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Abstract 20 

Bacterial small RNAs (sRNAs) play crucial roles in gene regulation by base pairing 21 

with their target mRNAs, modulating mRNA stability and translation. While sRNA 22 

binding sites were initially identified in 5’ untranslated regions of mRNAs, consistent 23 

with their role as regulators of translation initiation, recent large-scale studies have 24 

revealed sRNA binding sites within protein-coding sequences, suggesting additional 25 

regulatory mechanisms. It is intriguing to explore how the latter sRNA binding sites 26 

are adjusted with the reading frame and what selection forces maintain them within 27 

the coding sequence through evolution. Using RIL-seq data, we determined prime 28 

sRNA binding positions within coding sequences, which are positions within the 29 

inferred binding-site motif that show exceptionally high conservation across target 30 

sequences (≥95%), indicating their putative functional importance for sRNA–mRNA 31 

base pairing. We found that these positions are mostly adjusted with the reading frame 32 

and correspond to the most frequent codons, high above random expectation. This 33 

coincidence may suggest that frequent codons in the binding sites increase the 34 

probability of sRNA-mRNA encounter, and that the establishment of the binding sites 35 

is influenced by codon usage bias and evolutionary pressures. Conservation analysis 36 

across genomes in the Enterobacterales order revealed that prime positions show 37 

relatively high conservation of base pairing interactions, but, on the other hand, in 38 

some genomes base pairing in these positions may be hampered due to the degeneracy 39 

of the genetic code. This is often compensated for by other positions that conserve the 40 

base pairing interactions, ensuring the maintenance of a requisite number of base pairs 41 

for sustaining the sRNA-target interaction. Our findings highlight the importance of 42 

distinct interacting positions as well as an adequate number of base pairs for 43 

sustaining sRNA-target interactions. 44 
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Introduction  45 

Bacterial small RNAs (sRNAs) play major roles in post-transcriptional 46 

regulation of gene expression. These 50-400 nucleotide-long RNA molecules act 47 

mainly in trans by base-pairing directly with their target mRNAs. Bacterial sRNAs 48 

usually function in association with the protein chaperone Hfq, a ring-shaped hexamer 49 

that is abundant in Gram-negative bacteria (De Lay, Schu, and Gottesman 2013; 50 

Updegrove, Zhang, and Storz 2016; Santiago-Frangos and Woodson 2018). As more 51 

and more sRNAs were identified in a wide range of organisms (Vogel 2009; Schluter 52 

et al. 2010; Axmann et al. 2005; Tesorero et al. 2013; Liang et al. 2011), it has 53 

become evident that gene expression regulation by these molecules is widespread and 54 

plays a role in many cellular mechanisms, and especially in response to stress 55 

conditions.   56 

sRNAs control protein expression by acting as positive or negative regulators 57 

(Waters and Storz 2009; Storz, Vogel, and Wassarman 2011; Wagner and Romby 58 

2015; Hör et al. 2020). They can regulate translation initiation by affecting ribosome 59 

binding. As negative regulators, they base pair with the mRNA near the ribosome 60 

binding site (RBS), preventing ribosome binding, thus, inhibiting translation 61 

initiation. As positive regulators, they can bind the mRNA and change its structure, 62 

exposing an otherwise occluded RBS, thus, enhancing translation initiation. Through 63 

the sRNA effect on the ribosome, it has also an indirect effect on the mRNA stability, 64 

by influencing the exposure of the mRNA to endoribonucleases. sRNAs can also 65 

affect cleavage by endoribonucleases in a translation-independent manner, by base 66 

pairing with the mRNA and blocking or exposing the endoribonuclease binding or 67 

cleavage site (e.g. (Frohlich et al. 2013; Huntzinger et al. 2005)).  When repressing 68 
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translation by inhibiting ribosome binding, often the sRNA binding site on the mRNA 69 

was found to be in the vicinity of the RBS (Masse and Gottesman 2002; Sharma et al. 70 

2007). However, to induce a structural change in the mRNA in order to expose an 71 

occluded RBS or to affect endoribonuclease binding and/or cleavage, the sRNA 72 

binding site may be located in various regions along the target transcript.  73 

Recent advances in elucidation of global sRNA-target maps, such as RIL-seq 74 

(Melamed et al. 2016), GRIL-seq (Han, Tjaden, and Lory 2016), CLASH (Iosub et al. 75 

2020) or iRIL-seq (Liu et al. 2023), and their application to various bacteria, have 76 

allowed the determination of several sRNA-target interactomes along with the 77 

putative regions of base pairing involved in each interaction, opening the door to 78 

comprehensively study sRNA binding strategies from genomic and evolutionary 79 

points of view.  80 

RIL-seq data provide clues to the regions involved in base pairing in the target 81 

transcript and in the sRNA. The determination of these regions defines the sequences 82 

in which the putative sRNA-target binding sites may reside and allows more focused 83 

analysis towards their identification. Since it is conceivable that most target sequences 84 

of a certain sRNA will interact with it through the same binding site, a common 85 

practice has been to search for a shared motif among the target sequences and verify 86 

that it is complementary to a subsequence of the sRNA. This way, large-scale RIL-seq 87 

data have been exploited to determine sRNA binding sites on the targets, many of 88 

which were either consistent with previous experimentally based knowledge or further 89 

validated experimentally (e.g. (Melamed, 2016)). Since the motif representing the 90 

binding site compiles information from multiple targets, it is often presented by a 91 

Position Specific Scoring Matrix (PSSM) and is visualized by a Logo, capturing the 92 

frequency and/or enrichment of each nucleotide in every position along the motif. 93 
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Examination of the motifs indicates that there are positions that maintain a specific 94 

nucleotide in most target sequences, while other positions are more variable, 95 

suggesting that the preserved positions may be more important for the binding and 96 

regulation by the sRNAs (Figure 1). Hereinafter, the highly preserved positions are 97 

termed ‘prime positions’. 98 

From RIL-seq data it is clear that while there are putative binding sites at 5’ 99 

UTRs, as expected for regulation of translation initiation, most of the putative binding 100 

sites were identified in the coding sequences (CDSs) of the targets. This raises an 101 

intriguing question about the locations of prime positions in regard to the reading 102 

frames. In case of one prime position per binding motif, it could align with the first, 103 

second, or third position of a codon. Nucleotide change in the first or second position 104 

are more detrimental to the identity or nature of the encoded amino acid, respectively, 105 

and therefore it is expected that there might be evolutionary pressure to keep them 106 

preserved. Such preservation should also maintain the base pairing between the sRNA 107 

and target and keep the post-transcriptional regulation intact. The nucleotide at the 108 

third codon position is more flexible due to the degeneracy of the genetic code, and 109 

therefore, alignment of a prime position with the third codon position might be less 110 

favorable for maintaining the base pairing and the regulation. In case of two or three 111 

primary positions, they could align either adjusted with the reading frame or shifted 112 

off the reading frame (Figure 2). What strategy has actually taken place in nature? The 113 

wealth of data of sRNA binding sites allows addressing this question systematically. 114 

In the current study we investigate binding sites located in CDSs from 115 

genomic and evolutionary points of view, paying special attention to the prime 116 

positions. Our genomic view is codon-centered, aiming to learn from sRNA binding 117 

site data whether there is a favorable arrangement of the prime positions in regard to 118 
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the reading frame. The evolutionary view takes advantage of the rich bacterial 119 

genome data to examine the evolutionary conservation of nucleotides and positional 120 

base pairing in the binding sites in general, and in particular at prime positions.   121 

