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A subset of non-O1/non-O139 serogroup strains of Vibrio cholerae cause disease using type 3 secretion system (T3SS)-mediated
mechanisms. An �50-kb genomic island carries genes encoding the T3SS structural apparatus, effector proteins, and two trans-
membrane transcriptional regulators, VttRA and VttRB, which are ToxR homologues. Previous experiments demonstrated that
VttRA and VttRB are necessary for colonization in vivo and promote bile-dependent T3SS gene expression in vitro. To better
understand the scope of genes that are potential targets of VttRA and VttRB regulation, we performed deep RNA sequencing us-
ing O39 serogroup strain AM-19226 and derivatives carrying deletions in vttRA and vttRB grown in bile. Comparison of the tran-
script profiles from �vttRA and �vttRB mutant strains to the isogenic parent strain confirmed that VttRA and VttRB regulate ex-
pression of some T3SS island genes and provided additional information about relative expression levels and operon
organization. Interestingly, the data also suggested that additional genes, located outside the T3SS island and encoding functions
involved in motility, chemotaxis, type 6 secretion, transcriptional regulation, and stress responses, may also by regulated by
VttRA and VttRB. We verified transcript levels for selected genes by quantitative reverse transcription (RT)-PCR and then fo-
cused additional studies on motility and biofilm formation. The results suggest that VttRA and VttRB act as part of a complex
transcriptional network that coordinates virulence gene expression with multiple cellular phenotypes. VttRA and VttRB there-
fore represent horizontally acquired transcriptional regulators with the ability to influence global gene expression in addition to
modulating gene expression within the T3SS genomic island.

In general, water- and food-borne enteric pathogens must recog-
nize multiple host niches encountered during infection and cor-

rectly regulate gene expression to promote virulence. Persistence
in an environmental reservoir adds the additional challenge of
integrating a broader set of external signals to facilitate environ-
mental adaptation as well as recognition of a host niche. Regula-
tion of virulence gene expression is therefore a critical parameter
affecting the success of a pathogen. As an environmental organism
that is also an important cause of infectious diarrhea, Vibrio chol-
erae has served as a paradigm for understanding coordinated vir-
ulence gene regulation and adaptation to the human host (1, 2).

V. cholerae strains vary in their genetic composition but are
classified into serogroups based on O-antigen structure (3).
Strains that cause epidemic cholera are restricted to O1 and O139
serogroups, having clonal origins and conserved virulence mech-
anisms (4, 5). The major virulence factors of epidemic O1 and
O139 serogroup strains are the toxin-coregulated pilus (TCP),
required for colonization, and cholera toxin (CT), whose enzy-
matic activity results in secretory diarrhea (6). Genes encoding
both factors reside on horizontally transferred sequences; TCP is
encoded on a genomic island having several characteristics of mo-
bile elements, and the cholera toxin genes are acquired via lyso-
genic conversion by the filamentous CTX phage (7, 8). Although
dedicated transcriptional regulators are often encoded within the
mobile elements that carry virulence genes, expression of TCP and
CT is governed by both a core genome-encoded transcriptional
regulator, ToxR, and a regulator encoded within the TCP island,
ToxT (1). ToxR is a transmembrane transcriptional regulator that
modulates porin gene expression and multiple metabolic path-
ways in all V. cholerae strains, in addition to regulating virulence
gene expression in pathogenic strains (9). ToxR can directly bind
promoters under specific conditions, but it can also indirectly
regulate TCP and CT expression by activating expression of toxT,

which encodes a cytoplasmic AraC family transcriptional regula-
tor (10, 11). toxT expression also requires the activity of another
membrane-localized transcriptional regulator, TcpP, encoded
within the TCP genomic island. The transcription of tcpP itself is
activated by two chromosomal regulators, AphA and AphB (1).
The ToxR-ToxT transcriptional hierarchy is therefore an impor-
tant component of V. cholerae virulence gene expression, which
also involves accessory proteins (10, 12, 13) and an integrated
response to multiple external signals, such as bile salts, pH, and
temperature (14).

Strains that cause nonepidemic disease belong to other sero-
groups and are collectively referred to as non-O1/non-O139 sero-
group strains. Whereas epidemic disease is typically restricted to a
biennial pattern in Southeast Asia, Africa, South America, and
areas experiencing disrupted civil infrastructure, non-O1/non-
O139 strains cause sporadic disease throughout the year and in
diverse geographic locations worldwide (15–17). The clinical
characteristics of cholera caused by nonepidemic strains are sim-
ilar to epidemic disease, although non-O1/non-O139 strains do
not typically encode TCP and CT. All strains, however, encode
ToxR (16). Non-O1/non-O139 strains can carry a diverse array of
virulence factors, but a subset of pathogenic non-O1/non-O139
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serogroup strains possess an �50-kb, horizontally acquired,
genomic island that carries genes encoding a type 3 secretion sys-
tem (T3SS) (15, 18, 19). The T3SS virulence mechanism is wide-
spread among Gram-negative pathogenic bacteria, including Sal-
monella, Shigella, Yersinia, and notably Vibrio parahaemolyticus,
where the T3SS2 shares sequence similarity to the V. cholerae T3SS
(15, 20–22). Our laboratory uses a clinically isolated O39 sero-
group strain named AM-19226 to study T3SS-mediated V. chol-
erae pathogenesis, and we have identified 12 effector proteins en-
coded within the T3SS genomic island that presumably function
in colonization and disease (23). We have also identified two
ToxR-like transcriptional regulators, VttRA and VttRB, which are
encoded within the T3SS genomic island. In vitro, VttRA, VttRB,
and ToxR can regulate expression of the T3SS structural genes and
some genes encoding effector proteins, in a bile-dependent man-
ner (23, 24). The data also suggest that autoregulation plays a role
in VttRA and VttRB expression and that under some conditions,
VttRA may control expression of vttRB (24, 25).

In general, however, we have a limited understanding of how
horizontally acquired virulence regulators influence global gene
expression. We were therefore interested in exploring whether the
regulatory activities of VttRA and VttRB extend beyond the T3SS
genomic island or were restricted to genes within the T3SS island.
We used deep RNA sequencing (RNA-seq) to compare the expres-
sion profiles of wild-type (WT) and �vttRA and �vttRB mutant
strains grown in bile, with the intention of discovering genes or
gene classes that might be part of the VttRA and VttRB transcrip-
tomes. We found that strains deleted for VttRA and VttRB had
altered expression levels of T3SS island genes, as predicted. Inter-
estingly, however, the results suggest that VttRA and VttRB can
also modulate the expression of core chromosomal genes that reg-
ulate multiple phenotypes and encode proteins necessary for mo-
tility and type 6 secretion. The results support the hypothesis that
when virulence gene expression is controlled by horizontally ac-
quired regulators, those regulators must also participate in coor-
dinately regulating other phenotypes important for infection in
order to promote successful colonization of the host niche and
subsequent disease.

