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Quorum sensing (QS) is a process of cell-to-cell communication
that enables bacteria to transition between individual and collec-
tive lifestyles. QS controls virulence and biofilm formation in Vib-
rio cholerae, the causative agent of cholera disease. Differential
RNA sequencing (RNA-seq) of wild-type V. cholerae and a locked
low-cell-density QS-mutant strain identified 7,240 transcriptional
start sites with ~47% initiated in the antisense direction. A total of
107 of the transcripts do not appear to encode proteins, suggest-
ing they specify regulatory RNAs. We focused on one such tran-
script that we name VgmR. vgmR is located upstream of the vqmA
gene encoding a DNA-binding transcription factor. Mutagenesis
and microarray analyses demonstrate that VqmA activates vgmR
transcription, that vgmR encodes a regulatory RNA, and VgmR di-
rectly controls at least eight mRNA targets including the rtx
(repeats in toxin) toxin genes and the vpsT transcriptional regula-
tor of biofilm production. We show that VgmR inhibits biofilm
formation through repression of vpsT. Together, these data pro-
vide to our knowledege the first global annotation of the tran-
scriptional start sites in V. cholerae and highlight the importance
of posttranscriptional regulation for collective behaviors in this
human pathogen.
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uvorum sensing (QS) is a process of bacterial cell-to-cell
Qcommunication that relies on the production, release, ac-
cumulation, and population-wide detection of extracellular sig-
nal molecules called autoinducers. Processes controlled by QS
are unproductive when undertaken by an individual bacterium
but become effective when performed in unison by the group. In
the major human pathogen, Vibrio cholerae, QS orchestrates
processes including biofilm formation and virulence factor pro-
duction (1). In the V. cholerae QS circuit, at low cell density
(LCD), LuxO~P activates transcription of genes encoding four
small regulatory RNAs (sRNAs), Qrrl-4, which promote
translation of the low cell density master QS regulator, AphA,
and repress translation of HapR, the high cell density (HCD)
master QS regulator (2, 3). AphA directs the gene expression
program for V. cholerae cells to act as individuals. At high cell
density, in the presence of autoinducers, LuxO is dephosphory-
lated and inactivated (4). The Qrr sRNAs are not transcribed,
AphA is not produced, and by contrast, the hapR mRNA is
translated into HapR protein. HapR controls the gene expres-
sion program underpinning collective behaviors (5, 6). Thus, the
absence or presence of the Qrr sSRNAs directs whether or not
V. cholerae engages in QS. The Qrr sRNAs belong to the family
of Hfg-binding sRNAs that regulate gene expression through
base pairing with target mRNAs (7).

An explosion in the discovery of noncoding transcripts, in-
cluding sRNAs, has occurred due to recently developed tran-
scriptomic technologies such as high-throughput sequencing of
cDNAs, e.g., RNA sequencing (RNA-seq). (8). Major advan-
tages of RNA-seq over conventional methods include high
sensitivity for low abundance transcripts, independence from
species-specific probes, and single-nucleotide resolution map-
ping of transcript termini (9). Several modifications have fur-
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ther diversified the possible uses of RNA-seq. One such
technology is called differential RNA sequencing (dRNA-seq),
in which enrichment of primary transcript termini can be com-
bined with strand-specific generation of cDNA libraries to ach-
ieve genome-wide identification of transcriptional start sites
(TSSs) (10).

In this study, we applied dRNA-seq to the study of QS in
V. cholerae. We performed dRNA-seq on wild-type V. cholerae
under conditions of low and high cell density. We performed
parallel analyses on a V. cholerae luxO D47E mutant that con-
stitutively expresses the grr SRNA genes. This strategy allowed us
to discriminate between QS-specific gene expression changes
and gene expression changes resulting from differences in growth
rate or, for example, nutrient availability. To our knowledge, our
results present the first global annotation of TSSs in V. cholerae
with a focus on QS-mediated transcriptome changes. Surpris-
ingly, ~47% of the TSSs initiate as antisense transcripts in both
coding and noncoding regions of the genome. Combining our
TSS data with phylogenetic analyses allowed us to reannotate
167 translational start sites in V. cholerae. Our analyses also
revealed 107 putative SRNAs and we studied one of them, which
we name VgmR, in detail. The vgmR gene is highly conserved
among the vibrionaceae. vgmR is located upstream of the vgmA
gene encoding the VgmA transcription factor. VqmA activates
vgmR transcription. VgmR, in turn, employs two conserved base-
pairing domains to repress translation of at least eight frans-
encoded genes, including the rzx (repeats in toxin) toxin tran-
script and the vpsT mRNA, encoding a major transcriptional
activator of biofilm formation. Accordingly, overexpression of
VgmR strongly inhibits biofilm formation in V. cholerae.

Significance

To our knowledge, this work describes the first genome-wide
annotation of transcriptional start sites in Vibrio cholerae and the
discovery and characterization of a regulatory RNA, named
VgmR, which controls collective behaviors in this major human
pathogen. We show that VgmR is activated by the VgmA tran-
scriptional regulator. VgmR represses expression of multiple
mRNA targets including those encoding the Rtx (repeats in toxin)
toxin and VpsT, which is required for biofilm formation. Indeed,
we show that VgmR controls biofilm formation through re-
pression of vpsT.
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Results

