identified and removed in each read to yield each 16S rRNA sequence ending in the 478 

corresponding splice site. If no barcode sequence was identified in a read, the read was discarded. 479 

Using a custom python script, identical reads were then dereplicated and the reverse complement 480 

of each unique read was generated. The splice site was determined by aligning each unique read 481 

to the E. coli 16S rRNA sequence. The point where the alignment ended was designated the splice 482 

site. The P1 stem was defined as the nucleotides immediately upstream of the splice site in the 16S 483 

rRNA sequence.  484 

 485 

Wastewater sampling 486 

Mixed liquor (50 mL) was collected on March 8th, 2022 (Fig. 3) and January 28th, 2024 (Fig. 4) 487 

from the aeration basin of the West University Wastewater Treatment plant in Houston, Texas. 488 

The sample was immediately placed on ice and transported to the laboratory where conjugation 489 



was performed within 4 hrs of sampling. Prior to conjugation, the wastewater sample was 490 

homogenized by vortexing it. All experiments that involved wastewater samples were performed 491 

at room temperature (~25 oC). 492 

 493 

Wastewater conjugations 494 

E. coli MFDpir was used as a donor strain for conjugation 62. Donor cells transformed with vectors 495 

that express CymR (pRAM25) and the cat-RNA designed to target U1376 (pRAM24 or pRAM28) 496 

were grown to late log phase (10 hrs) in LB (3 mL) containing 0.3 mM DAP and antibiotics. These 497 

cells (OD = 1) were washed 3x times with PBS (1 mL) to remove antibiotics and mixed with the 498 

wastewater microbial community at a 1:1 (V/V) ratio. An aliquot of each mixture (50 µL) was 499 

added onto a nitrocellulose filter that had been placed on LB-agar medium containing DAP (0.3 500 

mM). After incubating at 25°C for 24 hrs, filters were removed, placed in a 1.5 mL tube, and 501 

washed with PBS (1 mL). Cells were recovered by vortexing (10 s) and centrifuging (3 min, 6800 502 

g). The filter paper was removed, and the cells were washed 2x using PBS (1 mL). At this point, 503 

for the samples extracted on March 8 (Fig. 3), three of the six samples were spiked with ~105 504 

Vibrio natriegens. This spike in served as a control for signals arising from splicing that occurs 505 

after conjugation during our extraction and amplification protocols. For RNA extraction, which 506 

was performed immediately following conjugation, a modified protocol of the Maxwell® RSC 507 

PureFood GMO and Authentication Kit (Promega) was used to extract nucleic acids from the cell 508 

pellet. Alterations included excluding RNAse, incubating the proteinase K at 37°C, and using 50 509 

uL of elution buffer per sample. Samples were DNAse treated prior to reverse transcription of 510 

RNA to cDNA, as described above in “RNA Extraction.” 511 

 512 



Amplicon sequencing of the wastewater microbial community native and barcoded 16S rRNA 513 

As a forward primer for NGS sequencing, we used the universal 968F primer with a partial 514 

Illumina adapter sequence added (described as AOS20B in Table S3). This primer anneals to 515 

nucleotides 968–984 of the E. coli 16S rRNA. Two different reverse primers were used with this 516 

forward primer. To amplify 16S rRNA, AOS57B was used. This primer is a universal primer 517 

(1391R) with a partial Illumina adapter sequence added, which anneals to nucleotides 1397-1401 518 

of the E. coli 16S rRNA. To amplify the barcoded rRNA, a custom primer (AOS62B) was used 519 

that anneals to the barcode. These primers amplify variable regions V6-V8 of the 16S rRNA. Total 520 

RNA was converted to cDNA as described for E. coli. These cDNA libraries were PCR amplified 521 

in 100 µL reactions by combining cDNA (10 µL), forward and reverse primers (0.5 µL each, 100 522 