MATERIALS AND METHODS
Strains, RNA isolation, and sample preparation. V. cholerae R� M�

strain AM-19226 (MD992) was used as the parental strain for experiments
reported in this study. MD992 has been previously described and contains
a deletion in the type II restriction endonuclease (R�) but is methyltrans-
ferase positive (M�) (24). MD992 and �vttRA (AAC228) and �vttRB

(AAC40) (24) mutant derivatives were grown in Luria-Bertani (LB) broth
supplemented with 0.4% bile (B-3883; Sigma) on a roller drum at 37°C for
approximately 15 h to an optical density at 600 nm (OD600) ranging from
1.2 to 2.3. At least two independent RNA isolations were performed for
each strain, as previously described (26) with slight modifications. Briefly,
1 ml of bacterial cells was harvested by centrifugation, the pellet was re-
suspended in 10 ml TRIzol (Invitrogen) and incubated at 4°C for 1 h
followed by addition of 2 ml chloroform. The suspension was centrifuged
at 6,804 � g (JA-20; Beckman) for 45 min at 4°C, and the aqueous phase
was removed. A 1/10 volume of 3 M sodium acetate (pH 5.9) was added to
the aqueous phase, and samples were precipitated by the addition of iso-
propanol and centrifuged at 6,804 � g (JA-20; Beckman) for 30 min at
4°C. The pellet was resuspended in 0.1% (vol/vol) diethyl pyrocarbonate
(DEPC)-treated water, and the RNA was further purified using an RNeasy
minikit (Qiagen) according to the manufacturer’s instructions. On-col-
umn DNase digestion was performed using the Qiagen RNase-free DNase
set, and the absence of contaminating DNA was tested by PCR using

primers for a housekeeping gene (A33_0788). For RNA-seq, mRNA en-
richment was performed twice using MICROBExpress (Ambion) accord-
ing to the manufacturer’s protocol. Enriched mRNA integrity was evalu-
ated using a Bioanalyzer (Agilent) at University of Rochester’s Functional
Genomics Center (UR-FGC).

Transcriptome analysis. Deep RNA-seq was performed at UR-FGC
using the Applied Biosystems SOLiD 3 Plus (replicate 1) and Applied
Biosystems SOLiD 4 Plus (replicate 2) platforms. All procedures were
carried out as recommended by the manufacturer and as described by
Isabella and Clark (27). Briefly, mRNA was fragmented using RNase III,
ligated to adapters, and reverse transcribed to generate cDNA, which was
then clonally amplified on magnetic beads and covalently affixed to glass
slides. Sequencing of monoclonal cDNA molecules was performed by
multiple rounds of ligation of fluorescently labeled oligonucleotides to
derive color sequences that were then mapped to the annotated AM-
19226 genome (National Center for Biotechnology Information [NCBI])
using BioScope v.1.2 and BioScope v.1.3 software (Applied Biosystems)
for replicates 1 and 2, respectively. Contig DS265226, containing the AM-
19226 T3SS genomic island, was remapped to obtain RPKM (reads per
kilobase of coding sequence per million unique mapped reads) values for
open reading frames (ORFs) that likely have alternative start sites com-
pared to the NCBI annotation (23). We also mapped and calculated
RPKM values for five unannotated genes, to which we have assigned the
following locus tags: acfA, A33_1660a; ORFs 67a and 65 encoding con-
served hypothetical proteins (CHPs), A33_1662a and A33_1664a, respec-
tively; vcsC2, A33_1670; and ORF58 encoding a hypothetical protein
(HP), A33_1704a. The total number of ORFs used for mapping is thus
3,712.

Data analysis. .wig files containing raw data for RNA sequencing runs
from each strain were visualized using the Integrative Genomics Viewer
(IGV) (28). The IGV is a computer-based tool that allows visualization of
high-throughput sequencing data, such as those generated by RNA-seq. It
also facilitates simultaneous filtering, grouping, and sorting of data gen-
erated from multiple samples and data sets. Data from each sample are
viewed as an individual track, which can be displayed as a heat map, as
shown here. In this study, data were aligned with 154 concatenated contigs
from the AM-19226 genome sequencing project (NCBI project accession
no. NZ_AATY00000000.1, WGS AATY01000001:AATY01000154) and
were also mapped against the revised contig annotated as described above.
Reads that mapped uniquely to the AM-19226 sequenced genome were
used to compute the RPKM values for each ORF. ORFs with an RPKM
value of �10 in all three strain backgrounds were excluded from further
analysis. ORFs whose expression was positively influenced by VttRA or
VttRB were identified based on two criteria: an RPKM value of �10 in the
parental strain and an RPKM value at least 2.5-fold lower in the �vttRA or
�vttRB strain(s). Conversely, for ORFs whose expression was decreased in
the presence of VttRA/B, we required an RPKM value of �10 in the dele-
tion strains and a 2.5-fold-level change compared to expression in the
parental strain. RPKM values obtained for each of the 3,712 ORFs were
compared across strains, and ORFs with �2.5-fold differences in expres-
sion were identified for subsequent analyses.

For quantitative reverse transcription-PCR (qRT-PCR), motility, and
biofilm assays, all data are presented as means � standard deviations
(SD). Statistical analyses were conducted using Microsoft Excel and/or
GraphPad, and Student’s t test was performed to determine statistical
significance. P values of �0.05 were considered statistically significant.

qRT-PCR. qRT-PCR was performed using independently isolated
samples of RNA, in addition to using RNA from the second RNA-seq run.
cDNA was generated using 500 ng of RNA and qScript cDNA SuperMix
(Quanta BioSciences, Inc.) according to the manufacturer’s instructions.
Gene-specific primers (sequences available upon request) were used to
amplify short fragments of the gene of interest in qRT-PCRs using an
Applied Biosystems StepOne Plus real-time PCR system and Power SYBR
green PCR master mix (Applied Biosystems). The cycling conditions were
as follows: one 10-min incubation at 95°C, followed by 40 cycles of 15 s at
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95°C and 1 min at 60°C. Non-reverse-transcribed RNA was used as a
template for negative controls in the qRT-PCRs. Transcript levels for in-
dividual genes were calculated based on absolute copy numbers obtained
using genomic DNA standard curves, as previously described (29). Sam-
ples from each RNA source were assayed in triplicate.

Swarming motility assay. Single colonies of wild-type and �vttRA,
�vttRB, �vttRA �vttRB (MD1069), �toxR (AD10), and �vcsN2 (MD1018)
mutant strains (23, 24) were used to inoculate LB plates containing 0.3%
agar with or without 0.4% bile. Zones of swarming were measured after
incubation for 8 h at 37°C. The assay was performed three times using
three to five colonies for each strain.

Static biofilm assay. Wild-type and �vttRA, �vttRB, and �toxR mu-
tant strains were grown overnight in LB with 0.4% bile. Cells were centri-
fuged, resuspended in fresh medium, and seeded in a 96-well microtiter
plate at an OD600 of 0.1. The plate was incubated at 30°C for 24 h and
washed twice with phosphate-buffered saline (PBS), and the remaining
biofilm-associated cells were fixed using 95% ethanol at 4°C for 2 h and
stained at room temperature using 0.1% crystal violet solution. The wells
were then washed once with PBS, and the remaining biofilm-associated
stain was solubilized using 95% ethanol. Total biofilm biomass was deter-
mined by measuring absorbance at 570 nm using a Bio-TEK Power Wave
XS plate reader. The experiment was conducted using eight individual
colonies per strain and repeated three times. For statistical analyses, the
highest and the lowest values were excluded and the total biofilm mass was
calculated based on 6 colonies per strain.