  122 

 Results 123 

A reliable dataset of sRNA-target interactions 124 

In this study we focus on sRNA-mRNA interactions for which the binding site 125 

on the target was identified in the CDS. We based our study on Escherichia coli RIL-126 

seq sRNA-target interaction data (Melamed et al. 2016), and extracted from it 127 

interactions obeying at least one of the following criteria: 1) The interaction was 128 

identified in E. coli K-12 as statistically significant in at least three individual libraries 129 

for at least one of the three tested conditions or growth phases in the original RIL-seq 130 

study (Melamed et al. 2016): exponential phase, stationary phase, or exponential 131 

phase under iron limitation. 2) The E. coli interaction was also determined as 132 

statistically significant in at least one other of the following organisms to which RIL-133 

seq was applied: enteropathogenic E. coli (EPEC) (Pearl Mizrahi et al. 2021), 134 

Salmonella enterica (Matera et al. 2022) or Klebsiella pneumoniae (Goh et al. 2024). 135 

We believe that this set of interactions is of high reliability. In total, 554 sRNA-target 136 

interactions complied with at least one of the above criteria. Encouragingly, 182 out 137 

of the 554 interactions complied with both criteria, further supporting their validity. 138 

Of this set, we included for further study only targets in which the sRNA 139 

binding site was located within the coding sequence (CDS), as previously identified 140 

(Melamed et al., 2016), resulting in a total of 402 sRNA–target interactions involving 141 

20 different sRNAs (Supplementary Table S1). Among these, 121 interactions met 142 
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only the first selection criterion, 158 met only the second, and 123 interactions 143 

satisfied both criteria. 144 

 145 

General characteristics of the binding sites  146 

In the analyses in this section, only sRNAs with at least five targets were included. 147 

 148 

Number of fulfilled base pairs between the sRNA and target 149 

For each sRNA, a binding motif was defined by searching for a common motif among 150 

the sequences of its targets (Melamed et al. 2016) (Figure 1). These motifs ranged in 151 

length between eight nucleotides and 15 nucleotides (Figure 3). For each sRNA, we 152 

recorded the putative binding sites in E. coli target sequences (Materials and 153 

Methods), and counted in all the targets of each sRNA both the number of putatively 154 

fulfilled base pairs and the number of consecutive base pairs involved in the sRNA-155 

target interaction (Figure 3). Not all positions in the binding site on the sRNA 156 

necessarily perform base pairing with positions within the binding site on the mRNA, 157 

as there are positions with mismatches. The term "fulfilled base pairs" refers to the 158 

nucleotides within the sRNA and mRNA binding sites that are complementary and 159 

can be engaged in base pairing. As shown, both sRNAs with short binding motifs and 160 

sRNAs with long binding motifs showed comparable numbers of putatively fulfilled 161 

base pairs (involving 8-10 nucleotides on average across the targets of an sRNA). 162 

Likewise, for all sRNAs, the average number of consecutive base pairs is independent 163 

of the length of the binding site and involves 4-8 nucleotides [showing some tendency 164 

to be located at the 5’ part of the binding site (Figure 3)]. This may suggest that a 165 

minimum number of base pairs as well as of consecutive base pairs is necessary for 166 

establishing sRNA-target interactions, regardless of the binding site length.  167 
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 168 

Distribution of base pair types in the interaction sites 169 

Nucleotides A and C can each base pair with only one nucleotide, A with U and C 170 

with G, while G and U can base pair with two nucleotides, G with C and U and U 171 

with A and G. As shown in Supplementary Figure S1, the most frequent base pairs in 172 

the interaction sites are satisfied by C and U in the sRNA interacting with the G and 173 

A, respectively. While U in the sRNA can also base pair with G, evidently in most 174 

cases it is involved in the canonical interaction with A. Likewise, when G in the 175 

sRNA is involved in the base pairing, it most often interacts canonically with C rather 176 

than with U. Base pairing between G and U is the least frequent between the sRNA 177 

and the target. Also, there is divergence in prevalent base pair types among different 178 

sRNAs, with U-A (U in the sRNA and A in the target) exhibiting prominence in the 179 

interactions of six distinct sRNAs. 180 

Location of the binding sites 181 

For each sRNA, we analyzed the location of the binding sites within the target CDS 182 

and found that in 50% of the targets, the binding site is located in the first third of the 183 

CDS (Figure 4A). In contrast, when examining the position of the binding sites along 184 

the sRNA molecules themselves, we did not observe a consistent positional 185 

preference (Figure 4B). This result is in agreement with previous reports. While some 186 

studies have reported that binding sites reside close to the 5′ end of sRNAs (e.g., 187 

Papenfort et al. 2010), such positional bias was demonstrated only for a few sRNAs. 188 

In a previous systematic analysis of 14 major E. coli sRNAs, binding sites were found 189 

at various positions along the sRNAs (Peer and Margalit 2011). Supporting this 190 

broader distribution of binding site locations, Gorski, Vogel, and Doudna (2017) 191 
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highlighted the heterogeneity in both sRNA sizes and the positioning of their seed 192 

sequences, in contrast with the more defined organization observed in miRNAs and 193 

crRNAs (Gorski, Vogel, and Doudna 2017). Thus, the observed variability in binding 194 

site positions along sRNAs likely reflects genuine biological diversity, and highlights 195 

the different structural and functional constraints of bacterial sRNAs compared to 196 

miRNAs. 197 

 198 

Prime positions 199 

As described above, the binding motif of each sRNA is described by a PSSM, 200 

representing the positional frequency (or preference relative to background frequency) 201 

of each of the four nucleotides along the motif positions. High frequency at a position 202 

indicates that a certain nucleotide at that position was present in many of the target 203 

sequences, hinting at its possible importance for sRNA-target interaction and for 204 

regulation by the sRNA. As noted above, we term these positions “prime positions”. 205 

We arbitrarily and strictly defined a prime position as a position in which one of the 206 

nucleotides has a frequency of at least 0.95. For instance, among RIL-seq targets of 207 

RyhB in E. coli K-12, positions 3, 4, and 5 within the RyhB binding motif exhibit a 208 

frequency≥0.95 for C, U, and G, respectively, determining them as prime positions of 209 

RyhB binding site (Figure 1). While we refer to the prime positions by their location 210 

in the binding site on the target mRNA, they correspondingly define also the prime 211 

positions on the sRNA.  212 

  Six sRNAs in our data had less than five targets and one sRNA (GcvB) did not 213 

have any position with a nucleotide frequency≥0.95 in the PSSMs representing its  R1 214 

binding site (Sharma et al. 2011), and therefore these seven sRNAs were not included 215 

in this analysis.  For the rest 13 sRNAs, we identified a total of 26 prime positions in 216 
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the PSSMs (Table 1). For most sRNAs, the prime positions are preferentially located 217 

at the center of the binding site (Supplementary Figure S2). There is 218 

overrepresentation of C and underrepresentation of U in the prime positions (10 and 3, 219 

respectively).  These Us in the sRNAs always base pair canonically with A in the 220 

targets. Likewise, when G is present at a prime position in the sRNA, it almost 221 

exclusively base pairs with C in the target sequence, while in other positions along the 222 

binding sites base pairing of G:U is also observed, although to a small extent. 223 