Quorum Sensing and the Global V. cholerae Transcription Profile.
Profiling the transcriptional output of an organism provides
a powerful means to gain an understanding of its underlying
physiology. Earlier studies have investigated the transcriptome of
V. cholerae using RNA-seq, with a concentration on virulence-
related functions (11, 12) and discovery of sSRNAs (13, 14) or
type VI-mediated protein secretion (15). To define the contri-
bution of QS to the transcriptional landscape of V. cholerae,
we developed an approach that combines dRNA-seq, bio-
informatics, mutagenesis, and phenotypic analyses. First, we
isolated total RNA from wild-type V. cholerae C6706 at low
(ODggp of 0.1) and high (ODgoy of 2.0) cell density and com-
pared the number of mapped cDNA reads corresponding to the
3,693 genes on both chromosomes of V. cholerae N16961. V.
cholerae C6706 is a clinical isolate belonging to the O1 El Tor
biotype responsible for the current cholera pandemic that is
closely related to the sequenced V. cholerae strain N16961 (16).
We performed identical analyses with RNA obtained from an
isogenic luxO D47E mutant that is locked in the low cell density
mode. LuxO D47E mimics LuxO~P and drives constitutive
production of the Qrr sSRNAs. Cross-comparisons allowed us to
define genes exhibiting differential expression with respect to
growth phase (ODggg of 0.1 vs. ODggo of 2.0) and QS status
(wild-type vs. luxO D47E). We chose high cell density (ODgg of
2.0) wild type as the reference. A high number of genes (2,544)
displayed differential expression (>1.5-fold change) in response
to growth status (wild-type ODggg of 0.1 vs. wild-type ODgq 2.0,
Fig. 14 and SI Appendix, Dataset S1). The majority of these
genes (~94%; 2,402) showed alterations in both wild-type and
the luxO DATE strain, suggesting, not surprisingly, that growth
phase has a major influence on V. cholerae gene expression.
Indeed, canonical stationary phase marker genes, for example,
1poS encoding the alternative sigma factor 6>, were up-regulated at
high cell density, independently of QS status (SI Appendix,
Dataset S1).

Comparison of genes differentially expressed in the wild-type
and the luxO DA47E strain at high cell density revealed 529 tran-
scripts (Fig. 14, light green circle). These genes are candi-
dates for QS control via direct or indirect regulation by the
Qrr sRNAs. Evidence confirming this prediction comes from
our identification of altered expression of known Qrr target
mRNAs such as aphA (17) and vca0107 (18), as well as genes
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that are known to be controlled only indirectly by the Qrr
sRNAs (81 Appendix, Dataset S1). For example, we detected
reduced expression of HapR-activated targets such as the
vea0691-0688 operon involved in poly-p-hydroxybutyrate syn-
thesis and type VI secretion genes (6, 18, 19).

Significant Antisense Transcription Occurs in V. cholerae. To distin-
guish primary from processed transcripts, we used the recently
developed dRNA-seq protocol (10), which hinges on differential
sequencing of two cDNA libraries. The first library () is gener-
ated from total RNA, whereas the second library (+) is treated
with terminator exonuclease (TEX), to specifically degrade pro-
cessed RNAs with 5’-monophosphate ends. We identified 7,240
total TSSs under all conditions, and we classified them with re-
spect to their locations in the genome (Fig. 1B). We define the
primary TSS as the strongest promoter of each gene based on the
number of reads obtained. We classify secondary TSSs as those
using alternative promoters for the same gene. We define internal
TSSs as those located within annotated genes on the sense strand.
We name antisense TSSs as those that initiate inside genes or
within <100 bp of a gene on the antisense strand. Finally, orphan
TSSs are those that have no clear association with flanking genes
(>300 bp from the nearest annotated gene) (Fig. 1B). The data
featured in this paper are provided in an easily searchable online
site with a visual interface (imib-wuerzburg.de/research/vibrio/).
Only ~5% of all TSSs were specific to a single condition (S
Appendix, Dataset S2), suggesting that our approach captures the
basal expression of most transcription units. We validated our
approach by comparing our global TSS annotation with 35 ex-
perimentally determined TSSs from published studies exploring
V. cholerae biology. In 74% (26/35) of cases, our prediction ex-
actly matched the reported TSS, and in 94% (33/35) of the cases,
the TSS matched within a distance of one nucleotide (SI Ap-
pendix, Fig. S1). These statistics are in agreement with previous
RNA-seq-based TSS predictions from other bacteria (10, 20)
and confirm the accuracy of our approach. Approximately 47%
of the TSSs were antisense transcripts (Fig. 1B), which is a con-
siderably higher fraction than reported for bacterial species such
as Salmonella enterica (~13%) (20) but is in good agreement with
RNA-seq data from Helicobacter pylori (41%) (10), Campylo-
bacter jejuni (44-47%) (21), and Escherichia coli (37%) (22).
The 5’ UTRs of bacterial mRNAs are hotspots for post-
transcriptional regulation and commonly involved in base pairing
with regulatory RNAs. We analyzed the 5" UTR length of 2,454
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7,240 TSSs were analyzed for conserved sequence
elements using the MEME tool.
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Fig. 2. Expression analysis of 3’ UTR-derived sRNAs. (A) sRNAs with dedicated promoters. Total RNA was obtained at the designated times during growth
from wild-type, luxO D47E, and Ahfq V. cholerae strains. Northern blots were probed for six 3" UTR-derived sRNAs. The genomic locations and relative
orientations are shown above the gels. Genes are shown in black; sSRNAs are shown in red or gray. Arrows and scissors indicate TSSs and processing sites,
respectively. Filled triangles indicate bands derived from TSSs; open triangles indicate bands derived from processing. The 55 rRNA served as the loading
control. (B) sRNAs derived from transcript processing. The designations are the same as in A except that the promoters are shared between the sRNA and the
mRNA. The mRNAs undergo ribonucleolytic cleavage to yield the sRNAs.
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primary and secondary TSSs (Fig. 1B). We found enrichment for
5 UTRs ranging between 20 and 40 nt (616, Fig. 1C). We also
identified 12 transcripts without 5" UTRs and 57 additional 5’
UTRs shorter than 10 nt (Fig. 1C and SI Appendix, Dataset S2),
suggesting translation that is independent of conventional ribo-
somal recruitment signals (23). An alternative interpretation
could be that the ORFs encoded on leaderless transcripts are
misannotated in the genome. To test this latter hypothesis, we
investigated conservation of all translational start sites of
mRNAs carrying 5' UTRs shorter than 10 nt or TSSs within the
first 100 bp downstream of the annotated ORF. In 167 of 356
cases, we predict that, in fact, translation starts downstream of
the previously annotated site. In addition, we identify 28 mRNAs
with 5’ UTRs shorter than 10 nt (S7 Appendix, Dataset S3). We
examined the sequences 50 bp upstream of the 7,240 TSSs and
used the MEME toolkit (24) to predict conserved transcription
control motifs. This analysis revealed a clear —10 box, and only
poor conservation of the —35 box (Fig. 1D). Overall, the motif
we identified resembles the recognition sequence of the house-
keeping sigma factor, ¢’°. This finding is consistent with reports
in other enterobacterial species (20).