RESULTS
Gene expression profiles for the AM-19226 parent and isogenic
�vttRA and �vttRB strains. We performed RNA-seq on RNA ex-
tracted from an AM-19226 �vttRA strain, a �vttRB strain, and the
isogenic parent strain (carrying wild-type copies of the vttRA and
vttRB genes) grown to late exponential-early stationary phase in
LB broth supplemented with 0.4% bile. The growth conditions
were based on previous results demonstrating that maximal ex-
pression of vttRA, vttRB, and T3SS genes encoding structural com-
ponents of the apparatus occurred under such conditions (24).
Two independently isolated RNA samples for each strain were
processed for transcriptome analysis. SOLiD sequencing gener-
ated 50-bp reads that were mapped to the AM-19226 sequenced
genome, resulting in 58% uniquely mapped reads to locus tags for
the parental strain (vttRA and vttRB wild type) in replicate 1 and
71% uniquely mapped reads to locus tags for replicate 2. The
percentages of uniquely mapped reads to locus tags were 56% for
the �vttRA strain for replicate 1 and 65% for replicate 2, and 59%
for the �vttRB strain for replicate 1 and 69% for replicate 2 (see
Table S1 in the supplemental material). Each of the 3,712 locus
tags (representing ORFs) in the AM-19226 genome was assigned a
normalized RPKM (reads per kilobase of coding sequence per
million unique mapped reads) value, providing an estimate of the
expression level of each ORF/gene. We observed similar trends for
gene expression between the two RNA-seq experiments and, for
simplicity, list fold changes derived from RPKM values obtained
from replicate 1 only in Tables 1 and 2. The complete RPKM data
set for each run is provided in Tables S2 and S3 in the supplemen-
tal material.

Candidate genes comprising the VttRA/VttRB transcrip-
tomes. The RPKM values representing the expression of each gene
in the �vttRA and �vttRB strains and the RPKM value for that gene
in the parental strain are plotted in Fig. 1A and B. More than 98%
of the genes exhibit similar transcriptional expression levels in the
different strains. However, we identified a total of 71 genes
(�1.9% of the genome) with a �2.5-fold reduction in mRNA

levels in the �vttRA or �vttRB backgrounds compared to the wild-
type strain (Fig. 1C). Although we did not conduct extensive sta-
tistical analyses of the data sets from both sequencing runs, a 2.5-
fold change in expression was consistent with the expression
patterns observed for genes within predicted operons and corre-
lated with data obtained from lacZ-transcriptional reporter fusion
studies (24). We therefore viewed genes as potentially differen-
tially expressed based on the �2.5-fold change and classified them
according to predicted functions (Fig. 1D). Of the 71 genes ex-
pressed at lower levels in the absence of VttRA and/or VttRB, 37
were located within the AM-19226 T3SS island (see Table S4 in the
supplemental material), consistent with the lacZ transcriptional
fusion data from our laboratory showing that the T3SS structural
gene operons (vcsRTCNS2, vcsJ2, vcsVUQ2, and vspD) require
VttRA and VttRB for bile-induced expression (24). Combined
with the RNA-seq data, the results suggest that genes encoding the
structural apparatus and several effector proteins are expressed as
three major operons: operon I (A33_1674 to A33_1665) contain-
ing vcsRTCNS2 and proteins of unknown function, operon II
(A33_1683 to A33_1676) containing vcsVUQ2, and operon III
(A33_1695 to A33_1684) containing vcsJ2 and vspD (Fig. 2) (24)
(RT-PCR data not shown). The collective data also predict an
internal promoter that lies within operon III, between A33_1690
(vopW) and A33_1689 (vspD) (Fig. 2). Unique effectors such as
VopG and VopK that lie in the 3= region flanking the “core” region
that encodes structural proteins do not appear to be transcribed as
an operon, based on lacZ transcriptional fusion data and sequence
analysis (data not shown).

We previously identified 12 genes within the AM-19226 T3SS
island that encode translocated effector proteins (23). Nine of the
12 effector genes have lower expression levels in the �vttRA and
�vttRB strains compared to the parent strain carrying intact vttRA

and vttRB loci: vopA, vopF, vopG, vopH, vopI, vopM, vopW, vopX,
and vopY. For example, the RPKM values for vopX were 346,
3, and 7 for the wild-type and �vttRA and �vttRB mutant strains,
respectively (see Table S4 in the supplemental material). These
observations are consistent with results obtained using a vopX-
lacZ transcriptional reporter fusion (23). The acfD gene, encoding
a predicted accessory virulence factor, and several uncharacter-
ized genes within the T3SS island, such as A33_1665, A33_1668,
and A33_1703, also showed reduced expression in the �vttRA and
�vttRB strains.

Interestingly, 34 of the 71 ORFs that were expressed at lower
levels in the absence of VttRA or VttRB lie outside the T3SS
genomic island. These include genes encoding the FlaA, FlaC,
FlaD, and FlaE flagellins, the CheA chemotaxis protein, type 6
secretion system (T6SS) proteins Hcp-1, Hcp-2, and VgrG-1, a
protein involved in the stringent response (DksA), and a two-
component response regulator (A33_1014) (Table 1). A33_1014
appears to lie within a large operon that also includes three other
genes predicted to encode response regulators (A33_1015,
A33_1019, and A33_1020), two genes encoding sensory histidine
kinases (A33_1018 and A33_1021), a gene predicted to encode a
sensor box sensory histidine kinase (A33_1017), and a gene en-
coding a hypothetical protein (A33_1016). The operon is con-
served in the epidemic O1 biovar El Tor strain N16961, which
does not encode VttRA or VttRB, and lies in a similar genomic
context. We also identified glgC2 (A33_A0971), encoding a pro-
tein important for glycogen synthesis in V. cholerae (30) and
A33_A0971, involved in the formation of polyhydroxylbutyrates
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(31–33), as potentially regulated in the deletion strains. Finally, 17
genes predicted to encode hypothetical or conserved hypothetical
proteins showed �2.5-fold differential expression in the �vttRA

and/or �vttRB strains compared to the wild-type strain (Table 1),
although we did not confirm their expression patterns by other
methods and thus regard them as potential members of the VttRA

and VttRB transcriptomes. We also identified seven genes with
expression patterns that suggest they are targets of VttRA and
VttRB repression (Table 2). Two genes, A33_A0028 (identical to
VCA0834 in strain N16961) and A33_A0330 (predicted to encode
a 38-amino-acid protein), encode hypothetical proteins based on