Apparently, 98% of the interactions involving the prime positions present canonical 224 

base pairing in all targets. 225 

 226 

Location of the prime positions in reference to the reading frame  227 

To learn about the location of the prime positions in regard to the reading frame, we 228 

turned back to the individual targets of an sRNA, and for each sequence recorded the 229 

alignment of a prime position with a reading frame position, whether N1 (first 230 

nucleotide in codon), N2 (second nucleotide in codon), or N3 (third nucleotide in 231 

codon) (Figure 2). We first regard sRNAs for which we identified only one prime 232 

position in the binding site (CyaR, DsrA, FliX, MicA, and UphU), and sRNAs where 233 

the prime positions are at a distance of at least three nucleotides and hence, cannot 234 

align to the same codon (RprA, and Spf position 7) (Table 1). In quite a few targets of 235 

these sRNAs we find the prime positions aligned with N1, which is crucial for the 236 

identity of the amino acid and therefore is highly conserved. Only in a few targets the 237 

prime positions align with N2, the preservation of which preserves the characteristics 238 

of the amino acid. Exceptions are RprA and Spf (prime position 7), where in 50% of 239 

the targets the prime positions align with the second position of a codon.  240 

Interestingly, in a substantial number of targets of these sRNAs, the single prime 241 
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positions align with N3, high above random expectation (p≤10-4 by ꭕ2 test), often 242 

when the specific nucleotide involved in the sRNA binding is the one defining the 243 

most frequent codon of the encoded amino acid (Table 1). The frequent codon was 244 

defined as the most commonly used codon per amino acid, or the sole codon in case 245 

where only one exists. Conceivably, there is selective pressure to keep the nucleotide 246 

of the frequent codon intact, and this preserves also the binding capability of the 247 

sRNA in these positions. 248 

Next, we turn to sRNAs with two prime positions (ArcZ, CpxQ, GadF, SdhX) 249 

(Table 1). For three of these sRNAs the prime positions are consecutive (CpxQ, GadF 250 

SdhX). The prime position of most targets of CpxQ and SdhX align with the second 251 

and third positions of a codon, while in most targets of GadF they span two codons 252 

(the third position of a codon and first position of the next codon). As to ArcZ, its 253 

prime positions are one nucleotide apart, and in most targets, they align with the first 254 

and third positions of a codon. The number of targets in which the two prime 255 

positions are adjusted with a codon is statistically significantly above random 256 

expectation (p≤10-11 by ꭕ2 test). Furthermore, in almost all of these targets, the 257 

nucleotide aligned to the third codon position is the one defining the most frequent 258 

codon.  259 

RyhB has three consecutive prime positions, positions 3, 4, and 5 of the 260 

binding site on the target. Out of 53 targets, in 40 targets these positions are aligned 261 

respectively with the CUG codon, the most frequent codon of leucine (Figure 5). 262 

MgrR has five prime positions, three of them are consecutive, and in 50% of the 263 

targets they align to the first, second and third codon positions, where the nucleotide 264 

in the third position defines the most frequent codon of the encoded amino acid.  265 
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All in all, for nine out of the 13 sRNAs discussed above, the prime positions 266 

are adjusted with the reading frame. Compiling the data for all prime positions across 267 

all the targets of all the sRNAs in Table 1 (714 in total), we find that 296 of the prime 268 

positions coincide with the third codon position, above random expectation (p≤10-5 by 269 

ꭕ2 test). In 228 of the 296 incidences (77%), the nucleotide at the prime position is 270 

that of the frequent codon.  Furthermore, in our target data, one-third of the codons 271 

where a prime position overlapped with N3 are of the codon CUG, encoding leucine, 272 

the most frequent of the 61 codons (Supplementary Table S2). To assess whether our 273 

results randomly reflect the codon usage bias in E. coli, we compiled all prime 274 

positions aligning with N3, extracted the codons they are part of, and organized the 275 

data per encoded amino acid (Supplementary Table S2). We then turned to compare 276 

the distribution of codons per amino acid in prime positions and in the E. coli genome 277 

by a ꭕ2 test. For some amino acids, the numbers of prime positions associated with 278 

them were too small to allow a statistical comparison.  However, some codons are 279 

associated with a large number of prime positions of targets interacting with several 280 

sRNAs, including CUG, encoding leucine, CAG, encoding glutamine, and ACC, 281 

encoding threonine, allowing the statistical test. For each of these amino acids we 282 

compared the distribution of codons among the prime positions to its codon 283 

distribution in the genome (Supplementary Table S2), and found that the counts of 284 

prime positions associated with the frequent codons are high above random 285 

expectation (p≤0.0001 for CUG and ACC and p≤10-6 for CAG by ꭕ2 test). Our results 286 

may suggest an evolutionary scenario by which initially the high prevalence of these 287 

frequent codons in the binding sites on the target mRNAs led to their frequent 288 

encounters with sRNAs with complementary sequences, and to their interaction. Since 289 

there are selection forces acting to maintain the frequent codons, they indirectly 290 
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guaranteed also the maintenance of sRNA-target base pairing at the prime positions, 291 

awarding preference for prime positions in these locations through evolution 292 

(reflected in the a high above random coincidence of prime position with frequent 293 

codons). This revelation underscores the dominance of the codon frequency in 294 

dictating the alignment of the prime positions within the reading frame. 295 

To study if the codon adjustment is associated with a functional output, we 296 

examined whether targets that were affected by the sRNA overexpression and showed 297 

a change in their expression levels (Faigenbaum-Romm et al., 2020) differ from 298 

unaffected targets in terms of reading frame adjustment of the prime positions. This 299 

analysis was conducted for the targets of ArcZ, CyaR and RyhB for which such 300 

expression data were available (Faigenbaum-Romm et al., 2020). No statistically 301 

significant difference was observed in regard to reading frame adjustment of prime 302 

positions between the affected and unaffected targets of ArcZ and RyhB (p>0.4 by ꭕ2 303 

test, Methods; Supplementary Tables S1, S3). For ArcZ with two prime positions and 304 

RyhB with three prime positions, in both affected and unaffected targets most prime 305 

positions were adjusted with the reading frame, and the nucleotide aligned with N3 306 

coincided with that of the frequent codon. For CyaR, with one prime position, in the 307 

majority of targets it aligned with N3 and coincided with the nucleotide of the most 308 

frequent codon, even more so in the unaffected targets compared to affected targets 309 

(p≤0.05 by ꭕ2 test). These results indicate that alignment of prime positions with the 310 

reading frame and frequent codon preference are prevalent in sRNA-target 311 

interactions, independent of the regulatory outcome.  312 

 313 

 314 

 315 
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Conservation of sRNA-target base pairing 316 

 317 

sRNA and target orthology data in the Enterobacterales order 318 

The wealth of whole genome sequence data of ample bacterial species enables 319 

studying the conservation of the base pairing between the putative binding sites of the 320 

sRNAs and their targets. Here we analyzed a total of 2027 genomes included in the 321 

eight families of the Enterobacterales order. For each of the 20 E. coli sRNAs 322 

included in our study we identified orthologues. For seven sRNAs: ArcZ, CyaR, 323 

DsrA, MicA, RprA, Spf, and RyhB, we identified orthologues by relying on 324 

homologues previously detected with Infernal and deposited in Rfam (Nawrocki, 325 