µM), dNTPs (2 µL, 10 mM), 5x Q5 reaction buffer (20 µL), and Q5 DNA polymerase (1 µL, 2 523 

units/µL). After dividing samples into four aliquots, touchdown PCR was used: (step 1) 98°C for 524 

2 min followed by 12 cycles of 98°C for 30s, 72°C for 45 s with a 1°C/cycle decrease in 525 

temperature, and 72°C for 1 min; (step 2) 2 cycles of 98°C for 30s, 60°C for 45 s, and 72°C for 1 526 

min; (step 3) 19 cycles of 98°C for 30s and 72°C for 1 min 45 s, and (step 4) 72°C for 2 min and 527 

4°C for 15 min. PCR products were separated on a 1% agarose gel, the expected products were 528 

gel purified (516 bp for barcoded rRNA and 505 bp for native rRNA), and these products were 529 

sequenced using the Amplicon-EZ service (Genewiz). When performing agarose gel analysis of 530 

the PCR product, unexpected bands were observed, which were removed by gel purification.  531 

  532 

Data analysis pipeline  533 

The workflow for data analysis is shown in Fig. S21. Cutadapt was used to demultiplex the 534 

barcoded reads and trim the raw sequencing reads so that both native and barcoded rRNA 535 



sequences comprised the same homologous regions 69. To do this, the forward primer sequences 536 

(AACGCGAAGAACCTTAC) for both barcoded and native rRNA amplicons were removed, as 537 

well as the reverse primer sequences, which differed for the native 538 

(TGACGGGCGGTGWGTRCA) and barcoded (GTTTCATGTGATCCGGATAAC) barcoded 539 

amplicons. The barcoded rRNA amplicon reads were then demultiplexed based on a 5 nt difference 540 

between the pBBR1-cat and pColE1-cat barcodes (GGGAA vs CACTC, respectively). For the 541 

barcoded rRNA amplicon reads, the barcode sequence (ATGGTGTTCAATGCTTTTCCC for 542 

pBBR1-cat and ATGGTGTTCAATGCTT for pColE1-cat) was removed from each read. Because 543 

the native 16S rRNA amplicon contained a short sequence (ACGTTCCCGGGCCT) after the 544 

splice site, this sequence was also trimmed to make the two amplicons completely homologous. 545 

Reads were required to have a minimum amount of the trimmed sequence align to the end of the 546 

read (5 nt for the primers and the sequence after the splice site, 10 nt for the barcode) and could 547 

not have mismatches that exceeded a threshold (10% for primers and barcoded, 14% for the 548 

sequence after the splice site). Any reads that lacked any of these trimmed sequences or exceeded 549 

the error tolerance were discarded. After trimming, NGS reads were imported into QIIME 2 550 

version 2021.11 70. Sequence quality assessment using demux summarize revealed that 551 

sequences were high quality and required no additional end trimming. The DADA2 plugin was 552 

used to quality filter, denoise, demultiplex, and dereplicate the reads. Chimeras were also removed 553 

using DADA2 71. This processing resulted in a feature table showing a representative sequence of 554 

each unique amplicon sequencing variant (ASV), their relative abundances, and the total number 555 

of ASV counts observed in each sample. The feature table was filtered to retain only ASVs with a 556 

representative sequence ≥ 250 nt, that appeared in at least two samples, and had at least three total 557 

reads. Additionally, a few ASVs were derived from cat-RNA sequences, and these reads were 558 



removed. A phylogenetic tree of the filtered ASVs was generated with a fragment-insertion 559 

approach using the plugin fragment-insertion sepp 72. Finally, taxonomy was assigned 560 

to each ASV using feature-classifier classify-sklearn and using a Naive Bayes 561 

classifier trained on the amplified 16S rRNA region 73–75. A weighted unifrac distance matrix, and 562 

corresponding principal coordinate analysis plot, was calculated using the diversity core-563 

metrics-phylogenetic plugin. Finally, differentially abundant taxa were determined by 564 

analysis of the composition of microbiomes with bias correction (ANCOM-BC) by collapsing the 565 