NCBI annotation and our own BLAST analyses. The combination
of annotation and BLAST analyses was used to identify the func-
tion of other encoded products listed in Table 2, based on high
degrees of amino acid similarity, or predicted roles based on more
limited similarity as described below. A33_0677 encodes a protein
identical to VC0702 in O1 serogroup strain N16961. VC0702 is
predicted to encode an NTPase and lies within the mba operon
that has been shown to play a role in biofilm formation and the
maintenance of biofilm architecture (34). A33_1527 is similar to
the N16961 FrhC protein (VC1621), a flagellum-regulated hem-
agglutination protein with a TolC (type I secretion outer mem-

TABLE 1 Genes outside the AM-19226 T3SS with �2.5-fold-decreased expression in the absence of VttRA or VttRB
a

Gene class and locus tag Gene product

Fold difference in expression between WT and:

�vttRA mutant �vttRB mutant

Motility and chemotaxis
A33_2046 FlaD, flagellin 3.1 3.0
A33_2047 FlaE, flagellin 2.2 2.7
A33_2100 FlaC, flagellin 3.0 2.1
A33_2149 FlaA, flagellin 3.5 2.6
A33_1181 Methyl-accepting chemotaxis protein 3.2 2.0
A33_A0275 CheA, chemotaxis protein 3.8 2.6
A33_A0320 Methyl-accepting chemotaxis protein 3.6 1.8

T6SS
A33_1343 Hcp-2, hemolysin-coregulated protein 5.1 2.7
A33_1344 VgrG1, valine-glycine repeat protein 3.5 0.7
A33_A0307 Hcp-1, hemolysin-coregulated protein 4.3 2.7

Regulation
A33_1014 Two-component response regulator 2.9 1.3

Metabolism
A33_A0971 Acetoacteyl coenzyme A reductase 1.8 3.1
A33_A0977 GlgC2, glucose-1-phosphate adenylyltransferase 3.1 3.1

Miscellaneous
A33_0283 Etp, Low-mol-wt protein-tyrosine phosphatase 3.0 0.9
A33_0572 DksA, dnaK suppressor protein 2.5 2.3
A33_A0309 MurE, UDP-N-acetylmuramyl tripeptide synthetase 2.5 0.9
A33_A0497 EmrD-2, multidrug resistance protein D 3.6 0.3

CHPs and HPsb

A33_0127 CHP 1.4 2.9
A33_0281 HP 3.3 0.8
A33_1022 CHP 2.6 1.1
A33_1302 CHP 2.6 2.9
A33_1345 CHP 3.0 0.5
A33_1879 HP 1.3 3.4
A33_1915 HP 2.5 2.3
A33_2162 HP 2.7 2.7
A33_2284 CHP 3.5 3.9
A33_A0004 HP 4.1 5.2
A33_A0071 HP 2.7 3.1
A33_A0072 HP 2.6 3.2
A33_A0073 HP 2.7 7.4
A33_A0121 HP 4.2 4.3
A33_A0164 HP 5.1 3.1
A33_A0247 CHP 2.2 3.2
A33_A0321 HP 4.6 2.8

a Based on RPKM values.
b CHP, conserved hypothetical protein; HP, hypothetical protein.
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brane protein) domain (35). A33_2142 and A33_2143 are �98%
identical to K139 phage proteins K139p07 (unknown function)
and K139p06 (putative regulator), which are present in numerous
V. cholerae strains, although A33_2143 appears to be differentially
regulated by VttRB only. A33_A0125 is predicted to encode a

member of the sensory box/GGDEF family of proteins, which are
abundant in V. cholerae strains and have roles in numerous cellu-
lar processes and responses to environmental stimuli (36).

VttRA and VttRB positively influence expression of flagellins.
V. cholerae strains, including AM-19226, encode five flagellins
whose genes are found within two operons: one that encodes
the FlaA essential flagellin and the minor flagellin FlaC, and the
other encoding the three minor flagellins FlaE, FlaD, and FlaB
(35, 37). flaA transcription is dependent on 	54 and requires an
additional regulator, FlrC, which must be phosphorylated as
part of a two-component system (FlrBC) in order for the 	54-
dependent transcription of flaA to proceed. The genes encod-
ing the four minor flagellins are under the transcriptional con-
trol of 	28 (encoded by fliA), whose activity is controlled by the
anti-	28 factor FlgM (35). The RPKM values of four of the five
genes encoding flagellins (flaACDE) were at least 2.5-fold lower
in the �vttRA and/or �vttRB strains compared to the wild-type
strain (Table 1). The RPKM values of flaB (A33_2045) were
reduced as follows in replicates 1 and 2, respectively: 2.1- and
1.4-fold in the �vttRA strain and 2.7- and 2.2-fold in the �vttRB

strain compared to the wild-type strain (see Tables S2 and S3 in
the supplemental material) and therefore did not meet the 2.5-
fold cutoff for differentially expressed genes. The raw RNA-seq

TABLE 2 Genes outside the AM-19226 T3SS with �2.5-fold-increased
expression in the absence of VttRA or VttRB

a

Locus tag Gene product/pBLAST top hit

Fold difference in
expression
between WT and:

�vttRA

mutant
�vttRB

mutant

A33_0677 NTPase 3.0 4.8
A33_1527 Agglutination protein 3.4 2.7
A33_2142 K139p07 phage protein 1.0 2.7
A33_2143 K139p06 phage protein (transcriptional

regulator)
0.6 3.2

A33_A0028 HPb 2.0 3.0
A33_A0125 Sensory box/GGDEF family protein 3.6 2.9
A33_A0330 HP 3.6 5.0
a Based on RPKM values.
b HP, hypothetical protein.

FIG 1 VttRA and VttRB transcriptome. (A and B) Scatter plot depicting RPKM values for wild-type and �vttRA strains (A) and wild-type and �vttRB strains (B)
across two independent samples (black and gray). Each data point represents an RPKM value of �1 for a specific locus tag/ORF. Solid lines represent x 
 y, and
the dotted lines above and below depict y 
 2.5x and x 
 2.5y, respectively. R is the coefficient of correlation. (C) Venn diagram depicting genes with reduced
expression in the �vttRA and �vttRB strains. A total of 71 genes are differentially expressed with �2.5-fold reduction in expression levels compared to the
wild-type strain. (D) Differentially expressed genes in �vttRA and �vttRB strains potentially categorized according to function.
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data for flaA and flaD are shown in Fig. 3, demonstrating that
across the entire open reading frame, fewer transcripts were
mapped from the deletion strains (light gray and medium gray)
compared to the parent strain (black). The qRT-PCR results
indicated that the levels of flaA expression in the �vttRA and
�vttRB strains were 4.3- and 16.4-fold lower, respectively, than
that in the parental, VttRA VttRB wild-type strain (Fig. 3B).
Similarly, flaD expression was reduced by 5.4- and 13.1-fold in
the �vttRA and �vttRB strains compared to that in the parental
strain when quantified by qRT-PCR (Fig. 3B).