Multiple Classes of Noncoding RNAs Exist in V. cholerae. Most available
bacterial genome annotations report ORFs, tRNA genes, and
rRNA genes, whereas genes specifying noncoding regulators and
small proteins are often absent. This gap in genome annotation has
slowed the general understanding of gene regulation and has
muddled genetic and bioinformatic screens. Our high-throughput
dRNA-sequencing approach allowed us to identify transcripts that
are not associated with annotated genes. We consider these tran-
scripts noncoding sRNAs, although in a few cases these SRNAs
have been reported to also encode small proteins (25).

We predict 107 new candidate transcripts (Vcr001-Ver107, SI
Appendix, Dataset S4), and we confirmed the expression of 35
previously described sRNAs (SI Appendix, Dataset S4). To gar-
ner support for the former, we validated expression of 32 of the
newly identified SRNAs on Northern blots (Fig. 2 and SI Ap-
pendix, Figs. S2 and S3). Specifically, we collected total RNA
from wild-type, luxO DA47E, and Ahfg V. cholerae strains at dif-
ferent time points spanning low to high cell density. We cate-
gorized the SRNAs according to their genomic localizations, i.e.,
intergenic, 5" UTR, 3’ UTR, or overlapping with ORFs.

SRNAs produced from intergenic regions and 5 UTRs. Our RNA-seq
approach revealed 19 previously unidentified SRNAs in intergenic
regions (SI Appendix, Dataset S4). We validated production of
a subset of nine of this class of SRNA using Northern blots (S
Appendix, Fig. S24). Accumulation of Vcr017, Ver082, Vcr089,
and Vcr092 depended on Hfq. Most interesting from our per-
spective is that Ver071, Ver082, Ver094, and Ver099 displayed
differential expression with respect to QS status. According to our
dRNA-seq data, 14 of the 107 putative SRNA candidates could
also serve as 5 UTRs of mRNAs (SI Appendix, Dataset S4). These
SRNA candidates are characterized by their proximities to the
translational start sites of ORFs and they harbor signatures of
rho-independent terminator sequences at their 3’ ends. In most
cases, inspection of individual cDNA reads enabled the identi-
fication of read-through products extending from the rho-
independent terminator into the ORF of the downstream gene.
Probing the expression of four of them (Vcr002, Ver043, Ver087,
and Vcr098) showed stable expression, Vcr043 levels were sig-
nificantly reduced in the absence of Hfq, and Vcr087 appears to
be QS controlled (SI Appendix, Fig. S2B). We do not know
whether the V. cholerae 5'-encoded sRNAs act in cis, trans,
or both.

3’ UTR-derived sRNAs. The 3’ UTRs of bacterial mRNAs have re-
cently been recognized as a reservoir for bacterial SRNAs (26).
Consistent with this notion, we discovered a significant number
(44 of 107) of candidate SRNAs encoded in the 3’ UTRs of
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functional mRNAs (SI Appendix, Dataset S4). We classified
SRNAs as 3" UTR derived if they shared a rho-independent
terminator with the immediate upstream gene but displayed 5’
ends that were independent of those genes. We subdivided the 3’
end-derived RNAs into transcripts that possess their own pro-
moters [20, enriched in the TEX (+) samples] and those derived
from processing of longer mRNA transcripts [24, no enrichment
in the TEX (+) sample, but significant cDNA reads in the TEX
(—) samples]. We tested the expression of a representative 15 of
these 3’-derived sRNAs including examples of independently
transcribed sRNAs (Fig. 24 and SI Appendix, Fig. S34) and
examples produced by transcript processing (Fig. 2B and SI
Appendix, Fig. S34). The absence of Hfq affected transcript
levels for Vcr034, Vcr036, Ver045, Ver065, Ver076, Ver080,
Ver084, Ver090, and Verl05, suggesting that a subset of 3’ UTR
encoded sRNAs functions to control trans-encoded mRNA tar-
gets (Fig. 2 A and B and SI Appendix, Fig. S34). In the case of
processed 3’ UTR-derived sSRNAs, the situation might be more
complicated than for sSRNAs with dedicated promoters. In the
former case, the mRNA itself could be under the control of Hfq,
which could change the expression of both the mRNA and the
sRNA linked to it. In several instances, the presence of Hfq also
affected the processing patterns. For example, Vcr065 failed to
accumulate an intermediate processing product in the Ahfg
strain (Fig. 24), whereas Vcr079 required Hfq for cleavage or for
stability of two major processing products (Fig. 2B). We have not
yet assessed at what point Hfq acts in each case. Hfq could fa-
cilitate maturation or stability of the SRNAs through interaction
with ribonucleases such as RNase E in the degradosome (27);
alternatively, processing could be the consequence of Hfg-
assisted base pairing with target mRNAs (7).

SRNAs overlapping with ORFs (cis-encoded sRNAs). Our analyses also
identified sSRNAs that overlap with annotated ORFs (SI Ap-
pendix, Dataset S4 and Fig. S3B). These so-called cis-encoded
sRNAs usually control the expression of the gene with which
they overlap (28), although exceptions have been reported (29).
The cis-encoded sRNAs are typically expressed antisense to their
target genes, and this arrangement promotes extensive base
pairing, generating substrates for cleavage by RNase III (28).
RNase III degrades both the mRNA and the SRNA partner, thus
cis-encoded sRNAs are often difficult to detect by RNA-seq or
similar methods (22). Nonetheless, we were able to validate the
expression of four cis-encoded sSRNAs using Northern blots (S/
Appendix, Fig. S3B). Vcr038, Vcr095, and Verl03 are, as is
typical, encoded antisense to the annotated ORFs. Interestingly,
Vcr038 is transcribed antisense to the transposase gene vc0870
and therefore might function to silence transposon activity.