ASV table to the specified level (i.e., family, genus, or none), then using the composition 566 

ancombc plugin. 567 

 568 

Comparing native and barcoded rRNA levels across ASVs 569 

Sequence read abundances of native and barcoded rRNA from 6 replicate samples were vectorized 570 

and linearly transformed with centered log-ratio (CLR) transformations using ALDEx2 software 571 

76. The log transformation is base 2, reporting fold changes. To understand the variance within our 572 

consortium conjugation data, samples were split into two pools, and ~105 V. natriegens cells were 573 

added to three of the six replicates directly prior to RNA extraction, as described above. V. 574 

natriegens was selected because it is a marine microbe that is not expected to be found in 575 

wastewater. The spiked and unspiked replicates were compared using the ALDEx2 built in 576 

function difference between (diff.btw). Custom software was used to further analyze the CLR 577 

transformed vectors. This analysis showed that the spike in of Vibrio did not affect sequence 578 

diversity (Fig. S22). The spike in experiment also served as a control for RAM signals arising from 579 

PCR artifacts following conjugation. With this experiment, 16S rRNA sequencing of biological 580 

replicates (n = 3) yielded 6.3 x 105 reads for microbes from the conjugation reaction (replicate 581 



reads were 180,907, 274,921, and 180,332) and 1,184 reads of V. natriegens (replicate reads were 582 

570, 252, and 362). While sequencing of barcoded 16S rRNA yielded a similar number of reads 583 

from the conjugation reaction (3.0 x 105 reads; replicate reads were 110,410, 90,797, and 99,308), 584 

we did not detect any barcodes on V. natriegens 16S rRNA in this reaction. This analysis illustrates 585 

the specificity of the signal for conjugation. 586 

 587 

Determining confidence intervals for barcoding efficiencies 588 

To quantify the relative barcoding efficiency for each ASV (i.e., the barcoded to native rRNA CLR 589 

ratios), only those ASVs which yielded detectable barcoded and native rRNA in all six replicates 590 

were further analyzed. This represented ASVs from three of the orders observed in the wastewater 591 

microbial community. To compare barcoding between ASVs, a bootstrap approach (n = 1,000) 592 

was used to compute the difference between means for each pairwise comparison, i.e., 28 total 593 

ASVs, and the magnitude of each difference is reported as a heatmap. To assess the certainty that 594 

a given ASV pair has distinct barcoding levels (Fig. S12), the 95% confidence interval was 595 

calculated using the bootstrap analysis. In cases where this 95% confidence level does not include 596 

a value of 0 as a potential mean difference, the pairwise difference of the ASVs was reported as 597 

certain within the heatmap. 598 

 599 

Statistical analysis of wastewater microbial community data 600 

A Welch t test was used to compare samples containing or lacking a V. natriegens spike in using 601 

the ALDEx2 software 76, with a p value < 0.1 being used as a threshold for significance. All other 602 

p-values were determined by performing two-tailed, independent t tests with using p < 0.05 as a 603 

threshold for significance.  604 



 605 

Calculation of free energies for cat-RNA and target RNA binding 606 

A locally-installed version of the Nucleic Acids Package (NUPACK) version 4.0.0.27 was used to 607 

predict free energy terms using default parameters 77.  608 

 609 

Shannon entropy calculations  610 

To calculate the Shannon entropy H(xi), we first aligned m 16S rRNA sequences to E. coli 16S 611 

rRNA. At each position i in each 16S rRNA sequence j, we calculated Pc(xi) as the sum of the 612 

normalized probabilities pc(xi,j) of nucleotide c (i.e., A, C, G, U, or gap) in each sequence j, where 613 

there are n = 5 possible states considered. Pc(xi) was calculated using m sequences as: 614 