VttRA and VttRB influence the expression of genes encoding
regulators of the flagellar biosynthesis pathway. The RNA-seq
results indicated modest reductions (�2-fold) in the expression
levels of flrA, flrC, and fliA in the �vttRB strain compared to the
wild type (see Table S3 in the supplemental material). Since FlrA,
FlrC, and FliA regulate the expression of class II, class III, and class
IV flagellar genes, respectively, we explored whether their tran-
script levels were decreased in independently isolated RNA sam-
ples using qRT-PCR (35). We found that flrA expression was de-
creased 4.8-fold in the �vttRB strain, although transcript levels

FIG 2 Putative operon organization of AM-19226 T3SS genomic island. Heat map representation of the AM-19226 T3SS genomic island spanning from
A33_1660a (AcfA) to A33_1706 (CHP) as viewed in the IGV. The lines above the map indicate three major operons. The operons encode genes for structural
proteins (vcsRTCNS2, vcsVUQ2, vcsJ2, and vspD) and some effector proteins (vopA, vopH, vopI, vopM, and vopW). Additional effector genes in the 5= and 3=
flanking regions, as well as acfD, encoding a putative accessory colonization factor, are also indicated. All genes are shown aligned to the IGV heat map with the
following settings: positive strand, base count 0 to 100 in gray, 100 to maximum in black; negative strand, 0 to 50 in gray, 50 to maximum in black.

FIG 3 VttRA and VttRB influence transcription of flaA and flaD. (A) Raw RNA-seq data obtained from .wig files indicating the number of times each base was
mapped for flaA and flaD in the wild-type and deletion backgrounds. (B) qRT-PCR analysis of flaA and flaD transcript levels in the wild-type and �vttRA and
�vttRB strains. Mean fold change values obtained from qRT-PCR are shown adjacent to the mean fold change obtained from RNA-seq. qRT-PCR was performed
four times on RNA used for RNA-seq and independently isolated RNA. Error bars represent standard deviations. *, P � 0.05 compared to the wild-type strain.
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were similar to wild-type levels in the �vttRA strain. On the other
hand, flrC transcript levels were decreased 2.7-fold in the �vttRA

strain and 4.1-fold in the �vttRB strain. We observed similar
trends for fliA transcript levels, with 2.7- and 8-fold reductions in
the �vttRA and �vttRB strains, respectively, compared to the pa-
rental strain (Fig. 4A to C).

�vttRA and �toxR strains display altered swarming motility.
The decreased expression of flagellin and motility transcriptional
regulatory genes in the �vttRA and �vttRB strains led us to predict
that we might be able to detect motility defects in the deletion
strains using standard methods. We therefore examined the
swarming ability of the following strains on semisolid media with
and without bile: the parental, �vttRA, and �vttRB strains, a
�vttRA �vttRB double deletion strain, a �toxR strain, and a T3SS-
deficient (�vcsN2) strain. toxR mutant strains have been previ-
ously described as hypermotile (38), and we therefore included
the �toxR strain both as a control and to determine its swarming
pattern in the presence of bile. The �vcsN2 strain was included so
that we could evaluate any effect of the T3SS on motility, since the
vcsN2 mutant strain does not produce a functional T3SS appara-
tus (23, 39). The results are shown in Fig. 5. We observed that the
�toxR strain had a larger zone of swarming (mean, 1.2 cm) than
the parental strain carrying a wild-type toxR allele (mean, 0.9 cm)
on standard LB motility plates without bile, as previously reported
(P � 0.05) (Fig. 5, gray bars). The other deletion strains displayed
similar zones of swarming, as shown in Fig. 5. Surprisingly, how-
ever, the �vttRA strain showed a robust increase in the swarming
diameter (3.4 cm) compared to the parental strain (1.8 cm) on
motility plates that included bile, whereas the �vttRB strain dis-
played a less dramatic increase in swarming diameter (2.4 cm)

compared to the parental strain under the same conditions (Fig. 5,
black bars). A double deletion (�vttRA �vttRB) strain also dis-
played an increased ability to swarm (3.2 cm) compared to the
parental strain. The �toxR and �vcsN2 strains exhibited a slightly
larger zone of swarming compared to the wild-type strain, but the
differences in their swarming patterns were not statistically signif-
icant.

FIG 4 VttRA and VttRB influence expression of other transcriptional regulators. Fold change representations (�SD) for �vttRA and �vttRB strains compared to
the wild-type strain for the flagellar biosynthesis regulatory genes flrA (A), flrC (B), and fliA (C) and the QS master regulatory gene, hapR (D). qRT-PCR was
performed four times on three technical replicates for flrA and hapR and three times for flrC and fliA using cDNA generated from RNA isolated independently
and for RNA-seq. *, P � 0.005 compared to the wild-type strain.

FIG 5 Swarming diameters of AM-19226 wild-type and regulator deletion
strains. The zones of swarming for individual strains were measured as diam-
eters across the zone for the wild-type and �vttRA, �vttRB, �vttRA�vttRB,
�toxR, and �vcsN2 mutant strains. Single colonies were inoculated onto plates
containing LB broth only (gray bars) or LB broth supplemented with 0.4% bile
(black bars), and zones were measured after 8 h at 37°C. n 
 3. P values
denoted by asterisks correspond to comparisons of the deletion strains to the
wild type. *, P � 0.005; and **, P � 0.01.
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VttRA and VttRB influence hapR expression. HapR positively
regulates the expression of the hapA gene, which encodes a hem-
agglutinin (HA) called HA/protease that can cleave a variety of
substrates, such as lactoferrin and mucin (40). HapR is also an
important regulator of biofilm formation in V. cholerae and is a
LuxR homolog, functioning at high cell density to represses the
expression of virulence-associated genes such as aphA and poly-
saccharide synthesis genes (vps genes), leading to reduced biofilm
formation (36). Because of its role as a transcriptional regulator
influencing multiple phenotypes, we further examined hapR tran-
script levels in both �vttRA and �vttRB strains by qRT-PCR since
the RNA-seq data suggested that hapR (A33_0561) expression is
reduced in the �vttRB strain (see Table S2 in the supplemental
material). Data obtained from two individual qRT-PCR experi-
ments showed at least 2.8-fold reduction in hapR transcript in the
absence of VttRB. We also observed an �2- to 4-fold reduction in
hapR expression (Fig. 4D) in the absence of VttRA, suggesting that
VttRA and VttRB may act indirectly through HapR in some cases
to influence gene expression. The results are consistent with those
demonstrating that effects on motility may also be mediated indi-
rectly through other transcriptional regulators (as reported
above).

VttRB and ToxR influence biofilm formation in AM-19226.
Based on the decreased expression levels of hapR in the �vttRA and
�vttRB strains, we predicted that biofilm formation would be al-
tered in the deletion strains. We performed static biofilm assays on
the �vttRA and �vttRB strains and also chose to include a �toxR
strain because of the documented role of ToxR in multiple phe-
notypes (41–43). Strains were grown in LB broth plus 0.4% bile
and allowed to form biofilms during static growth for 24 h at 30°C.
The �vttRA strain formed biofilms of similar mass to the wild-type
strain, whereas both �vttRB and �toxR strains formed more ro-
bust biofilms than the wild-type strain. The total biofilm mass for
the �vttRB strain was approximately 2-fold greater than that of the
wild type (P � 0.0016) and was approximately 6-fold greater for
the �toxR strain (P � 0.0001) (Fig. 6). These data suggest that
under the conditions tested, VttRA has little impact on biofilm
formation, whereas VttRB and ToxR appear to negatively regulate
biofilm formation in the presence of bile.

