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Abstract

Two-component signal transduction systems (TCS) are used by bacteria to sense and re-
spond to their environment. TCS are typically composed of a sensor histidine kinase (HK)
and a response regulator (RR). The Vibrio cholerae genome encodes 52 RR, but the role of
these RRs in V. cholerae pathogenesis is largely unknown. To identify RRs that control V.
cholerae colonization, in-frame deletions of each RR were generated and the resulting mu-
tants analyzed using an infant mouse intestine colonization assay. We found that 12 of the
52 RR were involved in intestinal colonization. Mutants lacking one previously uncharacter-
ized RR, VCA0566 (renamed VxrB), displayed a significant colonization defect. Further ex-
periments showed that VxrB phosphorylation state on the predicted conserved aspartate
contributes to intestine colonization. The VxrB regulon was determined using whole ge-
nome expression analysis. It consists of several genes, including those genes that create
the type VI secretion system (T6SS). We determined that VxrB is required for T6SS expres-
sion using several in vitro assays and bacterial killing assays, and furthermore that the
T6SS is required for intestinal colonization. vxrB is encoded in a four gene operon and the
other vxr operon members also modulate intestinal colonization. Lastly, though AvxrB ex-
hibited a defect in single-strain intestinal colonization, the AvxrB strain did not show any in
vitro growth defect. Overall, our work revealed that a small set of RRs is required for intesti-
nal colonization and one of these regulators, VxrB affects colonization at least in part
through its regulation of T6SS genes.

Author Summary

Pathogenic bacteria experience varying conditions during infection of human hosts and
often use two-component signal transduction systems (TCSs) to monitor their environ-
ment. TCS consists of a histidine kinase (HK), which senses environmental signals, and a
corresponding response regulator (RR), which mediates a cellular response. The genome
of the human pathogen V. cholerae contains a multitude of genes encoding HKs and RRs
proteins. In the present study, we systematically analyzed the role of each V. cholerae RR
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for its role in pathogenesis. We identified a previously uncharacterized RR, VxrB, as a new
virulence factor. We demonstrated that VxrB controls expression of the type VI secretion
system (T6SS), a virulence nanomachine that directly translocates effectors into bacterial
or host cells, thereby facilitating colonization by competing with sister cells and intestinal
microbiota. This study represents the first systematic analysis of the role of all RRs in V.
cholerae pathogenesis and provides a foundation for understanding the signal transduc-
tion pathways controlling V. cholerae pathogenesis.

Introduction

Vibrio cholerae causes the diarrheal disease cholera that affects 3 to 5 million people worldwide
every year, resulting in 100,000-120,000 deaths annually [1]. V. cholerae produces a number of
virulence factors which facilitate colonization of the intestine and subsequent disease. Major
virulence factors are cholera toxin (CT), which is responsible for production of profuse watery
diarrhea, and a type IV pilus called the toxin-coregulated pilus (TCP), which is required for in-
testinal colonization [2]. V. cholerae virulence factors are well known to be under extensive
transcriptional control. CT and TCP production are controlled by the transcriptional activator
ToxT [3, 4]. Expression of toxT, in turn, is controlled by a virulence regulatory cascade involv-
ing the membrane-bound transcriptional activators ToxRS and TcpPH. These two regulators
activate foxT transcription directly [5-7]. TcpPH expression is activated by the transcriptional
activators AphA and AphB [8, 9]. The quorum sensing (QS) regulatory system is also linked to
the virulence gene regulatory cascade through HapR, the master QS regulator, which represses
aphA expression [10].

Recently, the type VI secretion system (T6SS) has been identified as a new virulence factor
in V. cholerae [11, 12]. T6SSs deliver effector proteins into both eukaryotic and bacterial cells
in a contact-dependent manner [12, 13]. V. cholerae has one T6SS system with multiple T6SS
effectors: VrgGl and VrgG3 (valine-glycine repeat protein G), which have actin cross-linking
activity and peptidoglycan-degrading activity, respectively [14-17]; TseL, which has lipase ac-
tivity [15, 18]; and VasX, which perturbs the cytoplasmic membrane of target cells [15, 19]. Ac-
tivity of these effectors is antagonized by corresponding immunity proteins: TsiV3, TsiV1, and
TsiV2, respectively, to prevent killing by strains bearing these proteins [15, 16, 20, 21].

