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M I C R O B I O L O G Y

The impact of Hfq-mediated sRNA-mRNA interactome 
on the virulence of enteropathogenic Escherichia coli
Sivan Pearl Mizrahi*†‡, Netanel Elbaz†, Liron Argaman, Yael Altuvia, Naama Katsowich, 
Yaakov Socol, Amir Bar, Ilan Rosenshine*, Hanah Margalit*

Small RNAs (sRNAs) exert their regulation posttranscriptionally by base pairing with their target mRNAs, often in 
association with the RNA chaperone protein Hfq. Here, integrating RNA-seq–based technologies and bioinformatics, 
we deciphered the Hfq-mediated sRNA-target interactome of enteropathogenic Escherichia coli (EPEC). The 
emerging network comprises hundreds of sRNA-mRNA pairs, including mRNAs of virulence-associated genes 
interacting with known sRNAs encoded within the core genome, as well as with newly found sRNAs encoded within 
pathogenicity islands. Some of the sRNAs affect multiple virulence genes, suggesting they function as hubs of 
virulence control. We further analyzed one such sRNA hub, MgrR, and one of its targets identified here, the major 
virulence-associated chaperon, cesT. We show that MgrR adjusts the level of EPEC cytotoxicity via regulation of 
CesT expression. Our results reveal an elaborate sRNA-mRNA interactome controlling the pathogenicity of EPEC 
and reinforce a role for sRNAs in the control of pathogen-host interaction.

INTRODUCTION
Enteropathogenic Escherichia coli (EPEC) is a human bacterial 
pathogen causing conditions ranging from asymptomatic coloniza-
tion to persistent life-threatening infantile diarrhea (1). The Type III 
secretion system (T3SS) is the major virulence factor of EPEC, con-
stituting a molecular syringe used by the pathogen to inject dozens 
of effector proteins into the host cell. These effectors subvert host 
cell processes to promote host colonization (2, 3). The recruitment 
of effectors to the T3SS is largely mediated by the CesT multicargo 
chaperon. An additional important virulence factor of a typical 
EPEC is the type 4 pilus, termed bundle-forming pilus (BFP), which 
promotes bacterial aggregation to form microcolonies and efficient 
attachment of these microcolonies to the host cell (4–6). The com-
bined functions of BFP and T3SS promote efficient colonization, 
long-term survival, and rapid growth of the pathogen, despite the 
host defenses.

EPEC has a core genome that is nearly identical to the genome of 
the nonpathogenic E. coli K-12 strain, but includes ~1000 additional 
genes, termed here “accessory genome” genes. Most of the accesso-
ry genome genes are clustered within chromosomal regions termed 
“genomic islands,” consisting of prophages and insertion elements. 
Many of these islands include virulence genes and thus are termed 
also “pathogenicity islands.” The T3SS and related genes, alto-
gether 41, are organized in 12 transcriptional units clustered within 
a pathogenicity island termed the locus of enterocyte effacement 
(LEE) (7, 8). The BFP and its regulators are encoded in two operons, 
bfpA-P and perABC, both located in a large plasmid, pMAR2. The 
transcription of the T3SS and BFP genes is controlled by a complex 
network including four key regulators: PerA, PerC, Ler, and GrlR-GrlA (9). 
The production of these regulators is subjected to transcriptional 

and posttranscriptional regulation, where the latter involves the 
global RNA binding proteins CsrA (10, 11) and Hfq (12, 13), as well 
as several small RNAs (sRNAs) (12).

sRNAs are 50- to 400-nucleotide-long RNA molecules, many of 
which regulate their gene targets in trans by base pairing with target 
mRNA (14). Often, this base pairing is facilitated by the RNA chap-
erone protein Hfq, which binds both the sRNA and its target mRNA 
and promotes their duplex formation (15). Recently, it was demon-
strated that Hfq and sRNAs modulate the expression of specific 
T3SS genes of EPEC (12, 13). The sRNAs MgrR and RyhB were re-
ported to directly modulate the expression of GrlR-GrlA (12), and 
Spf (Spot 42) was found to control the translation of genes encoded 
in the LEE4 operon of the closely related enterohemorrhagic E. coli 
(EHEC) (11). However, the global virulence-associated network of 
Hfq-mediated sRNA-target pairs has not yet been resolved for 
EPEC. To address this knowledge gap, we applied the RIL-seq (RNA 
interaction by ligation and sequencing) methodology (16) and re-
vealed the EPEC global Hfq-dependent sRNA-mRNA interactome. 
Our results indicate that some sRNAs, including novel accessory 
genome–encoded sRNAs, function as hubs that interact with 
mRNAs of multiple virulence genes. In-depth analysis of a selected 
sRNA-mRNA interaction demonstrates how the sRNA modulates 
the cytotoxicity of the pathogen. All the RIL-seq identified inter-
actions can be queried and visualized through a dedicated online 
database http://RILseqDB.cs.huji.ac.il.