VgmR Is a Highly Abundant Hfg-Dependent Regulatory sRNA. The
arrangement of the candidate cis-encoded sSRNA Verl07 struck
us as peculiar. Rather than running in the opposite direction of
its overlapping gene (vcal078, also known as vgmA; SI Ap-
pendix, Fig. S3B), vcrl07 is encoded in the same orientation.
Interestingly, our dRNA-seq data revealed two transcriptional
start sites (Fig. 34). We identified a proximal TSS (position
1,031,438 on chromosome II) initiating upstream of the anno-
tated vgmA ORF and a distal TSS (position 1,031,656) that is
located inside the annotated gene, which would be expected to
produce a truncated, nontranslatable vgmA mRNA. An alter-
native explanation is that the translational start site of vgmA is
misannotated, similar to the 167 genes discovered in our above
analyses (SI Appendix, Dataset S3). To test this hypothesis, we
aligned the 10 closest homologs of VgmA and examined con-
servation of their start codons (SI Appendix, Fig. S44). Accord-
ing to the V. cholerae N16961 genome annotation, translation of
vgmA starts with the AUG at position 1,031,460 of chromosome
two (16). In six other vibrio species, annotation suggests that
VgmA translation commences 73 codons downstream of this
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nucleotide (position 1,031,679 in the V. cholerae N16961 ge-
nome; SI Appendix, Fig. S44). Importantly, V. cholerae N16961
possesses a conserved GTG at this downstream position, which
could serve as a translational start site. To test this possibility, we
generated a GFP translational fusion to VgmA and individually
mutated the two candidate start codons (SI Appendix, Fig. S4B).
We changed the annotated start codon from ATG to ATC and
no significant change in GFP production occurred (SI Appendix,
Fig. S4B). By contrast, when we mutated the alternative GTG
start codon to GTC, production of VqmA::GFP was eliminated
(SI Appendix, Fig. S4B), suggesting that VqmA translation ini-
tiates 73 codons downstream of the site annotated in the genome
database and that Vcrl07 encodes an independent sSRNA. Given
its proximity to the vgmA gene, we renamed Vcrl07: VgmR.
To bolster our hypothesis that vgmR is a trans-acting SRNA, we
tested its dependency on Hfq. There was approximately threefold
less VqmR sRNA in the Ahfg strain compared with the wild type
(Fig. 3B and SI Appendix, Fig. S3B), and VqmR stability declined
from >32 min in the wild-type strain to ~12 min in the Ahfg strain
(SI Appendix, Fig. S54). Further, we aligned the DNA sequences of
putative vgmR genes from different vibrio species and scanned
them for signature sequences indicative of Hfq-dependent SRNAs
(Fig. 3C) (30, 31). In all cases, there exist —10 boxes, one or more

A

strongly conserved regions required for base pairing with target
mRNAs, and rho-independent transcription termination sites. Two
regions of VqgmR (which we name R1 and R2) show the highest
sequence conservation among vibrios. We exploited the extended
sequence conservation in region R2 to design a specific oligonu-
cleotide probe to assess whether VgmR is produced in vibrios
other than V. cholerae. VgmR was indeed present as a stable
transcript in all seven species tested (Fig. 3D). A shorter transcript
was produce by Vibrio proteolyticus than was made by other vibrios.
This result is supported by sequence alignment showing that full
conservation of the R2 domain exists but the R1 domain is absent
in V. proteolyticus vqmR (SI Appendix, Fig. S5B). In summary, our
data suggest that VqmR is an abundant stationary phase Hfq-
dependent sSRNA and it is highly conserved among the vibrionaceae.

VgmaA Activates the vgmR Promoter. To define the biological role
of VgmR, we first investigated how vgmR itself is controlled
by performing a genetic screen to identify vgmR regulators.
We constructed a vgmR::lacZ transcriptional fusion and in-
corporated it at the lacZ locus in the V. cholerae chromosome.
We mutagenized this strain using 7n5 to generate a library of
~100,000 random mutants, and we screened them for altered
f-galactosidase activity. We did not identify mutants with increased
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Fig. 3. Identification and expression of the VgmR sRNA. (A) dRNA-seq data for the vgmR-vgmA locus. Shown are cDNA reads mapping to the vgqmR and
vgmA genes in V. cholerae. Blue bars indicate expression in the TEX () samples; red bars show expression in the TEX (+) samples. (Upper) cDNA reads
mapping to the plus strand of the V. cholerae genome. (Middle) Schematic representation of the vgmR-vgmA genomic arrangement. (Bottom) cDNA reads
mapping to the minus strand of the V. cholerae genome. Strains and growth conditions are indicated on the Right. (B) Production of VgmR in V. cholerae.
Total RNA obtained at the designated ODs for wild-type, luxO D47E, and Ahfq V. cholerae strains was probed for VgmR on Northern Blots. A DNA-marker (M)
is provided on the Left. The 55 rRNA served as the loading control. (C) Sequence alignment of vgmR genes. The sequences, including the promoter regions, of
vgmR genes from different vibrio species were aligned. The —10 box, the TSS, and the conserved sequences R1 and R2 are denoted. Dotted arrows indicate the
rho-independent terminator element. Mutations introduced into the vgmR promoter (used in EMSA studies; S/ Appendix, Fig. S5C) are indicated above the
alignment. Vch, V. cholerae; Vfu, Vibrio furnissii; Van, Vibrio anguillarum; VVha, Vibrio harveyi; Vpa, Vibrio parahaemolyticus; Vlvu, Vibrio vulnificus; Val, Vibrio
alginolyticus. (D) Production of VgmR in different vibrios. VgmR was assessed by Northern blot for the indicated vibrio species using a probe for conserved
region R2. Triangles indicate full-length VgmR. The 55 rRNA served as the loading control.
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B-galactosidase levels. We identified 16 mutants with reduced
B-galactosidase activity. We used PCR to eliminate mutants
harboring insertions in lacZ. Six mutants remained, and all
possessed insertions in vgmA. The VgmA protein is a transcrip-
tional regulator that harbors a LuxR-like DNA-binding domain
at the C terminus and a conserved N-terminal PAS (Per-Arnt-
Sim) fold, which often interact with ligands (32). To verify our
results, we generated an in-frame deletion of vgmA and com-
pared production of VgmR between the AvgmA mutant and the
wild type (Fig. 44). No VgmR could be detected in the AvgmA
strain under any condition. Expression of vgmA from a plasmid
restored VgmR production to the AvgmA strain (Fig. 44), sug-
gesting that VgmaA is a transcriptional activator of VgmR.