VttRA and VttRB influence the transcription of T6SS sub-
strates. T6SS in V. cholerae has been associated with cytotoxicity
toward the social amoeba Dictyostelium and antimicrobial prop-
erties toward enterohemorrhagic Escherichia coli (EHEC), enter-
opathogenic E. coli (EPEC), and Salmonella enterica serovar Ty-
phimurium (44, 45). The T6SS was first described in V. cholerae
strain V52 (44), which encodes five T6SS proteins that have ho-
mologs in strain AM-19226: two hemolysin-coregulated proteins,
Hcp-1 and Hcp-2 and three valine glycine repeat proteins, VgrG-1
to VgrG-3. Hcp-1 and Hcp-2 are nearly identical proteins that
differ in only one amino acid. On the other hand, the VgrG pro-
teins show slight sequence divergence. VgrG-1 (A33_1343; 1,163
amino acids [aa]) shares homology with the N16961 homolog
VC1416 (99% identity). VgrG-2 (A33_A0308; 698 aa) also shares
homology with its N16961 homolog, VCA0018 (94% identity).
VgrG-3 (A33_A0406) is annotated to be a 108-aa protein accord-
ing to NCBI, but its N16961 homolog (VCA0123) is 1,017 aa in
length. Sequence analysis of the intergenic region between
A33_A0404 and A33_A0406 revealed the presence of a pseudo-
gene annotated by NCBI. ClustalW2 alignments (EMBL-EBI)
(46) of the 685-aa AM-19226 pseudogene, the 108-aa A33_A0406,
and the 1,017-aa VCA0123 from strain N16961 suggest that the
start codon of the pseudogene is likely the start codon for the
AM-19226 VgrG-3, with the ORF continuing through the anno-
tated A33_0406 ORF. However, AM-19226 appears to encode a
truncated version of VgrG3, which is missing 224 C-terminal res-
idues (data not shown).

Recent reports suggest that Hcp and VgrG proteins are both
structural and effector components of T6SSs (47, 48). RPKM val-
ues for hcp-1 and hcp-2 were at least 2.5-fold lower in the �vttRA

and �vttRB strains than in the parental strain. In the case of
vgrG-1, the RPKM values in the �vttRA strain were at least 2.5-fold
lower than in the parental strain in both replicates (Table 1; see
Tables S2 and S3 in the supplemental material), although the
RPKM value obtained for the �vttRB strain was decreased com-
pared to the parental strain in replicate 2 only (Table 1 and Fig. 7A;
see Tables S2 and S3 in the supplemental material). We therefore
further examined the expression levels of hcp-2 and vgrG-1 using
qRT-PCR. qRT-PCR estimated 3.7- and 15.1-fold reductions in
hcp-2 transcript levels in the �vttRA and �vttRB strains, respec-
tively, compared to the parental strain. Similarly, vgrG-1 tran-
script levels were decreased �4-fold in the �vttRA strain and �11-
fold in the �vttRB strains (Fig. 7).

DISCUSSION

Our results indicate that VttRA and VttRB can modulate the ex-
pression of genes belonging to diverse functional classes and may
influence expression of �2% of the AM-19226 genome. A model
summarizing the results of our experiments (dotted arrows) com-
bined with previously published results from numerous laborato-
ries (solid lines with references) is presented in Fig. 8. Based on a
�2.5-fold change in expression values in the deletion strains com-
pared to the strain carrying wild-type copies of the VttRA and
VttRB transcriptional regulators, we identified a total of 78 genes
that are candidates for differential expression. Of the candidate
genes, 60 genes are carried on the large chromosome and 18 are
found on the small chromosome. As expected, genes within the
T3SS genomic island were identified as part of the VttRA/VttRB

transcriptomes, consistent with previous results using lacZ-tran-
scriptional reporter fusions that identified VttRA and VttRB as

FIG 6 VttRB and ToxR negatively impact biofilm formation. Static biofilms
were measured after incubation at 30°C for 24 h. Total biofilm biomass was
determined by measuring absorbance at 570 nm. *, P � 0.0016, and **, P �
0.0001 compared to the wild-type strain. A representative of three indepen-
dent experiments with n 
 6 for each strain is shown.
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transcriptional regulators of T3SS genes (24). Remapping of the
contig containing the T3SS genomic island allowed us to obtain
RPKM values for five genes that were not originally annotated (see
Materials and Methods) by NCBI. Not all genes within the T3SS
island were identified as differentially regulated by VttRA/VttRB.
Presumably, VttRA and VttRB may not regulate all genes within
the T3SS island; some genes may be expressed at low levels, and
others may require different growth conditions for expression.
For example, genes encoding the VopE, VopZ, and VopK effector
proteins have very low levels of expression in the parent strain
grown in bile (RPKM values of 2 for vopE and 6 for vopK and
vopZ). Other regulators of effector gene expression have been re-
ported, such as the influence of Hfq on VopF expression (Fig. 8)
(49).

Interestingly, RNA-seq results led us to further explore
whether genes located outside the T3SS genomic island are part of
the VttRA and VttRB transcriptomes. The data suggest that VttRA

and VttRB transcriptional activity is not restricted to genes within
the T3SS genomic island. Rather, the activity of these horizontally
acquired regulators likely extends to influence the expression of
core chromosomal genes. Non-T3SS genes that showed differen-
tial expression in the absence of VttRA and/or VttRB belong to
several gene classes based on functions such as motility and che-
motaxis, type 6 secretion, and metabolism, suggesting that VttRA

and VttRB have important roles in coordinating global gene reg-
ulation during the infectious process. The ability of a horizontally
acquired transcriptional regulator to influence global gene expres-
sion has been described for S. enterica (50), but is not as common

FIG 7 T6SS genes are expressed at lower levels in the absence of VttRA and/or VttRB. (A) Raw RNA-seq data obtained from .wig files indicating the number of
times each base was mapped for hcp-2 and vgrG-1 in the wild-type and �vttRA and �vttRB mutant strains. For vgrG-1, base counts obtained for the �vttRA strain
were zero throughout most of the ORF and therefore are not represented. (B) qRT-PCR verification of hcp-1/2 and vgrG-1 transcript levels in the wild-type and
�vttRA and �vttRB strains. Mean fold change values (�SD) obtained from qRT-PCR are shown adjacent to mean fold change values obtained from RNA-seq
runs. qRT-PCR was performed at least three times in triplicate using cDNA generated from two independently isolated RNA samples. *, P � 0.05 compared to
the wild-type strain.