 615 

For sequences with a single canonical bp (A, C, G, U, or gap) at position i, the probability pc(xi,j) 616 

of finding residue c in a given sequence was designated 1. However, if positions presented 617 

ambiguity, e.g., a purine (R), then we designated each base pair (A, G) as having an equivalent 618 

probability of 0.5. H(xi) was calculated at each position i as: 619 

 620 

  621 



Barcoding using non-splicing cat-RNA variants 622 

To evaluate whether cat-RNA requires catalytic activity and an external guide sequence targeting 623 

16S rRNA for barcoding, we created two different cat-RNA variants using the design that targets 624 

U1376. The first variant lacked the guide sequence that targets 16S rRNA, while the second 625 

variant had the guanine at position 264 mutated to an adenine; this guanine is thought to be 626 

critical for maximum activity as it participates in a critical G·U wobble pair with the target rRNA 627 

33. E. coli was transformed with constructs transcribing the original cat-RNA, cat-RNA lacking 628 

the guide, and the G264A mutant. Total RNA was extracted from cells harboring these 629 

constructs and RT-qPCR analysis was performed to quantify 16S rRNA and barcoded rRNA. 630 

These three constructs were also conjugated into a wastewater community using E. coli MFDpir 631 

as a donor strain, as well as an empty vector. After conjugation, total RNA was then purified, 632 

and 16S rRNA and barcoded rRNA were quantified using RT-qPCR.  633 

 634 

Comparison of Cat-RNA and mScarlet reporters  635 

To enable a comparison of cat-RNA with a visual reporter of conjugation, we created a plasmid 636 

having a pBBR1 origin where the production of cat-RNA and mScarlet are both under control of 637 

the same pCymR promoter (pRAM29). To evaluate the relative signals from these reporters, this 638 

plasmid was transformed into E. coli MG1655 containing or lacking a plasmid that expresses the 639 

CymR repressor (pRAM25). The mScarlet fluorescence for each strain was measured using a 640 

Sony SA3800 spectral flow cytometer. In brief, cultures grown in LB (500 uL) were centrifuged, 641 

resuspended in PBS, and diluted 1:100 in PBS for flow cytometry. For each sample, at least 642 

30,000 cell-like scattering events were acquired and processed using Python based FlowCal, 643 

before plotting using the R based openCyto and ggcyto packages. The cat-RNA signal was 644 



evaluated by RNA extraction and RT-qPCR as described for the construct that transcribes cat-645 

RNA U1376. To compare the limit of detection for mScarlet and cat-RNA, E. coli MG1655 was 646 

transformed with pRAM29 and mixed at different dilutions (1:1, 1:10 to 1:106) with E. coli 647 

transformed with a plasmid that constitutively expresses GFP for ease of flow cytometry. The 648 

cell mixtures were then analyzed using flow cytometry and RT-qPCR.  649 

 650 

Fluorescence activated cell sorting  651 

To compare cat-RNA and mScarlet as conjugation reporters, wastewater sludge was mixed with 652 

E. coli MFDpir transformed with pRAM29. This mixture was conjugated as described for 653 

pRAM24. After conjugation, the sample (1 mL in PBS) was split to allow for parallel analysis of 654 

16S rRNA barcoding and cell sorting. Total RNA was immediately extracted from a portion of 655 

the sample (90%) and processed for sequencing of barcoded 16S rRNA in the community. The 656 

remainder of the sample (10%) was incubated at 4°C for 20 hours to allow for fluorescent protein 657 

maturation before FACS sorting following a previously reported protocol 78. To generate a 658 

solution that yields optimal sorting density of ~10,000 events per second, cell suspensions (6.5 659 

µL) were diluted into PBS (1 mL) containing 0.1% Tween 20 to minimize cell aggregation. A 660 

Sony SH800S sorter with a 70 µm nozzle sorting chip was used to isolate transconjugants using 661 

a two-way sort into 15 mL tubes. Sorting was performed in two stages. First, enrichment sorting 662 

was performed in the normal sorting mode, which enhanced the transconjugant fraction from 663 