Kolbe, and Eddy 2009; Nawrocki and Eddy 2013 ) (currently integrated into 326 

RNAcentral). For sRNAs not represented in Rfam along with their homologues, we 327 

searched for homologues in our genome database using BLAST. Importantly, we 328 

applied also BLAST to the former six sRNAs and obtained results highly similar to 329 

those provided by Infernal, adding further support the orthologous relationships 330 

relaying on BLAST.  331 

Genomes encoding an sRNA were further analyzed by BLAST to identify the 332 

homologues of the 402 reliable E. coli targets with binding site within the CDS 333 

(Methods, Supplementary Table S1). At the end of this process, for each sRNA and 334 

target in our E. coli data set, we generated a list of genomes in which the pair is 335 

conserved. The sequences of sRNAs and targets in those genomes form the basis for 336 

our analysis of the base pairing conservation along the binding sites, and, in 337 

particular, at the primary positions.  338 

The conservation of each sRNA is presented in Figure 6, showing the number 339 

of genomes it is conserved in, for each family in the Enterobacterales order. Most 340 
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sRNAs are highly conserved in the Entrobacteriaceae family. Certain sRNAs, like 341 

RyhB, exhibit substantial conservation across all families within the Enterobacterales 342 

order. Other sRNAs, such as ArcZ and ChiX, are abundant in some families but are 343 

missing from others. For example, ChiX is abundant in the Erwiniaceae family but is 344 

almost absent from the Pectobacteriaceae. Some sRNAs, such as DsrA, MgrR, GadF, 345 

FliX, and SdhX, are found only in the Entrobacteriaceae. In general, the newly 346 

discovered sRNAs, which are often encoded in the 3’UTR of protein-coding genes 347 

(e.g. GadF, UphU), are missing from most of the families, following the absence of 348 

their hosting genes from these genomes (Supplementary Table S4).  Exceptions are 349 

CpxQ and AceK-int, which are preserved in most bacterial families, probably due to 350 

the high conservation of their parent gene cpxP and aceK, respectively, from which 351 

they are derived. Yet, there are hosting genes that are highly conserved, but the 352 

sRNAs derived from them are only poorly conserved, such as sucD and the sRNA 353 

derived from it, SdhX.   354 

For each sRNA, we studied the conservation of its targets in the genomes 355 

where it is encoded. Most targets of all sRNAs are highly conserved in 356 

Entrobacteriaceae, but show various conservation levels in the other families 357 

(Supplementary Table S1). Figure 7 showcases a heatmap delineating the 358 

conservation of RyhB targets beyond Enterobactericeae. Although some targets are 359 

hardly conserved beyond Entrobacteriaceae, there is sufficient body of data to follow 360 

the conservation of the base pairing interactions in the Enterobacterales order. Since 361 

the conservation in genomes of the Enterobacteriaceae family is very high, the 362 

following analyses were done separately for genomes in the Enterobacterles order 363 

beyond enterobacteriacea and for genomes belonging to Enterobacteriaceae.  364 

 365 
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Base pairing conservation in the binding sites 366 

In addition to identifying sRNA or target homologues by Infernal or BLAST, we 367 

performed multiple sequence alignments for all target and sRNA homologues in all 368 

genomes except for enterobacteriaceae in reference to the E. coli K-12 gene 369 

sequences. This has allowed us to determine the sRNA binding site (sBS) and mRNA 370 

binding site (mBS) regions in the homologous sequences in the various genomes. We 371 

prioritized minimizing gaps in defining the sBS/mBS for each homologue. In 372 

instances where alignment posed challenges, we submitted to BLAST the sBS/mBS 373 

sequence of E. coli as query and searched for it in the homologous sequences in the 374 

other genomes, or utilized the MAST algorithm (Bailey and Gribskov 1998b) that 375 

identifies known motifs in the sequences. 376 

For each organism, we meticulously scrutinized base pairing between the 377 

sRNA and the target at each position within the binding site region, and gauged the 378 

degree of base pairing conservation within the binding site regions. Theoretically, 379 

base pairing could be preserved by conservation of the nucleotides in both the sRNA 380 

and target, or by changing a G:C interaction to G:U, or, by compensatory mutations in 381 

the sRNA and target. In practice, in most organisms where the base pairing defined in 382 

E. coli was conserved, it was due to the conservation of the sRNA sequences and of 383 

the coding sequences (where the binding sites reside), maintaining exactly the same 384 

base pairing. The fraction of compensatory mutations in our data was negligible, 385 

(0.2%), found in only 2,665 base pairing interactions out of all the 1,206, 952 base 386 

pairing interactions in our data. This is due to the high conservation of the sRNA 387 

sequences and of coding sequences in the organisms where they are found to be 388 

conserved. We conducted the same analysis on genomes in the Enterobacteriaceae 389 

family and obtained an even lower percentage of compensatory mutations (0.05%).  390 
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Conservation of base pairing interactions at prime positions 391 

Recall that the prime positions were determined by compiling information of 392 

all targets of an sRNA in E. coli, and were found to be largely associated with the 393 

most frequent codons of the respective amino acids. This was evident for binding sites 394 

with one, two, or three prime positions. Studying the evolutionary conservation of the 395 

nucleotides and base pairings at the prime positions sheds light on them from a 396 

different direction. We first address this question for nine E. coli sRNAs that were 397 

conserved beyond Enterobacteriaceae (Figure 6), had at least five targets, and prime 398 

positions could be defined in them (Supplementary Figure S3). For example, the 399 

prime positions in RyhB binding site are 3, 4, 5, overlapping the CUG codon, which 400 

is the most frequent E. coli codon for leucine.  The fraction of E. coli RyhB targets in 401 

which these three nucleotides are apparent is close to 1. These three nucleotides 402 

perfectly fit base pairing with CAG of the sRNA RyhB (Figure 1). Since the sequence 403 

of RyhB is highly conserved in the other genomes (Supplementary Figure S4), 404 

maintaining the base pairing with RyhB in the other organisms would require that the 405 

corresponding leucine would be encoded by CUG, independent of the codon usage of 406 

the organism. In Figure 8A we examine the positional evolutionary sequence 407 

conservation of RyhB target fabZ and of the base pairing interactions it makes with 408 

RyhB. At position 4, all the organisms that have homologues of fabZ exhibit U, 409 

enabling base pairing with A in RyhB. At position 3, there is variation between C and 410 

U. Yet, both maintain the base pairing with G in RyhB, as well as the encoding of 411 

leucine (encoded by six codons, including UUG and CUG).  At position 5, however, 412 

there is variation between G and A, both conserving the encoding of leucine but only 413 

G is capable of base pairing with C in RyhB.  This suggests that in some genomes 414 

CGA is the preferred codon of leucine, and while RyhB in all genomes has C in the 415 
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corresponding position, the selection force to maintain the respective frequent codon 416 

in those genomes is stronger than the one that acts to maintain the base pairing.  417 

To examine how codon usage patterns are manifested across species at sRNA 418 

binding sites, we performed a focused analysis of four well-conserved sRNAs with 419 

extensive target interactions: RyhB, ArcZ, CpxQ, and CyaR. For each sRNA and each 420 

organism in which both the sRNA and its target were conserved, we analyzed those 421 

targets where a prime position aligns with the third nucleotide of a codon. Across the 422 

four analyzed sRNAs, we observed that in most targets, this position follows codon 423 

usage bias, even when this results in a mismatch with the sRNA. For instance, in 424 