RESULTS
Hfq controls the expression of virulence-associated genes
To evaluate the roles of Hfq and sRNAs in virulence, we aimed at 
comparing the transcriptome of wild-type EPEC with that of an 
isogenic hfq mutant. To this end, we generated a hfq mutant and 
first tested it for production of Tir, the major T3SS effector, and 
BfpA, the pilin subunit of BFP. For this analysis, we grew the bacte-
ria under two growth conditions: either in Dulbecco’s modified 
Eagle’s medium at 37°C to mid-exponential growth phase [OD600 
(optical density at 600 nm), 0.3 to 0.6], or overnight growth of static 
culture on LB medium at 37°C. The former condition strongly 
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induces the expression of the virulence genes, and the latter re-
presses their expression. These conditions are termed hereinafter 
“activating” and “nonactivating,” respectively. Our data showed 
that the levels of Tir and BfpA were elevated in the hfq mutant (fig. 
S1). However, the overexpression of BFP protein due to the lack of 
Hfq appears to impose stress (17), and consequently, rapid elimina-
tion of BFP expression either by curing the bacteria of the pMAR2 
plasmid or by rendering perA (encoding the BFP master regulator) 
nonfunctional, through a frameshift mutation (fig. S1). These re-
sults suggest that Hfq, presumably in concert with sRNAs, acts to 
prevent overexpression of the T3SS and BFP genes, where overex-
pression of the latter might lead to instability.

To expand this study, we determined the Hfq influence on 
EPEC’s transcriptome by applying RNA sequencing (RNA-seq) to 
wild-type and hfq mutant, using the mutant version where pMAR2 
was stabilized by the acquisition of the perA mutation (fig. S1). RNA 
was extracted from cultures grown under either the activating or 
nonactivating condition and compared between wild-type and hfq 
strains by DESeq2 (Fig. 1 and tables S1 and S2) (18). Note that since we 
used the double mutant deficient in Hfq and PerA activities, results 
related to perA and bfp operons are irrelevant. The transcriptome 

analyses of the wild-type strain in activating and nonactivating con-
ditions demonstrated that growth under the activating condition 
promoted the expression of virulence genes (fig. S2). We further 
noted that Hfq has a clear repressive effect on the expression of the 
LEE genes (Fig. 1 and table S2) and additional virulence genes en-
coded in chromosomal locations other than the LEE (table S2). 
These include, for example, the T3SS effector genes nleG, nleH, 
E2348C_2920, located proximal to the nleG, and E2348C_0153, en-
coding a predicted fimbriae protein; E2348C_2914, located in IE5 
immediately upstream to the espC and encoding a predicted 
polyketide cyclase; matA (ecpR), encoding a LuxR-type transcrip-
tion factor, involved in advancing the transition of E. coli from 
planktonic to adhesive lifestyle (19–21); and genes associated with 
the acid resistance response, including hdeAB, gadF, gadC, and 
gadX, some of which are involved also in regulating the LEE genes 
(table S2) (22, 23). Overall, our results, together with previous re-
ports revalidated here (12, 13, 17, 24), support a role for Hfq in 
regulating multiple virulence genes of EPEC, conceivably together 
with multiple sRNAs.

The EPEC Hfq-dependent RNA-RNA interactome
To explore the involvement of sRNAs in EPEC virulence at a global 
scale, we used RIL-seq, our recently developed methodology for 
in vivo detection of the Hfq-dependent RNA-RNA interactome 
(fig. S3) (16, 25). We applied this strategy to analyze EPEC cultures 
grown under activating and nonactivating conditions. Briefly, 
bacteria were subjected to ultraviolet cross-linking, lysed, and Hfq 
along with the bound RNA molecules were immunoprecipitated. 
The precipitate was then treated with RNA ligase, fusing neighbor-
ing RNAs to form chimeric fragments. The resulting RNAs were 
isolated, sequencing libraries were constructed as described in 
Melamed et al. (25), and paired-end sequenced. Our computational 
pipeline was next used to map the sequenced fragments to EPEC 
genome (fig. S3), identifying chimeric fragments and determin-
ing statistically significant overrepresented chimeric fragments 
(S-chimeras) as representing putatively interacting RNAs (16). In 
this analysis, we considered reads mapped to several types of genomic 
elements, most notably coding sequence (CDS); sRNA; tRNA; 5′ 
and 3′ untranslated regions (5UTR/EST5UTR and 3UTR/EST3UTR, 
where EST stands for estimated); intergenic region (IGR); intergen-
ic within operon transcript (IGT); and antisense (AS) (see Materials 
and Methods and Supplementary Methods). For both activating 
and nonactivating conditions, we applied RIL-seq to three biologi-
cal replicates, generating a sequencing library for each replicate. 
Computational analysis for revealing statistically significant RNA 
pairs was conducted for the library of each replicate separately and 
for a unified library in which the results of all triplicates per condi-
tion were unified. In table S3, we report the interactions that passed 
the statistical test in the analysis of the unified libraries, and for each 
interaction we record the number of individual libraries in which it 
was identified as statistically significant (26). Of note, the libraries 
under both conditions were of similar sizes (table S1). We identified 
744 and 971 putative RNA interacting pairs based on the analysis of 
the unified libraries obtained for the activating and nonactivating 
conditions, respectively, where 251 interactions were identified 
under both conditions (table S3, summary tab). The EPEC RIL-seq 
interaction data can be queried and viewed via our new database 
RILseqDB (http://RILseqDB.cs.huji.ac.il), a database of Hfq-mediated 
RNA interactions determined by RIL-seq.
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Fig. 1. Hfq affects the expression of virulence-associated genes. Volcano plots 
describing the transcriptome comparisons of EPEC hfq versus wild type (wt) 
under activating (A) and nonactivating (B) conditions. The change in expression level 
of each gene is represented as the log2 fold change between the expression levels 
in hfq and wt strains, as obtained by applying DESeq2 (18) analysis (x axis). The 
statistical significance of the change is represented as −log10(P) (y axis). P is 
the P value corrected for multiple hypotheses testing (padj provided by DESeq2). The 
dashed line marks the statistical significance threshold (P = 0.1). LEE-related genes 
are indicated by green dots, and gray dots represent the rest of the genes. Insets 
were added to allow viewing genes with very low padj values (highly statistically 
significant).