~2% to ~70%. This step was performed at a scale that yielded ~100,000 events. Second, the 664 

sorted cells were centrifuged to collect the droplets, transferred into 1.5 mL tubes, and re-sorted 665 

using the ultra-pure sorting mode. This step was performed at a scale that generated >30,000 666 

events per replicate.  667 



For all sorting experiments, cells were thresholded at 0.05% back scatter (BSC), with gain values 668 

of 30% for BSC, 4% for forward scatter (FSC), and 45% for fluorescence. Gates were set to 669 

identify sub-populations of cells using pure samples of wastewater sludge, conjugative donor 670 

samples expressing mGreenlantern fluorescence, and model recipient cells (E. coli MG1655). 671 

Cell-like particles were gated in the highest density region of the forward-side scatter (FSC-SSC) 672 

plot, and a subset of these events were marked as singlets along the diagonal of the FSC-Width 673 

vs FSC-Area graph. Events with green fluorescence higher than baseline determined using E. 674 

coli controls were marked as donors. Events with red fluorescence higher than baseline were 675 

marked as potential transconjugants. True transconjugants for sorting were selected using a 676 

boolean gate of [potential transconjugants] & [singlet cells] NOT [donor cells].  677 

 678 

To compare the ASVs found in the wastewater community, those ASVs presenting a red 679 

fluorescence signal, and those ASVs presenting a 16S rRNA signal, RNA was extracted from the 680 

unsorted conjugation and the sorted transconjugants in the wastewater conjugation samples. 681 

Extracted RNA was reverse transcribed, amplified, and sequenced. Both barcoded and native 682 

rRNA was sequenced for the unsorted conjugation, whereas only native rRNA was sequenced 683 

for sorted transconjugants. NGS reads were analyzed as described using the data analysis 684 

pipeline. To allow for comparison across the different control samples, each sample was rarefied 685 

to 22,500 reads prior to phylogenetic tree generation. 686 

 687 
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880 
Fig. 1. RNA-Addressable Memory (RAM) is an efficient barcoding technology that functions 881 
across diverse microbes. (A) RAM uses a cat-RNA to splice synthetic RNA barcodes onto host 882 
RNA to record mobile DNA uptake by horizontal gene transfer (HGT). (B) A fluorescence assay 883 
was created that uses cat-RNA barcoding of a target RNA to produce a mRNA product that is 884 
competent for translating GFP. (C) Fluorescence of E. coli expressing the cat-RNA reporter (+Cat-885 
RNA) or a constitutively-expressed GFP positive control (+GFP) is compared with cells harboring 886 
an empty vector (Cells). The signal from cat-RNA is significantly higher than the vector control 887 
(two-tailed, unpaired t test, p<0.05). (D) RNA guide length affects the reporter signal. RNA guides 888 
and corresponding target RNA, ranging from 25 to 373 nt, present signals that are significantly 889 
higher than a cat-RNA design lacking a guide (two-tailed, unpaired t test, p<0.05). Replicates are 890 
shown as points, while the line connects average values. (E) Fluorescence characterization of the 891 
visual reporter with a 50 nt guide in E. coli (Ec), V. natriegens (Vn), P. putida (Pp), and S. 892 
oneidensis (So). All cells present fluorescence (+Cat-RNA) that is significantly higher than the 893 
negative control (Cells), like the positive control (+GFP) (two-tailed, unpaired t test, p<0.05). 894 
Three or more biological replicates were acquired for each experiment. 895 
  896 