FIG 8 Model for coordinated regulation of multiple phenotypes in AM-
19226. VttRA and VttRB modulate the expression of horizontally acquired
T3SS and T6SS genes and core chromosomal genes involved in motility (flrAC,
flaAD, fliA), stringent response (dksA), and biofilm formation (hapR), as in-
dicated by dotted lines. Evidence exists for cross talk between regulators en-
coded by the flrA, fliA, dksA, and hapR and genes involved in motility, stringent
response, and biofilm formation, based on reports in the literature and indi-
cated by solid lines and references. Other known regulators for T6SS and T3SS
genes are indicated by solid lines. The metabolic genes of the VttRA/VttRB

regulon (glgC2 shown here) might also play a role in reconfiguring regulatory
networks in response to different environmental stimuli.
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as core genome-encoded regulators, such as ToxR, controlling the
expression of both ancestral genes (ompU, ompT, etc.) and hori-
zontally acquired virulence factors (TCP and CT). Interestingly,
all of the non-T3SS island genes identified as putative targets of
VttRA- and/or VttRB-positive regulation are present in the TCP/
CT-positive, epidemic O1 serogoup strain N16961 (which does
not encode VttRA or VttRB), except for four: A33_0283,
A33_A0309, A33_0281, and A33_1879. We did not perform sta-
tistical analyses to determine the definitive VttRA and VttRB tran-
scriptomes, but rather chose specific gene classes and phenotypes
for our immediate focus.

We selected genes involved in motility for further analysis,
since it is an important virulence determinant in V. cholerae (38,
51) and has been studied within the context of T3SS regulation in
other pathogens. In S. enterica serovar Typhimurium, regulation
of HilA, an OmpR-ToxR family transcriptional regulator of the
Salmonella pathogenicity island 1 (SPI1) T3SS invasion genes, has
been linked with the products encoded by the fliAZY motility
operon. FliA regulates motility and chemotaxis, whereas FliZ pos-
itively influences hilA expression indirectly by activating another
transcriptional activator, and collective studies indicate cross talk
in regulation of expression of flagellar and SPI1 genes (52–54). In
Pseudomonas aeruginosa, absence of flagella was linked to in-
creased T3SS gene expression and cytotoxicity (55). We specifi-
cally examined the influence of VttRA and VttRB on the flagellins
and T6SS substrates (described below) in order to gain a better
understanding of regulation of motility and T6SS in AM-19226.

To provide supporting evidence that VttRA and VttRB posi-
tively influence flagellin gene expression, we selected one flagellin
gene from each of the two flagellin operons and determined ex-
pression levels using qRT-PCR. Both flaA and flaD showed re-
duced expression in the �vttRA and �vttRB strains (Fig. 2). Com-
bined with RNA-seq data for genes encoding transcriptional
regulators of motility operons, we therefore predicted that the
�vttRA and �vttRB strains would be less motile than the wild-type
strain in the standard semisolid, motility agar swarming assay.
Unexpectedly, we observed increased swarming in the absence of
VttRA. Several possible explanations could account for the hyper-
motile phenotype of the �vttRA strain, including regulatory
mechanisms at the posttranscriptional, translational, or post-
translational levels. While it seems likely that VttRA and VttRB

influence the expression of motility genes, perhaps via positive
regulation of flrA, flrC, and fliA expression, it is also likely that
regulation of other genes counters positive effects such that the
�vttRA strain is hypermotile in our assay. Although the RNA-
seq data did not identify many genes whose expression was nega-
tively influenced by VttRA or VttRB, it is possible that VttRA or
VttRB might repress the expression of inhibitors of motility. Such
interactions could involve the products of A33_0677 and/or
A33_A0125, whose products have been implicated in motility and
biofilm phenotypes in other strains (34, 36, 56). It is also likely that
flagellar synthesis and motility gene regulation in AM-19226 dif-
fer between solid (motility plate assay) and liquid (RNA isolation
for RNA-seq and qRT-PCR) culture conditions or that the func-
tion of the sodium salt-driven flagellum may be impacted by the
bile salts in the media (57). DksA may also play a role, since RNA-
seq results suggested that VttRA and VttRB positively influence
dksA expression (Table 1). In V. cholerae, DksA has been impli-
cated in modulating multiple phenotypes, including motility, in
part by influencing fliA expression (58). Note also that FliA has

been shown to repress HapR production (59). We therefore favor
the explanation that a combination of direct and indirect effects
on motility genes and, importantly, genes involved in chemotaxis
(Table 1) account for the phenotype observed on swarming plates,
which likely measure both motility and chemotaxis. Nonetheless,
our data suggest that VttRA and VttRB can influence expression of
genes involved in motility and support existing data that demon-
strate a strong association between motility and virulence factor
gene(s) expression in multiple species (14, 38, 51, 52, 60–62). Fu-
ture experiments will address the molecular mechanisms and spe-
cific regulatory interactions that coordinate motility and disease
in T3SS-positive V. cholerae strains.

Our results suggest that VttRA and VttRB not only influence the
expression of flagellar biosynthesis pathway transcriptional regu-
lators but also the quorum-sensing (QS) global regulator, HapR
(Fig. 8). In epidemic O1 and O139 serogroup V. cholerae strains,
HapR expression increases at high cell densities and leads to re-
duced biofilm formation and virulence factor production (36, 63).
We found decreased hapR transcript levels in �vttRA and �vttRB

strains, and data obtained from qRT-PCR showed that hapR tran-
script levels are diminished in �vttRA and �vttRB strains by an
average of 2.6- and 11-fold, respectively. The results suggest that
VttRA and VttRB might play a role in maintaining wild-type HapR
levels and in turn, affect T3SS gene expression and/or quorum
sensing during infection. We observed enhanced biofilm forma-
tion in the �toxR and �vttRB strains but not the �vttRA strain (and
observed a greater fold change in hapR transcript levels in the
�vttRB strain compared to the �vttRA strain), consistent with a
more prominent role for VttRB in regulating hapR expression.
However, we cannot at this time, reconcile the results that VttRA

and VttRB appear to positively regulate expression of flrA, fliA, and
dksA, whose encoded products can repress hapR expression (and
therefore result in greater biofilm formation in the wild-type
strain). Again, note that fliA was shown to regulate hapR and
could be integrated into the network regulating motility gene ex-
pression and the stress response through dksA (Fig. 8). One inter-
pretation is that the activity of multiple regulators coordinates
motility and chemotaxis as important phenotypes involved in bio-
film formation. Recently, Valeru et al. showed that ToxR can in-
fluence biofilm formation in V. cholerae epidemic strain A1552
(43). In vivo-formed biofilms have been shown to have hyperin-
fective properties (64), and environmentally formed biofilms
show increased resistance to stomach acids compared to plank-
tonic cells and increased persistence in the aquatic environment
(63). Furthermore, Hung et al. showed that V. cholerae cells within
the biofilm are more resistant to bile acids compared to the plank-
tonic form, and that bile acids stimulate biofilm formation in a
VpsR-dependent manner (65). VpsR is a two-component tran-
scriptional regulator that positively regulates expression of the vps
genes, necessary for polysaccharide production during biofilm
formation, and interestingly, vpsR expression is negatively regu-
lated by HapR (36, 66). At this time, we cannot exclude a role for
VpsR in the VttRA/VttRB network of regulation, although RNA-
seq data did not indicate differential expression of vpsR in the
deletion strains. Nonetheless, our observations suggest that in
AM-19226, VttRB and ToxR likely regulate expression of HapR in
the presence of bile and therefore are integrated with quorum-
sensing signals in the human host and perhaps in the environment
as well.