http://RILseqDB.cs.huji.ac.il
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sRNAs involved in the RNA-RNA interactome of EPEC
Many of E. coli K-12 sRNAs and their interactions are  
conserved in EPEC
Since the core genome of EPEC is nearly identical to the genome of 
E. coli K-12, we first turned to assess whether homologs of known 
K-12 sRNAs are involved in EPEC RNA-RNA interactome and 
whether their interactions are conserved (Materials and Methods). 
We searched by blastn (27) the EPEC orthologs of all currently 
documented sRNAs in K-12 (28) and orthologs of recently found 
sRNAs (29) (table S4), and assessed whether they were included in 
EPEC RIL-seq data. We found that the orthologs of most K-12 
sRNAs were included in the RIL-seq–identified RNA-RNA interac-
tome of EPEC (table S4). This regards well-established sRNAs, such 
as ArcZ and CyaR, as well as recently detected 3′UTR-derived 
sRNAs, such as MalH (30). GlnZ, an sRNA derived from the 3′UTR of 
glnA in E. coli K-12 (28, 31), was not detected in our blastn search. 
However, using several sRNA properties listed hereinafter, we inde-
pendently found an sRNA candidate derived from the 3′UTR of EPEC 
glnA. As this sRNA candidate has a predicted binding site that is 
conserved in E. coli K-12 and across several bacterial species belonging 
to Enterobacteriaceae, we believe it is a glnZ ortholog (fig. S4). The 
genomic context of glnZ binding site differs among species, i.e., there 
are large insertions/deletions and the distances of the predicted 
binding site from the stop codon and the Rho-independent termi-
nator of glnA are not fixed (fig. S4). This highlights the conservation 
variability of 3′UTR-derived sRNAs, where some are evolutionarily 
conserved throughout their length [e.g., the recently discovered 
CpxQ (32)], while others, such as GlnZ, are only partially conserved.

It is worth noting that the relative abundance of specific core- 
encoded sRNAs in the interactome differed between the two condi-
tions (Fig. 2). For example, the sRNAs Spf, RyhB, MgrR, and CpxQ 
had high relative abundances in the interactome identified under 
the activating condition, but constituted a relatively low fraction of 
the interactome identified under the nonactivating condition, sug-
gesting rewiring of the sRNA regulatory network upon infection. In 
contrast, other sRNAs, such as SdsR and FnrS, had high relative 
abundances in the interactome identified under the nonactivating 
condition but not under the activating condition. In general, there 
is an agreement between the relative fraction of chimeric fragments 
involving an sRNA and its expression level measured in the RNA-seq 
experiment (Fig. 2 and fig. S2). Note however that Hfq occupancy of 
an sRNA can be affected not only by the global sRNA expression 
levels but also by other factors such as changes in its target abun-
dance and/or in the abundance of other competing sRNAs. The 
potential link between the abundance of the sRNA under the acti-
vating condition and its relation to virulence is exemplified by Spf, 
with 20-fold higher fraction of chimeric fragments involving Spf in 
the activating versus the nonactivating condition. Consistently, its 
expression level is ~5-fold higher in the activating compared to the 
nonactivating condition (fig. S2B). Spf was also reported to be highly 
expressed in EHEC under type III secretion permissive conditions 
in which, as mentioned above, it controls the translation of genes 
encoded in the EHEC LEE4 operon (11).

In total, RIL-seq identified in the two conditions 910 interactions 
in which the two interacting RNAs are encoded in EPEC core ge-
nome (table S3, summary tab). A total of 479 of these interactions were 
previously revealed using RIL-seq in E. coli K-12 (16), suggesting 
that many of EPEC core RNA-RNA interactions are conserved 
across strains and growth conditions (table S3, summary tab).

Novel sRNAs identified in EPEC interactome
We recently showed that sRNAs included in the S-chimeras of Hfq 
RIL-seq data exhibit particular features, the identification of which 
may be used to detect novel sRNAs in the data (16). These features 
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Fig. 2. Relative abundance of core-encoded sRNAs in EPEC RIL-seq data. For each 
sRNA in S-chimeras, the relative abundance of the respective chimeric fragments 
identified in bacteria grown under the activating and nonactivating conditions is 
shown. This fraction is obtained by dividing the number of chimeric fragments in-
volving a given sRNA by the total number of chimeric fragments involving core- 
encoded sRNAs. Numbers were extracted from table S3. Some chimeric fragments 
involve two sRNAs, in which case the number of chimeric fragments is assigned to 
each of the two interacting sRNAs and the total is updated accordingly. Thus, the 
total numbers of chimeric fragments used here are 66,540 and 83,865 for activating 
and nonactivating conditions, respectively. Twenty-six sRNAs with very low abundances 
under both conditions (<0.005) are grouped to one category termed as “other.”
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include the following: (i) sRNAs tend to be the second RNA in the chi-
meric fragment, (ii) sRNAs have a relatively long U tract at their 3′ 
ends, and (iii) sRNAs are typically involved in multiple interactions 
with mRNA regions corresponding to CDS or 5′UTR. Using these 
features (table S5), we identified in RIL-seq data novel sRNAs en-
coded in both the core and accessory genome of EPEC (table S6), 
where we defined accessory genome regions as those mapped to the 
EPEC plasmids or to prophages and integrative elements listed in 
table S2 of Iguchi et al. (33). Several of these novel sRNAs could be 
further substantiated by the identification of a common motif in 
their target sequences, which was complementary to the sRNA se-
quence [seed sequence (34)] (fig. S5 and table S7). The orthologs of 
the novel core-encoded sRNAs are likely to be also expressed in 
E. coli K-12, as they were detected by RIL-seq in K-12 interactome 
(16), but they were not reported since their chimeric fragments in 
the K-12 strain were too scarce to have them classified as sRNAs. 
This implies that the repertoire of sRNAs in E. coli species has not 
yet been exploited, and it may further be expanded by RIL-seq 
analysis of bacteria grown under different conditions and of addi-
tional strains belonging to different branches of the E. coli phylo-
genetic tree.