The T6SS can be divided into functional sections consisting of the core structural compo-
nents, the T6SS effector and immunity proteins, and transcriptional regulators. The base of the
T6SS apparatus spans the cell envelope, and is a tube within a tube. The inner tube is composed
of polymers of the hemolysin coregulated protein (Hcp). The outer tube, also called the con-
tractile sheath, is formed by polymers of VipA and VipB [14, 22]. The Hcp inner tube is capped
with a spike complex of trimeric VgrG proteins. The effectors are delivered by contraction of
the VipA/VipB sheath, which in turn results in ejection of the inner tube along with VgrG and
the effectors towards the target cell [12].

The genes encoding the T6SS components are organized into one large cluster
(VCA0105-VCAO0124) and two auxiliary clusters (VCA0017-VCA0022 and VC1415-VC1421)
[11,23]. A key positive transcriptional regulator of the V. cholerae T6SS is VasH (VCA0117),
which is related to enhancer binding proteins that activate transcription in a 654 (RpoN) de-
pendent manner [24, 25]. VasH acts on the T6SS auxiliary clusters and vgrG3 of the large clus-
ter, but does not affect expression of the structural genes encoded in the large T6SS gene cluster
[24, 26]. Additionally, Hcp production is positively regulated by the master quorum sensing
regulator HapR and the global regulator cyclic AMP (cAMP) receptor protein CRP, and
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negatively regulated by QS regulator LuxO and by global regulator TsrA, a protein homologous
to heat-stable nucleoid-structuring (H-NS) [27, 28]. These studies have thus shown that nu-
merous global regulators control T6SS expression, as well as one specific regulator (VasH).

V. cholerae T6SS studies have mainly focused on the V. cholerae O37 serogroup V52 strain
because it assembles a T6SS apparatus constitutively [11]. In this strain, the T6SS is required
for cytotoxicity towards Dictyostelium discoideum and J774 macrophages, and induces inflam-
matory diarrhea in the mouse model [29]. In V. cholerae O1 strain C6706, the T6SS is not con-
stitutively produced and conditions that promote T6SS production are unknown. However,
production of T6SS can be achieved in other O1 strains by inactivating mutations in genes en-
coding the LuxO and TsrA negative regulators. In O1 strains, the T6SS translocates T6SS effec-
tors into macrophages, and increases fecal diarrhea and intestinal inflammation in infant
rabbits [27]. It was also shown that the V. cholerae O1 C6706 strain T6SS mediates antagonistic
interbacterial interactions during intestinal colonization. A strain unable to produce the TsiV3
immunity protein, which provides immunity against the effector VgrG3, exhibited an intestinal
colonization defect only when co-infected with strains harboring an intact T6SS locus and
VrgG3 [30]. Although T6SS is regulated and expressed differently between V. cholerae strains,
production of this system in multiple strains promotes virulence against both eukaryotic and
bacterial cells, suggesting the function is largely conserved but the regulation varies.

Pathogenic bacteria experience varying conditions during infection of human hosts and
often use two-component signal transduction systems (T'CSs) to monitor their environments
[31]. TCSs play important roles in the regulation of virulence factors, metabolic adaptation to
host environments, and response to numerous environmental stresses including pH, osmolar-
ity, oxygen availability, bile salts, and antimicrobial peptides [32]. TCS rely on a phosphore-
lay-based signal transduction system. The prototypical TCS consists of a membrane-bound
histidine kinase (HK), which senses environmental signals, and a corresponding response reg-
ulator (RR), which mediates a cellular response. Response regulators are typically multi-do-
main proteins harboring a conserved receiver domain (REC) and C-terminal output domain
such as DNA-binding, diguanylate cyclase, or methyltransferase [33-35]. Upon environmen-
tal stimulation, the HK catalyzes an ATP-dependent autophosphorylation reaction on a con-
served histidine residue. The phosphoryl group is transferred from the HK to a conserved
aspartate residue on the RR, eliciting a conformation change and subsequent cellular response
[32, 34, 35].