To test if VgmA functions directly at the vgmR promoter, we
performed two experiments. First, we introduced a plasmid
harboring a vgmR::gfp transcriptional fusion into E. coli and
provided either a control plasmid (pBAD-ctr, Fig. 4B, bars 1, 2,
5, and 6) or a plasmid carrying vgmA under the control of the
inducible pBAD promoter (bars 2, 3, 7, and 8). Fig. 4B shows
that basal GFP production occurred in the reporter strain car-
rying pBAD-ctr (compare bars 1 and 2 to bars 5 and 6). The
absence (black bars) or presence of arabinose (gray bars) made
no difference. Introduction of pBAD-vgmA increased GFP
production ~5-fold above the control level (black bar 5 vs. black
bar 7). Addition of the inducer L-arabinose to increase VqmA
production elevated vgmR::gfp expression by over 140-fold
(gray bar 6 vs. gray bar 8). In a second analysis, we purified
VqmA::3XFLAG protein and performed gel-mobility shift
assays with the *?P-labeled vmgR promoter sequence. VqmA
protein readily bound and shifted the vgmR promoter DNA (Fig.
4C). By contrast, when we mutated the conserved residues —47
to —49 upstream of the vgmR TSS from GGG to CCC (Fig. 3C),
VgmA binding was eliminated (SI Appendix, Fig. S5C). These
data show that VqmA is a direct transcriptional activator of the
vgmR promoter and that interaction with a conserved upstream
region in the vgmR promoter is required for binding.

VgmR Posttranscriptionally Regulates Multiple Target mRNAs. Our
next goal was to link VqgmR to downstream mRNA targets to
obtain clues to the biology underlying the QS-VgmA-VgmR
circuit. We used microarrays to assess changes in mRNA
levels following transient (10 min) overexpression of vgmR in
a AvgmRA V. cholerae strain. In total, 17 genes organized in 10
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transcription units displayed significant changes (SI Appendix,
Table S1). These genes encoded the biofilm regulator, VpsT
(vca0952), the Rtx-toxin (vcl449-1450), and a homolog of the
siderophore receptor FhuA (vc0200). To validate our findings,
we used quantitative real-time PCR (qPCR) to compare target
gene expression in the wild type, the AvgmR mutant, and the
AvgmR mutant carrying vgmR on a plasmid. mRNAs that
showed decreases in the pulse-expression experiment increased
in the AvgmR mutant, whereas expression of the activated
vcll88 gene decreased (Fig. 54 and SI Appendix, Table S1).
Introduction of the plasmid carrying vgmR increased VqgmR ~4-
fold, and in all cases, restored candidate target mRNA pro-
duction in the AvgmR stain to the level of the wild type (Fig. 54).
There was one discrepancy, vc0676, which was repressed 3.6-fold
by VgqmR in the pulse-expression experiment, remained re-
pressed in the absence of vgmR (Fig. 54 and SI Appendix, Table
S1). We do not understand this pattern and have therefore ex-
cluded vc0676 from further analyses.

To explore the mechanism underpinning VgmR-mediated
regulation of the above target mRNAs, we first probed the
secondary structure of VgmR using the sequence/structure-spe-
cific ribonucleases RNase T1, RNase V1, and RNase A (S
Appendix, Fig. S6). These analyses revealed five stem loops in
VgmR with the most distal stem loop serving as a rho-
independent terminator (Fig. 5B). The conserved R1 and R2
regions are primarily single stranded. Region R1 is exposed in
the loop of stem-loop 3 (Fig. 5B). Region R2 represents the
major single-stranded sequence of VqmR and extends into stem-
loop 4. This result suggests that the single-stranded regions R1
and R2 participate in base pairing with target mRNAs (33). To
test this hypothesis, we cloned eight of the repressed target
mRNAs into a posttranscriptional reporter system (34). The 5’
UTR and the nucleotides encoding the first 20 amino acids of
each target gene were fused to gfp under the pTetO promoter.
These plasmids were introduced into E. coli along with a second
plasmid carrying the vgmR gene under pLac. In all cases, over-
expression of VqgmR caused decreased target-GFP production
(Fig. 5C). We also performed these experiments in an E. coli
Ahfg strain, and no repression of the targets occurred (SI Ap-
pendix, Fig. S7A4). To assess the roles of the R1 and R2 regions,
we individually deleted the R1 and R2 sequences in vgmR
and monitored the targets using the same assay. Importantly,
deletion of either domain did not affect VgmR production
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Fig. 4. VgmA activates vgmR transcription. (A) Total RNA was obtained for wild-type/pctr, AvgmA/pctr, and AvgmA/pvgmA V. cholerae strains at the in-
dicated times during growth. The Northern blot was probed for VgmR. The 55 rRNA served as loading control. (B) GFP production from a vgmR transcriptional
reporter was measured in E. coli carrying the indicated plasmids following 12 h growth in LB with 0.2% (final concentration) glucose (black bars) or 0.2% (final
concentration) L-arabinose (gray bars). Error bars represent SD of three replicates. (C) Electrophoretic mobility shift assay (EMSA) showing that VgmA protein
binds the vgmR promoter sequence. Migration of the [32P] end-labeled vgmR promoter fragment in the absence and presence of increasing concentrations of
purified VgmA::3XFLAG protein (indicated by the black triangle above the gel) was determined by native polyacrylamide gel electrophoresis and autoradiog-
raphy. The open triangle indicates free DNA,; filled triangle indicates DNA in complex with VgmA::3XFLAG. A negative control consisting of a mutated version of
the vgmR promoter is shown in S/ Appendix, Fig. S5C.
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Fig. 5. The VgmR mRNA targets. (A) Expression of VgmR-controlled target
mRNAs was measured in wild-type and AvgmR V. cholerae strains. The strains
carried either a control plasmid (pctr) or a plasmid harboring the vgmR gene
(pvgmR). RNA was monitored using qRT-PCR. Expression in the wild-type
strain was set to 1. Error bars represent SD of three replicates. (B) Secondary
structure of VgmR. The secondary structure of VgmR was derived from S/
Appendix, Fig. S6. Conserved regions R1 and R2 are indicated in red. (C)
VgmR regulation of target mRNAs. E. coli harboring plasmids carrying the
eight genes denoted on the x axis each fused to gfp were cotransformed
with a control plasmid (pctr) or the indicated VgmR-expressing plasmids. gfp
and vgmR transcription were driven by constitutive promoters. Strains were
grown in LB for 8 h and GFP production was measured. GFP levels in strains
carrying the control plasmid (pctr) were set to 1. Error bars represent SD of
three replicates.