RyhB, 95% of the analyzed sites (687 out of 724) coincide with the most frequently 425 

used codon in the corresponding genome, despite 128 of these positions not 426 

maintaining base pairing (Supplementary Table S5). Notably, in most of the 427 

remaining cases, where the codon associated with the prime position was not the 428 

frequent one, the third nucleotide supported base pairing with the sRNA. These 429 

findings suggest that codon optimization is a dominant constraint at sRNA binding 430 

sites, but in some cases, organisms may prioritize the maintenance of base-pairing 431 

potential over strict adherence to codon optimality (Supplementary Table S5), 432 

suggesting that in some organisms, preserving the potential for effective base-pairing 433 

may take precedence over codon optimality. 434 

Interestingly, the analysis of positional evolutionary conservation of the base 435 

pairing interactions suggests that other positions may compensate for the mismatches 436 

at prime positions (often due to variation in codon preferences). For example, as 437 

shown in Figure 8B for three RyhB targets, including fabZ, although there is decrease 438 

in base pairing interactions at position 5 due to the degeneracy of the genetic code, 439 

they seem to be compensated by other base pairing interactions along the binding site, 440 
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at positions that were not defined in the analysis of E. coli targets as prime positions. 441 

While the degree of conservation may vary between corresponding positions of 442 

different targets, the number of positions with high degree of base pairing 443 

conservation is highly similar among various targets, and is around 8-9 positions 444 

(Figure 8B). When examining the overall degree of positional base pairing 445 

conservation across all targets of RyhB and all genomes (Figure 9), it can be seen that 446 

the three prime positions along with positions 2 and 6, which were not determined as 447 

prime position among E. coli targets, show the highest degrees of base pairing 448 

conservation, further supporting their important roles in establishing the sRNA-target 449 

interaction. There are positions that fulfil base pairing in some targets but not in 450 

others, and therefore their overall degrees of base pairing conservation are medium 451 

(Figure 9).  452 

Similar results were obtained for other sRNAs. For quite a few sRNAs in our 453 

analysis, even when a prime position coincided with the third position of a codon 454 

where degeneracy is anticipated, it showed high conservation of the base pairing 455 

interaction (see, for example, MicA in Supplementary Figure S3 and FliX, GadF, 456 

MicA, and UphU in Supplementary Figure S5). At positions where degeneracy took 457 

place in a fraction of the genomes, base pairing conservation was reduced, but for 458 

most sRNAs these positions still were among the positions with highest degrees of 459 

base pairing conservation.  Similar to the results for RyhB, other positions, which 460 

were not determined in E. coli as prime positions, were also found to highly conserve 461 

their base pairing interactions through evolution (Supplementary Figure S3).  462 

Compiling the evolutionary data for each sRNA across all its targets, we find that for 463 

five out of the nine sRNAs more than seven base pairing interactions were conserved 464 

on average (Supplementary Table S6). Repeating this analysis for genomes of the 465 
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Enterobacteriaceae family, we found that for 11 out of 14 sRNAs conserved in 466 

Enterobacteriaceae, more than seven base pairing interactions were conserved on 467 

average (Supplementary Table S6). These results support the conjecture that keeping 468 

an appropriate number of base pairs plays a role in maintaining the sRNA-target 469 

interaction.   470 

 471 

Discussion 472 

Bacterial genome sequences encompass various layers of information that co-affect 473 

their evolution. The DNA sequence contains information of transcription and 474 

translation initiation and termination sites, of the protein coding sequence, as well as 475 

of regulatory elements embedded and inherent in the sequences, which may play a 476 

role at the DNA, RNA or protein level. These various sequence signals overlap, and 477 

they mutually affect the evolution of the sequence. For example, while the specific 478 

usage of codons in a bacterial sequence was shown to affect the expression level of 479 

the encoded protein (Lithwick and Margalit 2003; Plotkin and Kudla 2011), at the 480 

same time these sequences determine the secondary structure at the translation 481 

initiation site, affecting its accessibility to the translation machinery (Kudla et al. 482 

2009; Gu, Zhou, and Wilke 2010). Conceivably, the selection forces shaping the 483 

coding sequence and those shaping the regulatory elements embedded in it act in 484 

concert to guarantee the desired gene expression level and its functionality (Weatheritt 485 

and Babu 2013). Here, we address this theme, focusing on the adjustment of sRNA 486 

binding sites located within protein coding sequences with the reading frame.   487 

 Traditionally, bacterial sRNAs have been considered as regulators of 488 

translation initiation. This regulation is manifested by sRNAs base pairing with their 489 

target mRNAs in upstream regions to the CDS, preventing or enhancing ribosome 490 
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binding in the vicinity of translation initiation sites and thus, repressing or 491 

accelerating translation initiation (Wagner and Romby 2015). Data accumulated in 492 

large-scale studies in search of sRNA targets, have demonstrated many putative 493 

binding sites of the sRNAs that reside in the mRNA within protein coding sequences 494 

(e.g. the RIL-seq study (Melamed et al. 2016)). This may suggest that sRNAs also 495 

affect translation elongation by binding within the coding sequence. However, this 496 

possibility is questionable because the ribosome is known to function as a helicase 497 

(Takyar, Hickerson, and Noller 2005) and to dissociate the mRNA-sRNA hybrid 498 

(Pfeiffer et al. 2009), probably overcoming the possible effects of the sRNA on 499 

translation elongation. Yet, it was shown that sRNAs may impact the expression level 500 

of their targets while binding inside the coding sequence by affecting their cleavage 501 

by RNase E (Pfeiffer et al. 2009; Bandyra et al. 2012), or by locally affecting 502 

translation elongation (Thongdee et al. 2025). 503 

In the current study, we aimed to characterize the positional and codon usage 504 

principles underlying sRNA binding within coding regions. We first characterized the 505 

putatively fulfilled base pairing interactions in the binding site for each sRNA and 506 

found that regardless of the length of the binding site (determined in previous studies), 507 

the average number of fulfilled base pairs is 8-10 for most sRNAs (Figure 3). These 508 

base pairing interactions are not necessarily consecutive. If we regard only 509 

consecutive base pair interactions, we find that these account for 4-8 consecutive 510 

interactions for the various sRNAs included in our analysis (Figure 3). Notably, the 511 

identified base pairs are mostly canonical base pairs (A-U, U-A, G-C-, C-G), with an 512 

underrepresentation of G-U and U-G (Supplementary Figure S1). To assess the 513 

location of the binding site in reference to the reading frame, we focused on ‘prime 514 

positions’, positions that showed high preservation of a certain nucleotide across all E. 515 
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coli targets of an sRNA, capable of base pairing with the corresponding sRNA 516 

nucleotides (Figure 1). These positions might be anchors of sRNA-target interactions, 517 

which with adequate nucleotide sequences around them establish the interaction 518 

between an sRNA and its targets. Considering the potential importance of the specific 519 

nucleotides at the prime positions, and given the fact they are located within reading 520 

frames, it is conceivable that analyzing their location in reference to the reading frame 521 

in the individual targets of an sRNA would provide clues as to their establishment 522 

within the coding sequences (Figure 2).  523 

Our analysis has led to the finding that for one prime position per binding site, 524 

it is aligned in most targets with the third codon nucleotide, and often it is the 525 

nucleotide defining the most frequent codon of the amino acid (Table 1). For two 526 

prime positions per binding site, the prime positions align preferentially with the 527 

reading frame, either at positions 1 and 3 or 2 and 3 of the codon, and they, once 528 

again, mostly coincide with the most frequent codon. For three consecutive prime 529 

positions, as determined for RyhB, they mostly coincide with the most frequent codon 530 

of Leucine, CUG (Supplementary Table S2). Notably, high-throughput approaches, 531 

such as RIL-seq, may capture many transient interactions or RNA–RNA encounters 532 

that are not known to generate regulatory effects. We previously showed that many 533 

sRNA–target interactions identified in the RIL-seq experiment do not result in 534 

detectable changes in gene expression under various growth conditions (Faigenbaum-535 