The V. cholerae genome reference genome of O1 EL Tor N16961 strain is predicted to en-
code 43 HK and 49 RR (http://www.ncbi.nlm.nih.gov/Complete_Genomes/RRcensus.html and
http://www.p2cs.org). We also included 3 additional RRs (VpsT, VpsR, QstR) which were not
annotated in these databases. Thirteen of these 52 putative RRs have been previously character-
ized and eight have a role in virulence factor production and host colonization: VarA, LuxO,
VieA, PhoB, ArcA, FlrC, CarR, and CheY-3 [36-44]. VarA and LuxO repress production of
quorum sensing regulator HapR, which represses expression of aphA and, in turn, TCP and
CT production [36, 37], VieA regulates ctxAB expression indirectly by affecting production of
ToxT through cyclic diguanylate (c-di-GMP) signaling [38, 39]. The RR for phosphate limita-
tion, PhoB, directly controls expression of a key transcriptional regulator, TcpPH, which acti-
vates toxT transcription [40]. The RR ArcA controls adaptation to low oxygen environment of
the intestine and positively controls the expression of toxT [41]. CarR regulates glycine and
diglycine modification of lipid A, confers polymyxin B resistance, and is required for intestinal
colonization, although this phenotype is strain dependent [42]. FlrC controls flagellar biosyn-
thesis and CheY-3 is needed for control of chemotactic motility [43, 44]. Both motility and che-
motaxis are known colonization factors for V. cholerae [43]. Together, these results show that
RRs shown play a role in intestinal colonization have three basic targets: known virulence
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regulators and concomitant CT and TCP production; lipid A modification enzymes; or motility
and chemotaxis. 39/52, however, were not yet analyzed at the time of this study.

To systematically evaluate the role of V. cholerae TCSs in intestinal colonization, we generat-
ed in-frame deletion mutants of each RR gene and analyzed the in vivo colonization phenotypes
of the resulting mutants. We found 12 RR were required for wild-type intestinal colonization.
One RR in particular had a very strong defect, encoded by genomic locus VCA0566. We deter-
mined that VCA0566 (now termed Vibrio type six secretion regulator, vxrB) controls expression
of several genes including the T6SS genes. We used multiple methods to substantiate that VxrB
is required for expression of the T6SS in vitro and in vivo. Lastly, we report that the T6SS con-
tributes to colonization of the V. cholerae O1 strain used in this study.

Results
Multiple RRs impact intestinal colonization

We have a limited understanding of the V. cholerae TCSs and their role in colonization and ad-
aptation to host environments. To evaluate the importance of the 52 TCS RRs in colonization,
we generated in-frame deletion mutants of the 40 RRs. For this analysis, we excluded 12 RR
that were either predicted to be involved in chemotaxis (11 CheY, CheV, and CheB proteins)
or that we were unable to mutate (VC2368, ArcA) [43, 45]. We then analyzed the ability of 40
RR deletion mutants to colonize the small intestine in an in vivo competition assay where in
vivo fitness of a mutant strain is compared to that of wild type strain using the infant mouse in-
fection model (Fig 1A) [46]. While the vast majority of mutants—28—were not different from
wild type, we identified 12 RR mutants that had a statistically significant colonization differ-
ence as compared to wild type (Fig 1A). We focused on 8 mutants with a statistically significant
colonization difference and exhibited at least 1.2-fold difference in CI (Fig 1B). Consistent with
previous studies, we identified that AVC0719 (phoB), AVC1021 (luxQO), AVC1213 (varA), and
AVC2135 (firC) were defective in colonization [36, 37, 40, 44]. The competitive indices (CI) for
AphoB, AluxO, AvarA, and AflrC were 0.01, 0.02, 0.16, and 0.43, respectively (Fig 1B).

Additionally, we identified a set of genes whose absence slightly but statistically signifi-
cantly enhanced colonization (at least 1.2 fold higher CI), suggesting that inhibition of their
expression and activity may be needed for wild-type colonization. These mutants were
AVC1050, AVC1086, and AVC1087, which exhibited subtle and enhanced colonization phe-
notypes with CIs of 1.43, 1.24, and 1.48, respectively (Fig 1B). VC1050 is classified as an Hnr-
type RR, [47] but its function is yet to be determined. VC1086 and VC1087 are part of a pre-
dicted eight gene operon encompassing VC1080-VC1087. Both VC1086 and VC1087 have
domains that suggest they function in cyclic guanylate (c-di-GMP) regulation. Specifically,
VC1086 contains an EAL domain with conserved residues required for enzymatic function,
while VC1087 harbors an HD-GYP domain, but this domain lacks the conserved residues re-
quired for enzymatic activity.

We also identified one RR that was defective for colonization that had not been previously
characterized. This mutant, AVCA0566, had a colonization defect with a CI of 0.14 (Fig 1A
and 1B). Because this uncharacterized RR was important for colonization, we focused the rest
of our studies on this protein.