Several novel sRNAs are encoded in the accessory genome (table 
S6). We selected for experimental verification five of the accessory 
genome–encoded sRNA candidates, termed here PasA, PasB, 
PasC, PasD1, and PasD2 (Pas, for “pathogenicity associated small 
RNA”). These sRNA candidates ranked high by their number of 
interactions, including interactions with virulence genes (tables S3 
and S5), and three of them showed complementarity to a common 
motif identified in their target RNA sequences (fig. S5). We per-
formed Northern blot analysis that corroborated the sizes of these 
sRNAs as predicted by the RNA-seq read coverage (80 to 240 nucle-
otides; fig. S6) and their Hfq-dependent stability (Fig. 3A). PasA, 
PasC, PasD1, and PasD2 were found to be expressed under the ac-
tivating condition (Fig.  3A), whereas the expression of PasB was 
elevated under the nonactivating condition, in accord with their 
RNA-seq–based expression levels and the numbers of identified in-
teractions (Fig. 3A, table S3, and fig. S2B). While PasA and PasC 
show partial sequence similarity (fig. S6B), PasD1 and PasD2, en-
coded within different prophages, are nearly identical, with only 
four mismatches in their sequences (fig. S6C). We thus could not 
differentiate between them using Northern blot analysis (Fig. 3A), 
but the RNA-seq and RIL-seq analyses could partially differentiate 
between PasD1 and PasD2 and showed their individual expression. 
These findings support the conjecture that both PasD1 and PasD2 
are expressed and interact with target RNAs in an Hfq-dependent 
manner, and many of these targets are shared (Fig. 3B). The RIL-
seq analysis showed that all Pas sRNAs interact with targets encod-
ed in both the core and accessory genome, including T3SS and bfp 
genes (Fig. 3B). Together, our results suggest that at least five of the 
accessory genome–encoded sRNA candidates identified by RIL-seq 
are genuine sRNAs with a potential to affect EPEC’s virulence. 
Another EPEC-specific novel sRNA candidate (locus tag, E2348_
P3_01.AS1) originated from the small plasmid p5217 (35), which 
has been reported for only a few EPEC isolates. This putative sRNA 
was found with the highest number of interacting partners among 
the accessory genome sRNAs (73 interactions), mostly under the 
nonactivating condition (tables S3 and S6). Further functional 
analysis of these newly identified, virulence-associated, sRNAs is 
left for future work.

Cross-talk between the core and accessory genome via  
sRNA-target interactions
Examination of the targets of core-encoded and accessory genome–
encoded sRNAs revealed that under both conditions, core-encoded 
sRNAs and accessory genome–encoded sRNAs were found to inter-
act with both core-encoded and accessory genome–encoded tar-
gets. Several sRNAs interact mostly with core-encoded targets in 
one condition and with accessory genome–encoded targets in the 
other condition (Fig. 4). As many accessory genome–encoded genes 
are virulence related, the higher the ratio of accessory genome– 
encoded to core-encoded targets, the more likely it is that the sRNA is 
involved in virulence regulation. For several sRNAs, such as MgrR, 
RyhB, and Spf, there is a shift toward accessory genome–encoded 
targets in the activating condition (Fig. 4), which is associated with 
an increase in their relative abundances in the activating condition 
(Fig.  2). Many of these accessory genome–encoded targets corre-
spond to virulence-associated genes. MicA, GcvB, and RprA, which 
have lower relative fractions of accessory genome–encoded targets, 
have similar relative fractions of chimeric fragments in the activating 
and nonactivating conditions (Fig. 4). Furthermore, the majority of 
their chimeric fragments involve targets that are shared between the 
activating and nonactivating conditions, although the actual num-
ber of targets could differ (fig. S7). This may suggest these sRNAs 
are not involved in the virulence process.

Virulence-associated sRNA interactome
To obtain a global view of the impact of sRNAs on EPEC virulence, 
we focused on sRNAs interacting with at least one target that is en-
coded in the accessory genome of EPEC. To increase the reliability 
of the results, we considered only RNA-RNA interactions that were 
identified in at least two individual libraries in addition to their 
identification in the unified library (26). This analysis resulted in 
two networks, under the activating and nonactivating conditions, in 
which nodes are sRNAs or targets and edges connect between RNAs 
identified as interacting by RIL-seq (hereinafter, virulence-associated 
networks; see Supplementary Methods). The virulence-associated 
network under the activating condition contained 110 nodes and 
136 edges (Fig. 5A), 34 (25%) of the interactions involved per-bfp 
genes, and 45 (33%) involved LEE genes. Under the nonactivating 
condition, the virulence-associated network is less dense, contain-
ing only 97 nodes and 90 edges (Fig. 5B); nine (10%) of the interac-
tions involved per-bfp genes and seven (7.8%) involved LEE genes. 
Notably, several sRNAs, such as MgrR and Spf, are hubs of interac-
tions involving virulence-associated RNAs in the network of acti-
vating condition.