Romm et al., 2020). Using these data, we examined whether affected and unaffected 536 

targets differ in the adjustment of the prime positions with the reading frame. The 537 

results of this analysis indicated that codon adjustment and preference for the most 538 

frequent codon were evident among all targets, affected and unaffected 539 

(Supplementary Table S3). Thus, many interactions that are not known as regulatory 540 
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contribute to the detected association between prime positions and frequent codons.  541 

Yet, the lack of an effect manifested in an expression change does not necessarily 542 

imply biological insignificance. Functional output can be condition-dependent, as 543 

sRNA activity is influenced by competition for Hfq binding among multiple 544 

transcripts expressed under specific physiological contexts. Furthermore, alluded non-545 

functional interactions may serve alternative biological roles, such as buffering or 546 

titrating sRNA availability, thereby indirectly modulating the regulation of other 547 

targets (Jost et al., 2013).    548 

Independent of the mechanism, it seems that encounter of transcripts with 549 

complementary sequences on Hfq often results in an interaction, and since sequences 550 

with frequent codons are prevalent and selected for they are more prone to interact 551 

with sRNAs with complementary sequences. 552 

Previous studies already suggested that when complementary sequences meet 553 

on Hfq they often interact (Faigenbaum-Romm et al., 2020), where the interaction 554 

was shown to be more substantial as the nucleotides of the two RNAs are more 555 

cognate (Roca, Chen, and Woodson 2025). The high fractions of prime positions of 556 

different sRNAs aligning with the frequent codons may suggest that the relatively 557 

high probability of an encounter with nucleotides of a frequent codon plays a role in 558 

determination of the interactions between binding sites within the reading frames and 559 

the sRNAs. Furthermore, our observation that the coincidence of prime positions with 560 

the frequent codons of several amino acids is high above random expectation may 561 

suggest that evolutionary pressures have underlined the alignment of prime positions 562 

with frequent codons. Finally, prime positions that align with frequent codons are 563 

maintained through the selection to maintain the frequent codon.  Once an interaction 564 

between the sRNA and target transcript is formed and has some function (affecting 565 
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the target levels or buffering the sRNA molecules), selection force to maintain this 566 

interaction may join the selection force acting on the coding sequence, leading to 567 

establishment of this interaction. 568 

Our evolutionary analysis adds insights into the properties of the binding sites.  569 

While the prime positions of an sRNA binding site were determined in E. coli targets 570 

by their almost complete nucleotide conservation, in the evolutionary analysis across 571 

genomes in families of the enterobacterales order some of these positions showed 572 

only partial nucleotide conservation, despite high conservation of the sRNA 573 

sequences (Supplementary Figure S3), and consistent with a previous study (Richter 574 

and Backofen 2012). We observed the lack of conservation especially at positions 575 

coinciding with the third position of the codon, due to the degeneracy of the genetic 576 

code and due to possible constraints in the other genomes to maintain another 577 

nucleotide in the codon. Thus, while the overall base pairing at the prime positions is 578 

highly conserved across targets and genome families (Figure 9, Supplementary Figure 579 

S3), there are genomes where base pairing interactions at these positions is not 580 

fulfilled. Yet, we find that positions that have not been defined as prime positions in 581 

E. coli may exhibit increased evolutionary conservation of base pairing interactions 582 

(Figure 9, Supplementary Figure S3), in order to compensate for the loss of base 583 

pairing at the prime positions. This is consistent with the results of the initial analysis 584 

of E. coli binding sites (Figure 3), showing that there is a characteristic number of 585 

base pairing interactions per the binding sites of the various sRNAs. This strategy 586 

ensures the maintenance of a requisite number of base pairing interactions essential 587 

for sustaining the sRNA-target interaction, which compensates for a lost interaction at 588 

a primary position, while keeping a codon that might be crucial for the translated 589 

protein. In general, it seems that the selection forces acting on the reading frame are 590 
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stronger than the selection forces to maintain the sRNA binding site, and the sRNAs 591 

adjusts its binding accordingly. 592 

 593 

Materials and Methods 594 

Organization of sRNA-target interaction data 595 

The technology of RIL-seq involves immunoprecipitation of Hfq and bound RNAs, 596 

ligation of the RNAs and sequencing of the RNA fragments (Melamed et al. 2016). 597 

RNA fragments identified as involving two different RNAs were considered by RIL-598 

seq as chimeric fragments. These chimeric fragments were determined as representing 599 

putative interacting RNAs if their counts were statistically significantly above random 600 

expectation. The statistical analysis was applied to the unified libraries per condition, 601 

as well as to the individual libraries. In this study we included sRNA-target pairs that 602 

followed one of two criteria: 1) the chimeric fragments representing the pair passed 603 

the statistical threshold in E. coli analysis both for a unified library of at least one 604 

condition or growth phase and for at least three individual libraries of at least one 605 

condition or growth phase. 2) The sRNA-target pair passed the statistical threshold in 606 

an E. coli RIL-seq unified library and in a RIL-seq unified library of another 607 

bacterium (enteropathogenic E. coli (EPEC) (Pearl Mizrahi et al. 2021), Salmonella 608 

enterica (Matera et al. 2022) or Klebsiella pneumoniae (Goh et al. 2024). 609 

 610 

Defining prime positions 611 

To identify prime positions within sRNA binding motifs, we analyzed their position-612 

specific scoring matrices (PSSMs), which represent the positional frequency of each 613 

 Cold Spring Harbor Laboratory Press on July 13, 2026 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


26 
 

nucleotide across motif positions. A prime position was stringently defined as a 614 

position where one nucleotide exhibited a frequency ≥0.95. 615 

 616 

Testing the adjustment of prime positions in regard to the reading frame 617 

 In each target we determined the binding site based on Melamed et al. (2016), and 618 

labeled the prime positions based on their alignment to the reading frame as N1 (first 619 

nucleotide in codon), N2 (second nucleotide in codon), and N3 (third nucleotide in 620 

codon). We tested whether there is a bias towards a specific arrangement in regard to 621 

the reading frame for cases of one prime position, two prime positions that are at most 622 

at a distance of one nucleotide separating them, and three consecutive prime positions.  623 