AVCAO0566/VxrB impacts colonization

VCAO0566 is the second gene of a predicted five gene operon and had been previously annotat-
ed as a RR of the OmpR family. The encoded protein, which we named VxrB for reasons de-

scribed below, is 245 amino acids in length with an N-terminal REC domain and a C-terminal
winged helix-turn-helix DNA-binding domain (Fig 2B). Previously characterized members of
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Fig 1. Identification of RRs impacting colonization in the infant mouse infection model. (A) Ability of 40 ARR mutants in V. cholerae strain A1552 to
colonize the infant mouse intestine was analyzed using a competition assay with the isogenic wild-type strain. (B) Same data presented in Fig 1A, expanded
to highlight the mutants showing a statistically significant difference in colonization p<0.05 and a minimum 1.2-fold change in colonization ability. Competitive
index (Cl) is defined as the output ratio of mutant to wild-type bacteria divided by the input ratio of mutant to wild-type bacteria. Each symbol represents the CI

in an individual mouse; horizontal bars indicate the median. Statistical analysis was carried out using Wilcoxon Signed Rank Test, comparing the Cl of each
strain to the Cl of wtlacZ* / wt lacZ” (shown as wt) (¥, p<0.05; **, p<0.01).

doi:10.1371/journal.ppat.1004933.9001

the OmpR family in V. cholerae include PhoB, CarR, and ArcA [40-42]. Amino acid sequence
alignment of the V. cholerae RRs in the OmpR family and the previously characterized E. coli
OmpR [48] was used to identify the aspartate residue that is predicted to be phosphorylated in
the REC domain (Fig 2A). Since the phosphorylation state of a RR is likely to determine its ac-
tivity, we mutated the aspartate residue in the REC domain of VxrB to mimic constitutively
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Fig 2. The role of the phosphorylation state of VxrB in colonization. (A) Amino acid sequence alignment of the REC domains of the RR proteins
belonging to the OmpR family using ClustalW. Numbers above the sequence correspond to the amino acid number of each protein. VC numbers indicate the
RR encoded in V. cholerae genome. OmpR from E. coli was used as a reference to align the aspartate residue that has been shown to be important for
phosphorylation (D55A) [48]. Highlighted region in gray indicate the aspartate residue that is predicted to be the site of phosphorylation. B) In vivo competition
assay of a strain harboring the mutated version of vxrB on the chromosome. The vxrB gene was mutated to convert the aspartate residue predicted to be
important for phosphorylation to emulate the inactive (D78A) or active (D78E) state of VxrB. *, p<0.05 by the Wilcoxon Signed Rank Test as compared to the
Cl of wt.

doi:10.1371/journal.ppat.1004933.9002
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active (D78E) and inactive (D78A) versions, as used in other work [48], and replaced the wild-
type gene in the chromosome with these altered genes. These mutants were competed against
wild type in the infant mouse colonization assay to determine if the phosphorylation state of
VxrB is important for colonization. In accordance with our initial colonization screen, AvxrB
displayed a CI of 0.15 (Fig 2B). Somewhat surprisingly, the CI for vxrB::D78A (inactive form)
was 0.53, indicating a modest defect in colonization. This result indicates that the “inactive”
form of VxrB does not phenocopy the AvxrB mutant, suggesting that VxrB harboring D78A
substitution is not fully inactive. The CI for vxrB:D78E (active form) is 1.07, suggesting that
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constitutive activation of VxrB does not significantly impair V. cholerae (Fig 2B). Collectively,
these findings suggest that in vivo phosphorylation of VxrB at D78 is likely to be important for
its colonization function, but apparently not absolutely required. It is also likely that VxrB may
not function by conventional phosphorylation-dependent signal transduction [49].

All members of the vxr operon contribute to in vivo colonization

The first gene of the vxr loci, VCA0565, is annotated as an HK. The other three genes
(VCA0567-69) are predicted to encode proteins of unknown function (Fig 3A). We now
termed these genes Vibrio type six secretion regulator (vxr) ABCDE and determined that these
genes are co-transcribed using RT-PCR and RNAseq analysis (Fig 3A and S1 Fig). Both the ge-
nomic context and organization is conserved in the Vibrio species (S2-54 Figs) and vxr gene
products do not share significant sequence similarity with previously characterized proteins.

To gain a better understanding of the role of the vxr operon in colonization, we investigated
whether the cognate HK and other genes in the vxr operon also contributed to mouse coloniza-
tion. In-frame unmarked deletion mutants of vxrA, vxrB, vxrC, vxrD, and vxrE (Fig 3B) were
generated and analyzed in an in vivo competition assay. Each mutant was outcompeted, with
CIs 0f 0.35, 0.16, 0.44, 0.66, and 0.70, respectively (Fig 3B). These findings suggest that while
vxrA and vxrB genes are critical for colonization in the infant mouse model, contribution of
vxrCDE genes appears to be minor.