(SI Appendix, Fig. STB). No repression occurred when region R2
was absent except in the case of vc1063, which required region
R1 for full repression (Fig. 5C). Region R1 was dispensable for
repression of the other targets. Of note, both the R1 and R2
mutants were less capable of repressing vel449 than was wild-
type VgmR, suggesting that additional sequence elements could
be relevant for base pairing. In summary, VqmR is a direct re-
pressor of at least eight frans-encoded mRNAs and region R2 is
critical for regulation of the majority of the targets.

VgmR Represses Target mRNAs Using Conserved Regions R1 and R2.
To understand how regions R1 and R2 engage in base pairing
with target mRNAs, we used the RNA hybrid algorithm (35) to
predict interactions between region R1 and vcl063 and region
R2 and the seven other target mRNAs. In all cases, RNA hybrid
predicted base pairing between R1 or R2 and the ribosome
binding sites of the target genes (SI Appendix, Fig. S7C). To
validate these predictions, we chose two representative examples
to test: vc1063 for region R1 and vpsT for region R2. We altered
cytosine to guanine at position 63 of VqgmR and tested GFP
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production from Vc1063::GFP (Fig. 6 A and B). The VqgmR
C63G mutant was incapable of repression of vc1063 (Fig. 6B,
lanes 1-3). We made a compensatory mutation by changing
guanosine at —10 to cytosine in the reporter (Vcl063*::GFP)
and this restored repression by VqmR C63G, whereas wild-type
VgmR lost its repression capability (Fig. 6 4 and B). We per-
formed analogous experiments to test region R2 using vpsT as
the target. First, we changed cytosine 94 of VqmR to guanosine
and found that VqmR C94G was incapable of repression of vpsT
(Fig. 6 C and D). Introduction of a compensatory mutation in
vpsT (guanosine —17 to cytosine, VpsT*::GFP) abolished re-
pression by wild-type VqgmR and restored repression by VqmR
C94G (Fig. 6 C and D). Thus, VqgmR indeed uses region R1 to
bind to vcl063 and region R2 to bind the vpsT mRNA, pre-
sumably inhibiting ribosome binding.

VgmR Inhibits V. cholerae Biofilm Formation via Repression of vpsT.
Our ultimate aim is to understand the VqmA-VqmR regulatory
network and how it influences the physiology of V. cholerae. We
were intrigued by our identification of vpsT as a VqmR target
because vpsT encodes a major transcriptional regulator of bio-
film formation. At low cell density, VpsT activates the expression
of genes required for production of vibrio polysaccharide (vps),
and, thus, mutation of vpsT strongly inhibits biofilm formation
(36). Transcription of vpsT is itself activated by another biofilm
regulator, VpsR (37). Finally, vpsT is repressed at high cell
density by the master QS regulator, HapR (38). Our results (Fig.
5A) show that increased vpsT mRNA is present in the AvgmR
strain. To examine whether there is a corresponding increase in
VpsT protein, we engineered a vpsT::3XFLAG construct, in-
troduced it onto the V. cholerae chromosome at the vpsT locus,
and measured protein production. Both the AvgmR and AvgmA
strains possessed ~2.5-fold more VpsT protein than wild-type
V. cholerae (Fig. 74, lanes 1-3). We also investigated VpsT levels in
QS mutants. Consistent with our understanding of the QS cir-
cuitry, mutation of /uxO did not affect VpsT protein levels (Fig.
7A4, lane 4), whereas deletion of hapR strongly activated VpsT
production (~fivefold, Fig. 74, lane 5). A AluxO, AvgmR double
mutant had the same level of VpsT as the single AvgmR mutant
(lane 6), whereas mutation of both the vgmR and hapR
repressors caused an additive effect and increased VpsT levels
~11-fold (lane 7). These results indicate that both HapR and
VgmR repress vpsT expression. We suggest that HapR operates
at the level of transcription (38) whereas VgmR acts at the level
of translation.

Binding of VpsT to the second messenger cyclic di-GMP alters
VpsT oligomerization and activates its activity (39). To test if the
increased VpsT protein present in the AvgmR and AvgmA mutants
correlated with increased VpsT activity, we measured expression of
the VpsT target vpsL (Fig. 7B). Indeed, at high cell density, vpsL::gfp
was approximately twofold higher in both the AvgmR and
AvgmA strains than in the wild type. To verify that this regulatory
architecture indeed affects V. cholerae biofilm formation, we over-
expressed vgmR in the hyperbiofilm producing (i.e., rugose) AhapR
V. cholerae strain and measured biofilms. The AhapR strain dis-
played the characteristic rugose phenotype caused by vps
overproduction [Fig. 7C, Top (40, 41)]. Overexpression of vgmR
restored the nonrugose, wild-type colony morphology (Fig. 7C
Middle). Likewise, biofilm formation on glass surfaces was
strongly inhibited when VgmR was overexpressed (Fig. 7C, com-
pare Top and Middle). No alteration in colony morphology or
biofilm formation capability occurred in either assay when the
mutated vgmR C94G (pvgmR*) allele was expressed (Fig. 7C
Bottom). These results suggest that VqmR affects biofilm forma-
tion through posttranscriptional repression of vps7, which in turn,
regulates biofilm-associated genes, such as vpsL (Fig. 7D).
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Discussion

Whole-transcriptome RNA sequencing analyses have enabled
a quantitative understanding of the gene expression patterns un-
derlying the basic biology of organisms. Nevertheless, it has been
difficult to distinguish transcription initiation from posttranscrip-
tional regulation because the output of most RNA-seq technologies
is the sum of both processes. In this study, we used dRNA-seq to
investigate the transcriptional and posttranscriptional landscape of
the human pathogen V. cholerae. We annotated a total of 7,240
TSSs, 3,379 (47%) of which initiated antisense transcripts (Fig. 1B).
Pervasive antisense transcription has now been reported for bac-
terial species from diverse taxa (42), suggesting this class of tran-
scripts could be the norm in the bacterial world.