There are three possible alignments of the prime positions in regard to the reading 624 

frame, and if it was random we would expect the prime positions to distribute 625 

randomly between the possible arrangements (1/3, 1/3, 1/3). We applied a ꭕ2 test to 626 

test the null hypothesis that the distribution is random.  627 

 628 

Comparing the adjustment of prime positions with the reading frame between 629 

affected and unaffected targets 630 

Based on the data of Faigenbaum-Romm et al. (2020), for each of the sRNAs 631 

ArcZ, CyaR, and RyhB we determined two sets of targets: targets that showed a 632 

change in expression level under overexpression of the sRNA and targets that did not 633 

show such a change. For each set we counted the number of targets with prime 634 

positions adjusted with the reading frame. For ArcZ and RyhB we then compared the 635 

distributions of targets with adjusted prime positions and targets with non-adjusted 636 

prime positions between these two target sets by a ꭕ2 test. For CyaR we compared the 637 
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numbers of prime positions aligned with N3 that coincide with the nucleotide of the 638 

frequent codon between the two sets by a ꭕ2 test.  639 

 640 

Evolution of RNAs and binding sites 641 

Searching for sRNA and target orthologues 642 

To study the conservation of the binding sites and base-pair interactions, we first 643 

determined a set of orthologues of the sRNAs and their target genes across genomes 644 

belonging to families within the Enterobacterales order (genomes were obtained from 645 

NCBI’s Assembly database). For seven sRNAs: ArcZ, CyaR, DsrA, MicA, RprA, Spf, 646 

and RyhB, orthologues were identified based on homologues previously detected 647 

using Infernal and deposited in Rfam (Nawrocki and Eddy 2013; Nawrocki, Kolbe, 648 

and Eddy 2009) (currently integrated into RNAcentral). These homologues were 649 

detected in the Enterobacterales genomes using the Infernal cmscan program (with the 650 

--rfam and --cut_ga options) against the Rfam covariance model database (Rfam.cm), 651 

and hits were filtered to retain high-confidence homologues.  652 

For sRNAs that were not represented in Rfam, or whose homologues were not 653 

detected by Infernal, we used our in-house ConservationProfiler tool 654 

(https://github.com/YairGatt/ConservationProfiler), which relies on BLAST with 655 

several filtering thresholds (identity ≥59% , E-value ≤0.05, and query coverage ≥0.5) 656 

to identify orthologues relative to E. coli K-12 substr. MG1655. 657 

 658 

 659 

 660 

 Cold Spring Harbor Laboratory Press on July 13, 2026 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


28 
 

Recognizing binding sites 661 

The binding sites in E. coli were recognized previously by applying MEME 662 

(https://meme-suite.org/meme/) (Bailey et al. 2015) to the E. coli binding regions 663 

identified by RIL-seq and verifying the base pairing potential with the sRNA 664 

(Melamed et al. 2016). To identify for each orthologue (sRNA or target) the region 665 

corresponding to the E. coli binding site, we performed multiple sequence alignments 666 

(Edgar 2004) for all sRNA or target orthologues. Analyzing the multiple sequence 667 

alignment in regard to the binding site in E. coli, has allowed us to determine the 668 

binding site regions on the sRNA (sBS) and the binding site on the mRNA (mBS) in 669 

the various genomes.  We prioritized minimizing gaps in defining the sBS/mBS for 670 

each orthologue. In instances where alignment posed challenges, we performed 671 

BLAST using the binding site sequence of E. coli as a query and the homologous 672 

sequences in the other organisms as the dataset. For this we used Standalone 673 

BLASTn+ version 2.8.1 (Camacho et al. 2009).  A binding site was declared as 674 

present in the homologue if there was a hit with an E-value ≤10 and an identity of at 675 

least 80% between the query and the sequence identified by BLAST. In cases where 676 

the mBS was not detected by BLAST, we used the MAST algorithm that identifies 677 

input motifs in the sequences (Bailey and Gribskov 1998a). Genomes where no match 678 

was found using BLAST or MAST, and the mBS region identified through multiple 679 

sequence alignment contained more than 30% gaps, were excluded from the analysis 680 

for that specific interaction. 681 

 682 

Base pair conservation analysis 683 

Conservation of base pairing per target 684 
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To assess the conservation of base pairing within sRNA–mRNA interactions, we 685 

analyzed each sRNA-target interaction across all genomes in the dataset. For each 686 

genome and for each position, we determined whether the base pair was feasible. The 687 

number of genomes with a possible base pair at a given position was then divided by 688 

the total number of genomes included in the analysis (i.e., genomes where both the 689 

sRNA and the target gene were conserved and the binding site region was identified). 690 

This calculation yielded the fraction of organisms in which a specific position within 691 

the binding region exhibited a possible base pairing interaction, considered as 692 

conservation degree. 693 

Conservation of base pairing of an sRNA across all its targets 694 

To evaluate the conservation of positional base pairing across all targets of a specific 695 

sRNA, we performed a similar analysis as above, this time computing the fraction of 696 

genomes fulfilling a positional base pairing interaction, when all targets are 697 

considered. For each position within the binding sites, we counted the total number of 698 

genomes exhibiting a possible base pairing interaction across all targets of the sRNA, 699 

and divided it by the total number of genomes included in the analysis across all these 700 

targets. This calculation yielded the fraction of organisms, across all targets of the 701 

given sRNA, in which a specific position exhibited possible base pairing - 702 

representing the overall conservation degree of that position across the sRNA’s entire 703 

target set. 704 
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Table 1: Prime positions in the binding sites of sRNAs 821 

 822 

1 sRNAs are ordered by the number of prime positions they have 
2 Number of targets in which the prime positions that align with a third codon position 

coincide with the frequent codon 

sRNA1 Number 
of 

targets 

Length 
of  

binding 
site 

Prime 
position 
(within 
binding 
site on 
target) 

Number 
of 

binding 
sites 
with 

prime 
position 

in N1 

Number 
of 

binding 
sites  
with 

prime 
position 

in N2 

Number 
of 

binding 
sites  
with 

prime 
position 

in N3 

Nucleotide  
in sRNA 

Nucleotide 
in target 

Coincidence 
with 

frequent 
codon? 
(N3)2 

Percentage 
of frequent 

codons 
(N3)3 

CyaR 98 15 11 34 8 56 C 98G 47 0.8571 

FliX 5 11 7 0 1 4 A 5U 0 0 

MicA 14 15 10 6 2 6 G 14C 6 1 

UhpU 13 8 6 3 2 8 G 13C 7 0.875 

DsrA 6 11 7 1 4 1 C 6G 1 1 

RprA 19 9 3 5 10 4 G 17C, 2U 1 0.25 

RprA 19 9 6 5 10 4 G 18C, 1U 4 1 

ArcZ 87 13 6 52 7 28 G 
1A, 85C, 

1U 20 
0. 7142 

ArcZ 87 13 8 7 28 52 C 
1A, 85G, 

1U 50 
0.9615 

CpxQ 44 15 6 4 29 11 A 44U 3 0.2727 

CpxQ 44 15 7 11 4 29 C 44G 19 0.6551 

SdhX 7 11 4 1 4 2 A 7U 1 0.5 

SdhX 7 11 5 2 1 4 C 7G 4 1 

GadF 7 8 4 1 0 6 C 7G 6 1 

GadF 7 8 5 6 1 0 A 7G 0 0 

Spf 5 8 1 1 3 1 U 5A 1 1 

Spf 5 8 2 1 1 3 U 5A 3 1 

Spf 5 8 7 1 3 1 G 5C 0 0 

RyhB 55 11 3 40 8 7 G 55C 1 0.1429 

RyhB 55 11 4 7 40 8 A 55U 0 0 

RyhB 55 11 5 8 7 40 C 55G 40 1 

MgrR 14 8 1 7 7 0 C 14G 0 0 

MgrR 14 8 3 7 0 7 U 14A 0 0 

MgrR 14 8 4 7 7 0 A 14U 0 0 

MgrR 14 8 5 0 7 7 C 14G 7 1 

MgrR 14 8 6 7 0 7 C 14G 7 1 
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3 Fraction of targets in which the prime positions that align with a third codon position 

coincide with the frequent codon  

 823 

 824 

 825 

Figure legends 826 

 827 

Figure 1: sRNA binding motifs. Common sequence motifs identified in E. coli RIL-828 

seq target sets of RyhB and ArcZ (Melamed et al. 2016), which are complementary to 829 

the respective binding sites on the sRNAs (marked in green). The Y axis depicts the 830 

information content of a position, in bits. Black vertical lines denote base pairing 831 

interactions. The blue arrows mark highly preserved positions, hereinafter, termed 832 