MgrR down-regulates CesT production
The virulence-associated network suggests that MgrR functions as a 
virulence hub, interacting with multiple virulence-associated RNAs 
(Fig. 6A and table S3). Furthermore, a previous study demonstrated 
that MgrR regulates the bicistronic grlRA transcript, which encodes 
GrlA, a transcriptional activator of LEE genes, and GrlR, which binds 
and antagonizes the GrlA activity (12). MgrR binds at the 5′UTR of 
the grlR gene, down-regulating GrlR expression and reducing the 
repression of GrlA by GrlR. As a result, GrlA activity is promoted, 
leading to up-regulation of transcription of the LEE genes (12). The 
RIL-seq data confirmed the MgrR-grlR interaction and further 
showed that MgrR interacts with eight additional accessory genome– 
encoded targets, seven of which are virulence associated (Fig. 6A). 
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Of these, the most prominent was MgrR interaction with a sequence 
located at the tir-cesT intergenic region close to the cesT translation 
initiation codon, and thus termed here as cesT 5′UTR. This interac-
tion showed the highest number of chimeric fragments involving 
MgrR and an RNA transcribed from the accessory genome and was 
identified in all three libraries under the activating condition. cesT 
encodes the CesT protein, which is the major T3SS chaperon and a 
key posttranscriptional regulator that affects the expression pattern 

of multiple virulence genes (36, 37), and therefore, we decided to 
focus our study on this interaction. To find out how MgrR may base 
pair with the cesT 5′UTR, we applied the MEME algorithm (38) to 
the sequences of MgrR targets and identified a common motif, 
which was found to be complementary to positions 55 to 63 of the 
MgrR sequence, determining it as the seed sequence of MgrR (fig. 
S5). Of note, a highly similar motif was identified in the analysis of 
K-12 MG1655 MgrR RIL-seq targets (16). The MgrR binding site, 
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represented by the MEME motif, was identified in the cesT 5′UTR, 
45 nucleotides upstream to the cesT translation initiation codon. The 
same MgrR binding site in cesT mRNA was independently predicted 
by IntaRNA (39).

We then applied Western blot analysis to test the impact of 
MgrR expression on the levels of the three proteins encoded by the 
LEE5 operon: Tir, CesT, and intimin. We included an hfq mutant in 
this analysis to confirm that this regulation is Hfq dependent and to 
assess the consistency of the Western blot results with the RNA-seq 
results (table S2). Consistent with the RNA-seq results (table S2), 
the blots showed a slight increase in Tir, CesT, and intimin levels in 
EPEC hfq compared to the wild-type strain (Fig. 6B). Overexpres-
sion of MgrR resulted in a dose-dependent decrease in CesT level, 

whereas the levels of Tir and intimin changed only slightly (Fig. 6B). 
When comparing wild-type EPEC to a mgrR mutant, similar levels 
of LEE5 proteins were observed in the mutant and wild-type strains 
(fig. S8A). To characterize the mechanism by which MgrR down- 
regulates the production of CesT, we fused gfp to the chromosomal 
cesT, generating two strains that contain either a transcriptional or 
a translational fusion. Overexpression of a plasmid-born MgrR in 
these strains caused a substantial decrease in the fluorescence intensity 
of the translational fusion, while the transcriptional fusion showed 
no decrease in green fluorescent protein (GFP) intensity (Fig. 6, C and D), 
suggesting that MgrR inhibits CesT expression by a posttranscrip-
tional mechanism. This conclusion was further supported by com-
bining Western blot and quantitative polymerase chain reaction 
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analyses, showing that MgrR does not affect cesT mRNA level but 
inhibits CesT posttranscriptionally in a dose-dependent manner 
(fig. S8, B to D).

To find out whether MgrR interacts with its putative binding site 
upstream to the translation initiation site of cesT, we have mutated 
two adjacent nucleotides in the identified binding site (Fig. 6E). For 
simplicity, we termed this mutation cesT*. Of note, the cesT* mutation 
did not affect the levels of Tir, CesT, and intimin (fig. S8A). Over-
expression of MgrR in EPEC cesT* mutant strain could no longer repress 
CesT production (Fig. 6F). Notably, overexpression of a mutant 
MgrR that carries the compensatory mutations (termed here as MgrR*) 
restored cesT repression in EPEC cesT* but did not repress cesT in wild- 
type EPEC (Fig. 6F). These findings strongly suggest that MgrR represses 
CesT production by direct binding at the 5′UTR of cesT mRNA.