We detected 107 previously unannotated sSRNA candidates, 44
of which have the potential to also function as 3’ UTRs of mRNAs
(SI Appendix, Dataset S4). This finding, together with earlier
reports, suggests that mRNA UTRs can serve as reservoirs for
bacterial SRNAs (26, 43). Our data indicate that there exist two
general pathways to generate SRNAs from the 3’ ends of mRNAs.
In the first case, SRNA genes can be driven by dedicated pro-
moters. This mechanism has the advantage of enabling transcrip-
tional regulation of the SRNA independent from that controlling
the mRNA from which the sRNA is derived (Fig. 24). In the
second case, SRNA production is strictly linked to the upstream
promoter of the overlapping gene and requires ribonucleolytic
cleavage to separate the sSRNA from the mRNA (Fig. 2B).
Production of this second class of SRNAs might come at a cost:
processing of the mRNA could render the transcript inactive for
additional rounds of translation. For both types of sSRNAs, rho-
independent terminator elements at the 3’ ends could provide the
basis for Hfq binding and potential trans-regulatory functions (44).

Our dRNA-seq analysis revealed the VgqmR sRNA encoded
upstream of vgmA. To explore the relationship between vgmA
and vgmR, we performed a gene synteny analysis to identify
homologs of vgmR. In all cases, the presence of vgmA coincided
with an upstream vgmR gene (SI Appendix, Fig. S84). Similar
approaches have identified homologs of the SgrS (45) and GevB
(46) sRNAs, which, like VqmR, are located adjacent to the genes
encoding the cognate transcriptional regulators. We do not yet
know the functions of VgmR in other vibrios, but the high de-
gree of sequence conservation in VqmR regions R1 and R2 (Fig.
3C) strongly suggests that regulation of frans-encoded target
mRNAs is a conserved function.

The current set of confirmed VgqmR targets in V. cholerae
includes eight directly regulated mRNAs (Fig. 5C). Repression of
seven of the targets depends on conserved region R2, whereas
vel063 requires region R1 (Figs. 5C and 6 A-D and SI Appendix,
Fig. S7C). One of the main findings of our study is that VqmR
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VpsT::GFP and VpsT*::GFP (G-17C) were measured using
Western blot. RNAPa served as the loading control. VgmR
(PvgmR) and VgmR C94G (PvgmR*) were probed on
Northern blot. The 55 rRNA served as loading control.

regulates biofilm formation through repression of vpsT (Fig. 7C).
We already know that vpsT is also controlled by QS via HapR
(38). Thus, our work reveals that VqmR represents a previously
unidentified link between biofilm formation and QS. VpsT is
a homolog of CsgD in enterobacterial species. CsgD controls bio-
film formation and multicellular development in E. coli (47) and
regulation of csgD depends on six Hfg-dependent sRNAs (48).
Our finding that vpsT is under the control of the unrelated VqmR
SRNA in V. cholerae could indicate evolution of parallel regulatory
pathways. Other examples like this exist: the V. cholerae VitA
sRNA and the E. coli MicA sRNA are not related to one another
but both are controlled by the alternative sigma factor 6™ and both
base pair with the ompA mRNA (49, 50). Likewise, in numerous
bacterial species, SRNAs that are not related to one another are
nonetheless required for responses to iron limitation, and all func-
tion by repressing mRNAs encoding iron-binding proteins (51).

Why certain pathways preferentially use regulatory RNAs rather
than proteins has been the subject of intense speculation (52). One
major difference is that SRNAs accumulate to significantly higher
copy numbers than transcriptional regulators. Indeed, we found that
VgmR accumulates to >500 molecules per cell in stationary phase
(ST Appendix, Fig. S8B), whereas copy numbers of transcription
factors are typically <100 (53). The higher copy numbers of SRNAs
can provide an effective buffer against noise from transcriptional
bursting. This feature of sSRNAs is proposed to make signaling
through biological networks robust to fluctuations in mRNA pro-
duction (54). Given that Vps production comes at a high metabolic
cost (55), VqmR-mediated repression of vpsT might further en-
hance transcriptional (37, 38) and posttranslational (39) mecha-
nisms to curtail noisy gene expression. This hypothesis is supported
by the notion that QS phenotypes and biofilm formation are traits
that require group-wide coordination and thus the regulatory cir-
cuits underpinning them must possess mechanisms that minimize
fluctuations (56). Another possible explanation for the necessity of
VgmR to act between VqmA and the downstream targets could be
because VqmA is strictly an activator. Recruiting the VgmR sRNA,
which we show is capable of activation and repression, could expand
the regulatory capability of VqmA.

VgmA was previously reported to be connected to QS via acti-
vation of transcription of hapR (32). We do not observe this regu-
latory link. We wonder if the constructs used in the previous
analyses unknowingly included vgmR, which caused indirect effects.
Recent V. cholerae infection studies also report that vgmA expres-
sion is regulated by the interspecies autoinducer AI-2 and that AI-2
regulation of vgmA is independent of HapR (57). Indeed, our
results show that neither vgmA nor vgmR display differential ex-
pression in the uxO D47E QS mutant (SI Appendix, Dataset S1 and
Fig. 3B). It is possible that binding of AI-2 (or an AI-2—controlled
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Fig. 7. VgmR represses biofilm formation in V. cholerae. (A) Western blot
analysis of VpsT::3XFLAG. Wild-type, AvgmR, AvgmA, AluxO, and AhapR
single mutants and AluxO vgmR and AhapR vgmR double mutant V. chol-
erae strains were grown to ODggo of 1.0 and examined for VpsT::3XFLAG
production using an anti-FLAG antibody. RNAP« served as the loading con-
trol. Changes in VpsT::3XFLAG protein production are indicated below the
figure (WT was set to 100%). (B) Production of VpsL::GFP. Wild-type, AvgmR,
and AvgmA V. cholerae strains carrying a vpsL:gfp transcriptional reporter
on a plasmid were grown for 6 h and GFP production was measured. Error
bars represent SD of three replicates. (C) Biofilm production of vgmR-
expressing strains. Biofilm formation of the AhapR V. cholerae strain con-
stitutively expressing the fluorescent mKate2 protein was assayed in the
presence of a control plasmid (Top, pctr), a plasmid carrying vgmR (Middle,
pvgmR), or a plasmid carrying VgmR C94G (pvgmR*) that does not base pair
with vpsT (Bottom). Biofilms were imaged following a 24-h incubation at
30 °C. (Scale bar: 5 ym.) The inlays show the colony morphologies of the
indicated strains grown on agar plates and incubated for 24 h at 30 °C. (D)
Model of VgmR activity in V. cholerae. Transcription of vgmR is activated by
VgmA. VgmR directly regulates at least eight target mRNAs including vpsT.
VpsT, in turn, acts as an activator of VpsL production and biofilm formation.

factor) alters VqmA activity to activate VqmR transcription, and
VgmR, in turn, represses biofilm formation and toxin production.
Identifying components of this putative QS-mediated but HapR-
independent pathway in V. cholerae biofilm formation would be
fascinating given that, in nature, 7apR mutations commonly occur in
pandemic V. cholerae strains to produce hyperbiofilm formers (58).