“prime positions“.  833 

 834 

Figure 2: Possible alignments of prime positions with codon positions. Possible 835 

adjustments of RyhB biding sites in reference to the reading frames of the targets are 836 

demonstrated. For RyhB, three prime positions were identified (Figure 1) and are 837 

underlined. A. Example of RyhB interaction with a target where the first prime 838 

position aligns with position N3 of a codon, and the next two prime positions align 839 

with positions N1 and N2 of the next codon. B. Example of RyhB interaction with a 840 

target where the two prime positions align with positions N2 and N3 of a codon, and 841 

the last prime position aligns with position N1 of the next codon. C. Example of 842 

RyhB interaction with a target where the three prime positions are adjusted with the 843 

reading frame.  844 

 845 
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Figure 3: Number of base pairs fulfilling sRNA-target base pairing interactions. 846 

A. Bars represent the motif length for each sRNA (light green), the number of fulfilled 847 

base pairs (darker green), and the number of consecutive fulfilled base pairs (darkest 848 

green). Number in parentheses indicates the number of targets of each sRNA in the 849 

data (sRNAs with at least five targets were included in this analysis). Black lines and 850 

grey lines indicate the standard deviations of the number of fulfilled base pairs and 851 

consecutive base pairs, respectively. B. Number of fulfilled base pairing interactions 852 

per binding site across all studied sRNAs. The Y axis shows the number of sRNA-853 

target pairs that fulfilled a particular number of base pairs.  854 

 855 

Figure 4: Distribution of binding site locations on targets and sRNAs. 856 

A. For each sRNA, the relative positions of its binding sites along target mRNAs are 857 

shown. Target coding sequences were divided into 10 equal-length bins, and the 858 

fraction of binding sites per bin is shown. B. Binding site locations along the sRNAs 859 

themselves, similarly binned into 10 segments. Only sRNAs with ≥5 targets are 860 

shown. 861 

 862 

Figure 5: Alignment of RyhB prime positions with the reading frame. As shown 863 

in Figure 2, RyhB has three consecutive prime positions, which imply its possible 864 

positioning in three locations in regard to the reading frame (N3, N1, N2, upper lane; 865 

N2, N3, N1, middle lane; N1, N2, N3, bottom lane). On the right side, the number of 866 

targets with the positioning indicated schematically on the left is indicated. 867 

 868 
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Figure 6: Conservation of sRNAs. For each sRNA, the number of organisms in 869 

which it is conserved in each family of the Enterobacterales order is noted. The top 870 

numbers indicate the number of organisms in each family. Names of families: 871 

Entrobac.- Entrobacteriaceae; Erwinia.- Erwiniaceae; Pectobac.- Pectobacteriaceae; 872 

Yersinia.- Yersiniaceae; Hafnia.- Hafniaceae; Morgane.- Morganellacea; Bruguieri.- 873 

Bruguierivoracaceae; Budvicia.- Budviciaceae. First presented are canonical sRNAs 874 

(in alphabetical order) and next are 3’UTR-derived sRNAs (in alphabetical order). For 875 

the sRNAs ArcZ, CyaR, DsrA, MicA, RprA, Spf, RyhB, the orthologues and binding 876 

site region were identified by Infernal and for the other sRNAs by BLAST. 877 

 878 

Figure 7: Conservation of targets. As an example, we present a heatmap displaying 879 

the conservation level of each RyhB target across the different Enterobacterales 880 

families. The conservation of the targets of all sRNAs, including RyhB, is detailed in 881 

Supplementary Table S1. 882 

 883 

Figure 8: Conservation of base pairing interactions between sRNA and its 884 

targets. A. Conservation is exemplified by fabZ - RyhB base pairing interactions. At 885 

the top is the logo of RyhB binding sites based on E. coli targets (Melamed et al. 886 

2016).  Conservation of RyhB binding site across the different genomes (except for 887 

Enterobacteriaceae) is presented below in bits of information, computed based on 888 

equal frequency of the four bases. The logo representation was generated using 889 

Weblogo (http://weblogo.berkeley.edu/logo.cgi). Blue arrows mark the prime 890 

positions, and the reading frame and encoded amino acids are marked as well. RyhB 891 

binding site is shown below in green. The black lines represent bases pairing between 892 
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the RyhB and fabZ nucleotides. The height of the bars below represents the fraction of 893 

genomes in which the positional base pairing could be fulfilled. On the right, the six 894 

codons encoding Leu are shown. B. Examples of conservation of positional base 895 

pairing in RyhB-target interactions. Shown below each base pair is the fraction of 896 

genomes in which this putative base pair interaction could be fulfilled. The reading 897 

frame corresponding to the dominant alignment of the prime positions of RyhB 898 

binding site is marked (N1, N2, N3). 899 

 900 

Figure 9: Overall conservation of positional base pairing across all targets of 901 

RyhB. We counted for each position of the binding site the number of putatively 902 

fulfilled base pairing interactions across all RyhB targets and across all genomes in all 903 

families (except for enterobacteriaceae, which were analyzed separately). Presented 904 

are the fractions of genomes putatively fulfilling a positional base pairing interaction 905 

out of all genomes in the analysis. Prime positions are shaded in blue. The reading 906 

frame corresponding to the dominant alignment of the prime positions of RyhB 907 

binding site is marked (N1, N2, N3). 908 
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1118 149 124 349 37 238 6 6

sRNA Entrobac. Erwinia. Pectobac. Yersinia. Hafnia. Morgane. Bruguieri. Budvicia.

ArcZ 1090 36 - 222 - 20 - -

ChiX 1088 31 - 336 37 103 - -

CyaR 1096 24 121 338 37 230 2 2

DsrA 1074 - - - - - - -

FnrS 1091 94 124 341 37 20 5 -

GcvB 1099 94 123 345 37 233 1 -

MgrR 1077 - - - - - - -

MicA 1099 91 120 340 37 219 5 2

OmrB 1099 47 123 323 36 - 4 6

RprA 1098 84 119 292 1 13 5 -

RybB 1095 15 121 345 37 28 5 -

RydC 778 - - - - 13 - -

RyhB 1099 91 121 339 37 229 5 6

Spf 1097 87 121 336 37 228 5 -

CpxQ 1099 93 124 345 37 236 5 6

FliX 774 - - - - - - -

GadF 414 - - 1 - - - -

RaiZ 1096 21 48 151 - 49 - 4

SdhX 448 - - - - - - -

UhpU 1071 3 51 - - 1 - -

Figure 6
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|||||||||
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|||||||||*|
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A

B

1 2 3 4 5 6 7 8 9 10 11
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|*|*|||||||
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5’- -3’
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0.04 1 1 1 0.68 0.97 1 1 1 1 1
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Figure 8
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