To further confirm the phenotype of AvxrB colonization defect, a wild type copy of vxrB
whose expression was driven from its native promoter was inserted into the Tn7 site (located
between VC0487 and VC0488) on the chromosome of AvxrB. In vivo competition assay of
AvxrB-Tn7vxrB had a CI of 0.93, similar to wild type levels, where AvxrB had a CI of 0.16 (Fig
3B). Thus, the AvxrB colonization defect is restored to wild-type levels by introduction of the
wild-type copy of vxrB.

VxrB regulates T6SS gene expression

To gain a better understanding of the contribution of VxrB to V. cholerae pathogenesis, we per-
formed high throughput transcriptome sequencing (RNA-seq) analysis to identify the V. cho-
lerae genes controlled by VxrB. We used cells grown under virulence inducing AKI conditions,
to mimic the intestinal conditions encountered when we know VxrB is important. 149 genes
showed statistically significant differences in gene expression between the wild type and mu-
tant (S2 and S3 Tables). Of these, 80 genes were expressed to greater levels in the AvxrB mutant
relative to the wild type (52 Table), while 69 were expressed to lower levels in the AvxrB mutant
relative to wild type (S3 Table). Of particular interest was the observation that message abun-
dance of most of the T6SS genes in both the large cluster (VCA0105-VCA0124) and the two
auxiliary clusters (VCA0017-VCA0022 and VC1415-VC1421) were less in the VxrB mutant
relative to wild type (Table 1) (S5 Fig). This finding suggests that VxrB activates expression of
the T6SS genes.

VxrB regulates production of T6SS

To further analyze the role of vxrB in T6SS expression and function, we compared the levels of
the major T6SS structural component, Hep, between wild type and AvxrB mutant V. cholerae.
Quantitative real-time PCR analysis of hcp revealed that the transcript abundance of hcp was
decreased by 3.7-fold under AKI conditions and 4.1- fold under LB conditions in the AvxrB
mutant relative to wild type (Fig 4A). This finding supports that VxrB regulates expression of
hcp and is consistent with the RNA-seq analysis. Additionally the levels of the Hcp protein in
AvxrB were lower than wild type, in both whole cell samples and culture supernatants (Fig 4B).
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Fig 3. Role of the vxrABCDE operon in colonization. (A) The top panels shows a schematic
representation of the genomic organization of the vxrABCDE locus The bottom panel shows the results of
RT-PCR analysis designed to determine if vxrABCDE genes are cotranscribed. RT-PCR primers designed to
amplify intergenic regions are indicated. Products were detected for VCA0565-66 (product 1), VCA0566-67
(product 2), VCA0667-68 (product 3), and VCA0568-69 (product 4) V. cholerae genomic DNA template was
used for PCR to evaluate primers and amplified product sizes. RT-PCR reaction without reverse
transcriptase (-RT) was used as a negative control. (B) Ability of A1552 AvxrA, AvxrB, AvxrC, AvxrD, AvxrE,
and AvxrB-Tn7vxrB complementation strains to colonize the infant mouse intestine was analyzed using a
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indicate the median. *, p<0.05; **, p<0.01 by the Wilcoxon Signed Rank Test as compared to the Cl of wt.

doi:10.1371/journal.ppat.1004933.9003

We also determined that complementation of the vxrB mutation (AvxrB-Tn7vxrB) restored
Hcp to wild-type levels. Because we found lower amounts of Hep in the supernatant as well as
in whole cells, this finding suggests that VxrB is needed to express and secrete Hcp. As negative
controls, we included a AhcpIAhcp2 mutant because it is unable to produce the Hep proteins
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Table 1. Expression of Type VI secretion genes in the AvxrB mutant relative to wild type.