Repression of CesT by MgrR enhances EPEC cytotoxicity
We next asked what is the influence of cesT repression by MgrR on 
EPEC virulence, if any. To this end, we first examined the impact of 
MgrR overexpression on EPEC infectivity using a tissue culture ep-
ithelial cell model. Examination of the infected cells 2.5 hours after 
infection showed that EPEC overexpressing MgrR formed typical 
BFP-dependent microcolonies on the surface of infected cells, but 
pedestal formation was partially impaired (Fig. 7A), in line with re-
pression of CesT, known to be required for pedestal formation (40, 41). 
Unexpectedly, however, EPEC overexpressing MgrR seemed to 
cause higher cytotoxicity compared with wild-type EPEC. To deter-
mine the cytotoxicity level, we used host cell detachment as a proxy 
for cytotoxicity. To quantify the host cell detachment, we infected 
GFP-expressing epithelial cells, washed the detached cells, and used 
a fluorimeter to measure the amount of the GFP that remained as-
sociated with the surface of the dish. The results showed enhanced 
cytotoxicity associated with 3 and 6 hours of infection with the MgrR- 
overexpressing strain (Fig. 7B). Since MgrR affects many transcripts, 
we wanted to test whether the higher cytotoxicity is caused by 
MgrR’s down-regulation of CesT. To test this prediction, we com-
pared the cytotoxicity of wild-type EPEC to that of a mutant lacking 
cesT (cesT) and found that the cesT deletion mutant is highly toxic 
to the host cell (Fig. 7C). Furthermore, complementing the cesT 
mutant with a plasmid expressing CesT restored toxicity to its low 
level in a dose-dependent manner (Fig.  7C). Together, our data 
show that EPEC lacking CesT is hypertoxic to host cells, suggesting 
that MgrR overexpression mediates its cytotoxicity via repression of 
CesT expression.

We then asked whether the level of cytotoxicity associated with 
cesT is affected by the direct interaction of MgrR with the cesT 
5′UTR. To address this question, we compared the infectivity and 
cytotoxicity of wild-type EPEC to that of EPEC cesT* mutant, which 
is not repressed by MgrR. Following 3 hours of infection, we could 
not detect clear differences in host attachment, formation of micro-
colonies, Tir translocation, and formation of actin pedestal between 
the two strains (Fig. 7, D and E). However, the cesT* mutant exhib-
ited reduced cytotoxicity toward the infected host cell, as compared 
with the wild-type strain (Fig. 7F). These results imply that in wild-
type EPEC, the partial CesT repression by the natively expressed 
MgrR resulted in an increased cytotoxicity. Cumulatively, our re-
sults support the notion that natively expressed MgrR sRNA mod-
ulates the extent of EPEC cytotoxicity by adjusting the levels of 
CesT production. How CesT functions to reduce the cytotoxicity of 
EPEC remains an open question to be addressed in a future study.

DISCUSSION
In recent years, Hfq was established as a major virulence regulator 
(42–44). Comparison of wild-type and hfq strains of pathogenic 
bacteria at the transcriptome, proteome, and functional levels re-
vealed phenotypes associated with virulence as well as changes in 
the expression levels of virulence-related genes [e.g., (24, 45, 46) and 
reviewed in (42, 43)]. Here, we have used RNA-seq–based analyses 
to interrogate the involvement of Hfq and sRNAs in controlling 
EPEC virulence. Comparing wild-type and hfq strains grown 
under activating and nonactivating conditions, we found that Hfq 
functions in regulation of virulence genes. To further explore how 
Hfq executes its regulation, we deciphered the Hfq-dependent 
RNA-RNA interactome of EPEC by RIL-seq. We found many K-12 
sRNA orthologs in the EPEC interactome, some of which were not 
annotated in the EPEC genome in public databases. Furthermore, 
many of the interactions identified previously in E. coli K-12 
MG1655 (16) were rediscovered in the current analysis, suggesting 
that these interactions are involved in regulation of common physio-
logical conditions encountered by both strains. In addition to or-
thologs of previously reported sRNAs in K-12, we identified 13 
novel EPEC sRNA candidates, five of which are encoded in the core 
genome and are likely conserved in the E. coli species. Eight of the 
novel sRNAs are encoded within the accessory genome, of which 
four are found also in EHEC O157:H7 (table S6). The cohort of the 
newly described accessory genome–encoded sRNAs expands the 
list of unique sRNAs found in EPEC and the closely related EHEC 
strains. These include sRNA genes located within prophages identi-
fied by prediction followed by Northern blot analysis in EPEC (47), 
or identified by Hfq immunoprecipitation [cross-linking and analysis of 
cDNA (CRAC)] (48) and by RNase E-CLASH analysis in EHEC (49). 
Our findings, together with previous reports, suggest that sRNA 
genes in the E. coli genus include a category of highly conserved 
core genes, required for basic physiology, and a less conserved pool 
of sRNA genes, located mostly on mobile elements and involved in 
adaptation to specific niches.

sRNA-mediated regulation of virulence plays an important role 
in various Gram-negative and Gram-positive bacterial pathogens. 
While the outcome of the regulation can differ between species and 
strains, some common regulatory principles have emerged (42–44), 
two of which are highly supported and expanded by our results. First, 
sRNAs often directly regulate major virulence transcription factors 
and thus indirectly affect an entire virulence regulon (43). Our study 
supports and expands this notion. We identified sRNAs that inter-
act with one or multiple major virulence regulators and/or with other 
virulence-associated genes, suggesting these regulatory sRNAs are hubs 
in the virulence network. The larger the ensemble of virulence- 
related genes directly regulated by a sRNA, the more likely it is a 
major virulence hub. A notable example is the PinT sRNA of 
Salmonella enterica serovar Typhimurium, which serves as a “timer” 
in the transition from invasion to intracellular lifestyle (50–52). PinT 
regulates seven T3SS-related genes: four genes encoding key tran-
scriptional regulators hilA, rtsA, ssrB, and the global regulator CRP, 
and three genes encoding secreted effectors sopE, sopE2, and steC 
(50–52). Several sRNAs with at least two direct virulence-associated 
targets were reported in various bacteria (43). This pool is further 
expanded when targets that regulate cellular physiological processes 
associated with pathogenicity, such as biofilm formation, are also 
considered (43, 44). For example, the Vibrio cholerae sRNA VqmR 
down-regulates a toxin (rtx), a major regulator of biofilm formation 
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(vpsT) and aphA, which is a major regulator of both biofilm formation 
and virulence (53,  54). Other sRNAs reported previously to be 
involved in pathogenicity were identified as virulence hubs by 
RIL-seq applied to EPEC. These include Spf, reported previously to 
directly regulate hilD, a T3SS activator in S. enterica serovar 