 897 

 898 

Fig. 2. Universal cat-RNA can record information in conserved 16S rRNA sequences. (A) 899 
Cat-RNAs that target conserved regions of 16S rRNA (gray) add barcodes (blue) such that 900 
amplicon sequencing can identify the cells that participate in gene transfer (variable). In 16S 901 
rRNA, P1 sequences adjacent to the targeted uracils (U) form duplex interactions with the internal 902 
guide sequence (IGS) in cat-RNAs. (B) Bioinformatic analysis of 16S rRNAs reveal the Shannon 903 
entropy, potential P1 and U splice sites conserved across microbes, and 50 nt guide RNA targets 904 
having high annealing strengths. The designs tested are in red. (C) Quantification of native and 905 
barcoded 16S rRNA in E. coli expressing each cat-RNA using RT-qPCR. (D) The cat-RNA 906 
designed to target U1376 generates the expected barcoded product, revealed by amplicon and 907 
Sanger sequencing (inset), with minimal non-specific barcoding. The sequence shown is from a 908 
single amplicon. (E) Quantification by RT-qPCR of native and barcoded 16S rRNA in E. coli (Ec), 909 
P. putida (Pp), P. stutzeri (Ps), S. oneidensis (So), and V. natriegens (Vn) transformed with 910 
plasmids encoding the cat-RNA that targets U1376. Data represent three biological replicates. 911 
  912 



 913 

 914 

Fig. 3. Information storage in a Houston wastewater microbial community. (A) RAM was 915 
used to record information about conjugation within a Houston wastewater microbial community, 916 
and amplicon sequencing of the native and barcoded 16S rRNA showed which microbes were 917 
present and who participated in conjugation. (B) Conjugation host range (orange) is mapped onto 918 
an evolutionary tree including all amplicon sequence variants (ASVs) observed in the community. 919 
The relative abundances of native (green) and barcoded (blue) ASVs are shown, with the outer 920 
leaves showing taxonomic order. The asterisk indicates the position of the E. coli donor on the 921 
tree. (C) For each order, the fraction of total ASVs that participated in conjugation is shown, as 922 
well as the number of ASVs. (D) A comparison of native and barcoded 16S rRNA frequencies 923 
from individual biological replicates reveals a weak linear correlation (y = 3.5 + 0.9x; R2 = 0.37). 924 
(E) For those ASVs that yielded detectable native and barcoded 16S rRNA in all six biological 925 
replicates, the median ratio of barcoded/total 16S rRNA is shown using whisker plots. (F) Pairwise 926 
differences in the barcoded/native 16S rRNA ratios. Bootstrapping was used to determine which 927 
differences lie outside of the 95% confidence intervals (CI) (blue points).  928 
 929 
 930 
 931 
 932 
 933 
 934 



 935 
Fig. 4. Multiplexed information storage reveals differences in plasmid host range. (A) E. coli 936 
transformed with pBBR1-cat or pColE1-cat were simultaneously added to a wastewater 937 
community, and amplicon sequencing was used to evaluate conjugation. (B) The host range for 938 
each plasmid is mapped onto an evolutionary tree (black) to show which ASVs presented signals 939 
from the pBBR1-cat (blue), pColE1-cat (red), or both plasmids (purple). The outer leaflets of the 940 
tree show the relative abundances of native ASVs (green) and ASVs presenting signals from 941 
pBBR1-cat (blue) and pColE1-cat (red). (C) The relative fraction of total ASVs observed in 22 942 
different orders colored as in B. Each bar graph was generated using data from 6 biological 943 
replicates. ASVs above the limit of detection were counted once, regardless of the total reads. (D) 944 
Principle coordinate analysis (PCoA) reveals distinct clustering of the pBBR1-cat (blue) and 945 
pColE1-cat (red) barcoded populations, and this clustering is distinct from the community (green). 946 
PCoA was performed on the weighted unifrac distance matrix between populations. The 947 
significance of these differences (q≤0.01) was evaluated using permutational multivariate analysis 948 
of variance (Fig. S20). (E) The relative abundance of taxonomic groups that presented significant 949 
differences (q<0.05) in pBBR1-cat and pColE1-cat signals at the family, genera, and ASV levels. 950 
A positive value indicates a greater abundance in the pColE1-barcoded samples, while a negative 951 
value shows a greater abundance in the pBBR1-barcoded samples. Bars are colored based on 952 
taxonomic order, as in B. Error bars indicate standard error. 953 
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