Materials and Methods

Strains, Plasmids, and Growth Conditions. Strains are listed in S/ Appendix,
Table S2. V. cholerae and E. coli were grown aerobically in LB or M9 medium
(0.4% glucose, 0.4% casamino acids) at 37 °C or at 30 °C for biofilm assays.
Antibiotics were used at the following concentrations: 50 units-ml~'
polymyxin B, 200 pg-ml~" ampicillin, 100 pg-ml~" kanamycin, 5,000 pg-ml~'
streptomycin, and 20 pg-ml~" chloramphenicol.

Sample Collection for dRNA-Seq Analysis. V. cholerae wild-type and /uxO
DA7E strains were grown with shaking in LB medium at 37 °C and whole cell
samples (biological duplicates) were collected at ODggo of 0.1 and 2.0.
Transcription and translation were terminated by the addition of STOP Mix
[95% (vol/vol) EtOH and 5% (vol/vol) phenol] and cells were frozen in liquid
nitrogen. Samples were stored at —80 °C until RNA preparation.
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Oligonucleotides and Plasmids. Plasmids and DNA oligonucleotides are listed
in SI Appendix, Tables S3 and S4, respectively. Details on plasmid construc-
tion are provided in S/ Appendix, S| Materials and Methods.

Northern Blot Analyses. Total RNA was prepared and blotted as described (59).
Membranes were hybridized in Rapid-Hyb buffer (GE Healthcare) at 42 °C
with [32P] end-labeled DNA oligonucleotides. Signals were visualized using
a Typhoon phosphorimager (GE Healthcare) and band intensities were
quantified using GelQuant software. Oligonucleotides for SRNA probing are
listed in SI Appendix, Dataset S4 and Table S4.

Purification of VgmA:3XFLAG and EMSA. The VgmA:3XFLAG protein was
expressed from a pET15b expression vector in BL21(DE3) cells (Agilent). Protein
expression was induced by addition of IPTG (1 mM final) for 4 h before har-
vesting. Cells were resuspended in lysis buffer (Sigma) and lysed by sonication.
Protein purification was performed using the FLAG Immunoprecipitation Kit
(Sigma) following the manufacturer’s instructions. Protein purification was
verified by SDS/PAGE analysis. For EMSA studies, the vgmR promoter sequence
(~100 bp upstream of the TSS) or a mutagenized variant were PCR amplified
and [*P] end-labeled using PNK enzyme (Fermentas). The labeled DNA frag-
ments (~0.2 pmol) were incubated with increasing amounts of VgmA::3XFLAG
protein (0, 23, 46, 93, 187, 345, and 750 ng) in binding buffer (10 mM Tris-HCl
pH 8.0, 1 mM EDTA, 1 mM DTT, 50 mM KCl, 1.5 mg/mL poly IC, 50 pg/mL BSA,
10% glycerol) for 30 min at 37 °C. DNA-protein complexes were separated on
6% native polyacrylamide gels. Protein signal was visualized using a Typhoon
phosphorimager (GE Healthcare).

Western Blot Analysis. Western blot analyses of GFP and FLAG fusion proteins
followed previously published protocols (60). Signals were visualized using
an ImageQuant LAS-4000 imager (GE Healthcare) and band intensities were
quantified using GelQuant software.

gRT-PCR and Microarray Analysis. Quantitative real-time PCR was described
previously (59). Briefly, RNA was isolated using the SV40 Total RNA Isolation
kit (Promega) according to manufacturer instructions. Expression of VgmR-
controlled target genes was assessed by qRT-PCR in a 7900HT instrument
(Applied Biosystems), with hfg as reference. Oligonucleotides used in qRT-
PCR experiments are listed in S/ Appendix, Table S4. For microarray analyses,
V. cholerae strain C6706 AvgmR/AvgmA (ZLV101) carrying either the control
plasmid pCMW-1 (pctr) or pBAD-vgmR was grown in LB at 37 °C to ODggo Of
1.0. Expression from the pBAD promoter was induced by addition of 0.2%
(final concentration) L-arabinose. Duplicate samples were collected 10 min
after arabinose treatment. Four arrays were performed comparing two in-
dependent cultures as well as a dye-swap control. Data analyses were per-
formed using the Princeton University Microarray Database and are publicly
available at puma.princeton.edu/.

Construction of cDNA Libraries and Illumina Sequencing. cDNA libraries were
constructed as described (21) by Vertis Biotechnology and sequenced using
a HiSEq. 2000 machine (Illumina) in single-read mode for 100 cycles. The raw,
demultiplexed reads and coverage files have been deposited in the National
Center for Biotechnology Information Gene Expression Omnibus with ac-
cession code GSE62084. Statistics on cDNA library sequencing are provided in
SI Appendix, Table S5. Detailed descriptions of procedures used for read
mapping, expression graph construction, and normalization of expression
graphs are provided in SI Appendix, S| Materials and Methods.

Biofilm Assays. The V. cholerae AhapR strain was grown for 12 h in M9
medium at 37 °C and 200-pL aliquots were deposited into 96-well plates.
Following incubation for 1 h at 30 °C, cells were washed three times with M9
medium and incubation at 30 °C was continued for 12 h. Cells were washed
three times, and images of biofilms were acquired using a Nikon Ti-Eclipse
microscope and a TCS SP5, Leica confocal laser-scanning microscope.
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