Typhimurium (55), and sepL of EHEC, which encodes the T3SS se-
cretion switching protein (11). In EHEC, sepL is regulated by the 
major virulence regulator Ler. Both sepL and ler were identified as 
targets of Spf in EPEC RIL-seq data, establishing a potential regula-
tory circuit of the form of feedforward loop. Involvement in 
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feedforward loops has been identified for several other sRNAs in 
the RIL-seq data. For instance, CpxQ interacts with the mRNA of 
PerA transcription factor and with multiple bfp genes in the PerA 
regulon. Likewise, in S. enterica, PinT was shown to regulate hilA, 
and they both regulate spoL, defining a feedforward loop (51, 56). 
Together, using mixed feedforward loops of a sRNA and a tran-
scription factor to control virulence-associated genes might be a 
common strategy of pathogenic bacteria.

Second, cross-talk between the core genome and horizontally 
acquired elements was reported for various species [e.g., S. enterica 
(57), EHEC (49), and Staphylococcus aureus (58)]. We find extensive 
interactions between core-encoded sRNAs and accessory genome–
encoded targets and between accessory genome–encoded sRNAs 
and core-encoded targets. These interactions suggest substantial 
information flow between the core genome and the genomic islands 
and plasmids, mediated by sRNAs. In addition, we detect inter-
actions between accessory genome–encoded sRNAs and accessory 
genome–encoded targets. Some sRNAs seem to interact mainly 
with core-encoded genes in both conditions, while others seem to 
markedly shift toward interactions with accessory genome–encoded 
genes under the activating condition (Fig. 4). As accessory genome–
encoded genes have higher potential to be associated with virulence, 
it further suggests that some sRNAs specialize in virulence regula-
tion and function as virulence hubs.

In EPEC grown under the activating condition, the MgrR sRNA 
interacts with the largest number of virulence-related mRNAs. Un-
til recently, only three targets of MgrR were identified, eptB and 
ygdQ in K-12, encoding a protein involved in lipopolysaccharide 
modification and a predicted inner membrane protein, respectively 
(59), and grlR in EPEC, encoding a regulator of virulence genes 
(12). The previous K-12 RIL-seq data (16) confirmed the binding of 
MgrR to the two core-encoded targets eptB and ygdQ, while in the 
current EPEC RIL-seq data, all three were confirmed, along with 
~60 additional targets, nine of which are encoded in accessory ge-
nomic regions unique to EPEC. Ranking the MgrR targets by the 
number of chimeric fragments (table S3, summary tab), we find that 
cesT is ranked at the top with 1791 chimeric fragments (cesT.tir.
IGT in table S3, summary tab), followed by eptB, bfpC, ygdQ, tir, 
and grlR (table S3, summary tab). Among the 13 targets with >100 
chimeric fragments, nine are unique to EPEC, including one encoded 
on the small plasmid p5217 (35). These findings reinforce the no-
tion that MgrR evolved in EPEC into a major virulence regulator.

Using Western blot analysis, we found that MgrR overexpres-
sion influenced the level of CesT, but not that of Tir. Why Tir pro-
duction was not affected by MgrR overexpression and what is the 
outcome of MgrR interaction with the tir CDS remain open ques-
tions. Nevertheless, our data show that MgrR down-regulates CesT 
expression and consequently affects the EPEC cytotoxicity. The 
regulation of cesT involves base pairing between MgrR and cesT 
mRNA at its 5′UTR, and mutations that disrupt the base pairing 
prevent the regulation. When overexpressed, MgrR repressed a 
cesT-gfp translational fusion but not a transcriptional fusion, indi-
cating that cesT regulation is posttranscriptional. The binding site 
of MgrR is located 45 nucleotides upstream to the cesT initiation 
codon, ruling out a mechanism of direct interference at the ribo-
some binding site. Translational repression that involves binding of 
a sRNA at a site located upstream to the ribosome binding site was 
demonstrated in several regulatory systems. One such example was 
provided by the noncanonical binding of Spf at the 5′UTR of sdhC, 

which enables Hfq binding at an ARN repeat sequence located 
downstream to the Spf binding site, near the ribosome binding site, 
thus preventing translation initiation complex formation (60). 
Another example is the blocking of a translational enhancer sequence 
by SgrS binding at the 5′UTR of manY (61). In this case, the sRNA 
blocks binding of the S1 ribosomal protein to the enhancer AU-rich 
sequence, preventing translation enhancement. As the region be-
tween the MgrR binding site and the ribosome binding site of cesT 
is AU rich and includes multiple ARN triplets, the two mechanisms 
described above might be applicable in regulation of cesT by MgrR.