We also further examined the role of VttRA and VttRB in T6SS
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gene expression, since T6SSs have been shown to function in mul-
tiple roles, including virulence (V. cholerae), symbiosis (Helico-
bacter hepaticus), and interbacterial competition (P. aeruginosa)
(67). qRT-PCR confirmed the RNA-seq results, indicating that
the transcript levels of hcp-2 and vgrG-1 were reduced in the ab-
sence of VttRA and VttRB. The hcp-1 and hcp-2 genes differ by only
eight nucleotides, and qRT-PCR therefore measured the total
transcripts from both hcp loci, since amplification primed from
highly conserved regions of the hcp genes. RNA-seq is more likely
to measure transcripts specific to either hcp-1 or hcp-2, depending
on where sequencing reads were mapped (Table 1 and Fig. 7). On
the other hand, the vgrG-1 primers for RT-PCR were unique and
measured transcript levels only from the vgrG-1 locus. The fold
change values from both RNA-seq and qRT-PCR were compara-
ble (3.3- and 3.9-fold mean reductions, respectively) in the �vttRA

strain. The �vttRB strain, however, showed a more drastic de-
crease in vgrG-1 levels by qRT-PCR in comparison to RNA-seq
(10.9-fold versus 2.5-fold). One possible explanation is that fewer
unique reads were aligned to the vgrG-1 locus in the parental
strain during the mapping stage of RNA-seq, since reads that are
not unique (i.e., can align equally well to more than one genomic
locus) are discarded. This seems plausible since the vgrG genes in
AM-19226 exhibit considerable nucleotide sequence similarity
(data not shown). qRT-PCRs were also conducted on multiple,
independently isolated RNA samples, which could account for
variations in transcript levels observed among experiments and
samples.

Complex regulatory networks have been proposed to mediate
coregulation of T6SS genes with other virulence determinants in
several organisms. For example, in P. aeruginosa QS represses dif-
ferent T6SS gene clusters at the transcriptional level, the Gac/Rsm
pathway exerts its influence at the posttranscriptional level,
whereas threonine phosphorylation regulates the T6SS posttrans-
lationally (68, 69). In A. hydrophila, there is evidence to suggest
cross talk between polar and lateral flagellar systems, a T3SS, and a
T6SS that is mediated by the T3SS regulator AxsA, the QS regula-
tor AhyR, and 	54 (encoded by rpoN) (70). A recent report by
Dong and Mekalanos reveals that in V. cholerae strain V52, RpoN
differentially regulates expression of motility and T6SS genes (Fig.
8) (71). In S. enterica serovar Typhimurium, T6SS-associated
genes have been implicated in the coordination of T6SS gene ex-
pression with the virulence cascade during host infection (72). It is
clear that in various organisms, different regulatory networks have
been integrated to control T6SS gene expression at multiple levels.

Similar complexity has been documented in V. cholerae. In O1
El Tor V. cholerae strains A1552 and C6706, HapR can directly
bind the hcp-1 and hcp-2 promoters, and along with RpoN and
VasH (an activator of RpoN) can activate T6SS gene expression
(69, 73, 74). Our RNA-seq data suggest that hapR expression is not
affected by VttRA but is reduced in the �VttRB strain, as described
earlier. We were unable to definitively determine whether expres-
sion of tsrA (whose protein product A33_0095 is known to repress
T6SS gene expression in V. cholerae strain C6706 [73]) is con-
trolled by VttRA and VttRB because of modest reductions in tran-
script levels as assayed by RNA-seq and technical difficulties with
tsrA specific qRT-PCR. Our observations do suggest, however,
that VttRA and VttRB might influence T6SS gene expression indi-
rectly through HapR, indicating cross talk between the T3SS and
the T6SS genes in the presence of bile.

Recent genetic analysis of the T6SS pathogenicity island genes

of V. cholerae strain V52 suggests that structural proteins (e.g.,
VipA, VipB, VasH, VasK, and ClpV) and secreted proteins Hcp-1,
Hcp-2, VgrG-1, and VgrG-2 are required for Hcp secretion (75,
76). Our experiments were conducted in the presence of bile, and
only the genes encoding substrate Hcp proteins and VgrG-1 con-
sistently showed decreased expression in the absence of VttRA and
VttRB (data not shown) (Table 1). However, we cannot rule out a
role for VttRA and VttRB in modulating T6SS gene expression
under parameters that reflect the environment outside the human
host; the T6SS is not expressed in El Tor epidemic cholera strains
under laboratory conditions (73). In AM-19226, if the reduced
expression of Hcps and VgrGs is bile dependent, it is possible that
VttRA and VttRB coordinate the expression of T3SS and T6SS
proteins in response to cues in the small intestine. Evidence sup-
porting this hypothesis has been reported for the O37 serogroup
V. cholerae strain V52, where the actin cross-linking domain of
VgrG-1 was shown to be important for T6SS-dependent fluid ac-
cumulation and subsequent intestinal inflammation in the infant
mouse model (77). It is interesting to note that in vivo transcrip-
tome studies indicate that T6SS gene expression is induced in the
infant mouse model but not in a rabbit model of infection, further
underscoring that we do not fully understand the signals required
for T6SS gene expression (78). We speculate that as for other
strains, T6SS assembly and function are coordinated by multi-
ple regulators in AM-19226, including HapR, RpoN, VttRA,
and VttRB. Whether T6SS gene expression is induced in re-
sponse to environmental conditions and cell density signals in
the human intestine in order to optimize virulence remains to
be determined.

For most organisms, a simple model of coordinated virulence
gene expression has been expanded to encompass complex net-
works and hierarchies that modulate gene expression in response
to environmental stimuli and compensatory adaptive responses,
with temporal and spatial sensitivity. Our results, which address
the question of whether horizontally acquired transcriptional reg-
ulators are restricted to control only virulence gene expression,
offer the ability to explore a relatively understudied aspect of co-
ordinated regulation. The data indicate that VttRA and VttRB can
indeed exert transcriptional control outside the T3SS island to
influence the expression of core chromosomal genes, and we pre-
dict that both direct and indirect regulation serve to modulate
gene expression. It is possible that VttRA and VttRB compete to
bind to the promoter regions of their target genes, and evidence
from our laboratory suggests that precise concentrations of VttRA

and VttRB are critical for gene activation or repression in vitro,
which might in turn be influenced by various environmental con-
ditions, such as the bile gradient in the intestine or different niches
during infection (25). In addition, hierarchical activation of vttRB

expression by VttRA and subsequent activation of different sets of
downstream target genes by both VttRA and VttRB might be re-
quired for a successful infection and/or survival in the aquatic
habitat (24, 25). Our system, therefore, reflects a unique opportu-
nity to dissect the molecular mechanism(s) of both direct and
indirect gene regulation by two transcriptional regulators as it
relates to coordinating multiple phenotypes related to pathogen-
esis and provides a platform to further study the properties of an
expanding family of transcriptional regulatory proteins with
novel transmembrane features.
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