Our data show that EPEC lacking CesT is hypertoxic to host 
cells. This observation was unexpected since this mutant is expected 
to be deficient in translocation of multiple effectors. How the lack of 
CesT leads to increased toxicity is not known yet. Comparing the 
toxic effects of wild-type EPEC and cesT* mutant on infected cells, 
we found that the mutant strain was less toxic. This result suggests 
that by modulating CesT expression, MgrR adjusts the cytotoxicity 
of EPEC. Given that CesT functions as the major T3SS chaperon 
and as a global posttranscriptional regulator, it is likely that cyto-
toxicity is only one among other consequences of CesT repression 
by MgrR. Furthermore, in parallel to modulating CesT translation, 
MgrR enhances the transcription of all the LEE genes, including 
that of cesT, by repressing production of GrlR, which inhibits LEE 
gene transcription (10). Thus, our data expose additional key layers 
of the emerging intricate network that controls EPEC virulence 
[reviewed in (62–65)] (fig. S9).

In summary, by exploiting RNA-seq and RIL-seq analyses, we 
demonstrate the influence of Hfq and sRNAs on EPEC’s transcrip-
tome and provide a rich resource of EPEC RNA-RNA interactome, 
especially of the sRNA regulons. Our data show that some sRNAs 
function as virulence hubs. Focusing on one of these hubs and one 
target, MgrR and cesT, we demonstrate how MgrR controls the 
cytotoxicity of the pathogen. The new transcriptome-wide datasets 
provided here pave the way to reveal and study additional modules 
involving sRNA-target interactions, which will enhance our under-
standing of the complex regulation underlying bacterial virulence.

MATERIALS AND METHODS
Strains, plasmids, and general methods are listed and specified in 
the Supplementary Methods.

RNA-seq and RIL-seq analyses
EPEC E2348/69 bacteria were grown under activating or non-
activating condition as described in the Supplementary Methods. 
RIL-seq was performed as previously described by Melamed et al. 
(25), with adaptation of the computational analysis to the EPEC 
genome and annotation (see Supplementary Methods). For each 
growth condition, RIL-seq was applied to three biological replicates.

For RNA-seq, bacteria were harvested by centrifugation, the 
pellet was resuspended in TE buffer, mixed with lysosyme (Sigma- 
Aldrich) in a final concentration of 0.9 mg/ml, and immediately 
frozen in liquid nitrogen. The frozen pellet was subjected to two 
cycles of thaw and freeze at 37°C and in liquid nitrogen, respectively, 
and RNA was extracted using Tri-Reagent (Sigma-Aldrich). RNA-
seq libraries were constructed by the RNAtag-seq method (66), with 
some modifications as described in (25). Both RIL-seq and RNA-seq 
libraries were sequenced by paired-end sequencing using Nextseq 500 
Sequencer (Illumina). Reads were mapped to EPEC E2348/69 
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genome version 19, which includes the chromosome NC_011601.1 
and three plasmids NC_011602.1, NC_011603.1, and EU580135 
(see Supplementary Methods).

Analysis of the RNA-seq libraries and detection of differentially 
expressed genes were done by DESeq2 (v 1.28.1) (18). DESeq2 was run 
via an R script (R v. 4.0.2) with the default parameters except for the addi-
tion of prefiltering of 1 and the exclusion of the independent filtering.

RIL-seq computational analysis procedure was conducted as 
detailed in Melamed et  al. (25). RIL-seq v. 0.81 was used for the 
computational analysis.

Annotation of EPEC sRNAs encoded in the core genome
As we realized that the annotation of sRNA-encoding genes in EPEC 
genome was only partial, we extended this annotation, identifying 
by blastn (27) the homologs of K-12 sRNA–encoding genes in 
EPEC core genome (table S4). We used this annotation in the anal-
ysis of EPEC RIL-seq data. sRNAs encoded in K-12 were taken from 
Hör et al. (28) and Bar et al. (29).

Annotation of RIL-seq data
Following Melamed et al. (16, 25), each nucleotide along each of the 
genomic strands was assigned a specific genomic feature. Nucleo-
tides residing within a defined gene are annotated accordingly, i.e., 
sRNA, small RNA; tRNA, transfer RNA; rRNA, ribosomal RNA; 
ncRNA, noncoding RNA that is neither sRNA, tRNA, or rRNA; 
and CDS, the coding region of a protein-coding gene. Nucleotides 
residing antisense to a defined gene (and not already defined as 
genes) are termed AS. Nucleotides residing in untranslated regions 
between same-operon genes are termed IGT, for intergenic region 
within operon transcript. Nucleotides residing in an intergenic re-
gion between nonoperonic genes (for protein-coding genes, the 
gene region is expanded to include the UTRs) are termed IGR, for 
intergenic region. Note the difference between IGR and IGT; 
while both define nucleotides residing between genes, IGT refers to 
genes sharing the same operon. Nucleotides residing in the imme-
diate flanking 5′ and 3′ ends of a single gene CDS (or first gene and 
last gene of an operon) are annotated as UTRs, for untranslated re-
gions. If they are similar to the corresponding 3′/5′UTR in the K-12 
MG1655 strain, they are termed 5UTR and 3UTR, respectively; 
otherwise, they are termed EST5UTR and EST3UTR for estimated 
UTR, as the UTR is estimated to span a region of 100 nucleotides 
upstream or downstream the CDS, respectively. For additional de-
tails, see the Supplementary Methods.

Network construction and small-scale experiments
Additional information related to the data annotation, network 
construction, and small-scale experiments is provided in the Sup-
plementary Methods.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi8228

View/request a protocol for this paper from Bio-protocol.
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