ORF ID Gene AKI

Fold change P-value
VCA0105 -4.44 0.00000
VCA0106 -2.97 0.00000
VCAO0107 VIDA -2.11 0.00113
VCA0108 vipB -2.05 0.00000
VCA0109 -2.39 0.00007
VCAO0110 vasA -1.59 0.00002
VCAO111 vasB -1.99 0.00001
VCAO0112 fha -2.72 0.00000
VCAO0113 vasD -2.29 0.00000
VCAO0114 vasE -1.89 0.00000
VCA0115 vasF -1.85 0.00001
VCAO0116 clpB-2 -2.05 0.00000
VCA0117 vasH -1.87 0.00000
VCAO0018 vasl/ -1.46 0.00612
VCA0119 vasd -1.77 0.00000
VCA0120 vasK -1.95 0.00000
VCAO0121 vasL -1.96 0.00000
VCA0122 vasM -2.17 0.02985
VCA0123 vgrG-3 -1.50 0.00000
VCAO0124 tsiV3 -1.72 0.00144
VCA0017 hcp2 -2.82 0.00000
VCA0018 vgrG-2 -1.22 0.41237
VCA0019 vasW 1.15 0.67767
VCA0020 vasX -1.33 0.11525
VCAO0021 tsiV2 -1.38 0.11525
VC1415 hep1 -3.02 0.00000
VC1416 vgrG-1 -1.12 0.50510
VC1417 -1.44 0.04444
VC1418 tsel -1.29 0.06289

doi:10.1371/journal.ppat.1004933.t001

[11, 50]. As expected, no Hcp production was observed in this mutant. Furthermore, comple-
mentation of hcpl in the AhcplAhcp2 mutant partially restored Hep levels (Fig 4B). Overall
these findings suggest that Hcp production is decreased in AvxrB mutant.

Next we analyzed whether VxrB was needed for T6SS function, by examining T6SS-mediat-
ed interbacterial killing. Killing assays between the V. cholerae and the target E. coli K-12 strain
MC4100 showed that wild-type V. cholerae decreased the numbers of E. coli compared to con-
trol experiments. This killing was dependent on the T6SS, as shown by greater numbers of
E. coli obtained when incubated with V. cholerae Ahcp1Ahcp2 mutant and AvasH mutants,
consistent with the findings reported by Ishikawa et al. (Fig 4C) [50]. This phenotype was
complemented by introduction of either hcpl or hcp2 into the Tn7 site on the chromosome.
Consistent with our transcriptional and protein analysis presented above, we found that AvxrB
mutants mediated less E. coli killing. These findings suggest that T6SS regulation by VxrB con-
tributes to interbacterial killing.

Since VxrB regulates T6SS expression and is required to for intestinal colonization, we next
asked whether the T6SS itself is required for intestinal colonization. We performed in vivo
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Fig 4. Analysis of Hcp production and secretion in the vxrB mutant. (A) Quantitative real-time PCR
analysis of hcp using total RNA isolated from wild-type and AvxrB grown in AKl and LB. Experiments were
performed using two independent biological replicates, each performed in quadruplicate. The Pfaffl method
was used to compare expression levels of hcp to 16s rRNA and relative expression was calculated by
comparing expression in AvxrB with that of wt. *, p<0.05 by Student’s t-test. (B) Hcp production and secretion
was analyzed in whole cells and culture supernatants in wild type, AvxrB, AvxrB::Tn7vxrB, Ahcp1Ahcp2, and
Ahcp1Ahcp2::Tn7hep1 strains by immunoblot analysis. Equal amounts of total protein (determined by BCA
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assay) were loaded onto a SDS 13% polyacrylamide gel. Prior to TCA precipitation and total protein
quantification, 100ug/ml of BSA was added to the supernatant. After the blot was probed for Hep, the blot was
stripped of all antibodies using Western Blot Stripping Buffer (GM Biosciences, MD) and the same blot was
used to probe for CRP and BSA in the whole cell and supernatant, respectively. The data shown is
representative of the results of three independent experiments. (C) Interbacterial killing was analyzed by
mixing V. cholerae strains and prey E. coli strain MC4100 in a 10:1 ratio, followed by incubation on LB agar
plates for 4 hours at 30°C and determination of surviving E. coli MC4100. The data represent averages and
standard deviations of three independent experiments. *, p<0.05 by the Student’s t-test as compared to the
values for interbacterial killing of the wild-type strain.

doi:10.1371/journal.ppat.1004933.9004

competition assays of a T6SS null mutant (AhcpIAhcp2) against wild type in the infant mouse
model. We found that the in-vivo CI for AhcplAhcp2 was 0.17 (Fig 5A). In addition, AvgrG3
also had an in-vivo CI of 0.26 suggesting that T6SS components are important for intestinal
colonization (Fig 5A). This suggests that structural components of the T6SS are needed to colo-
nize the intestine. Furthermore, this finding also suggests that the colonization defect associat-
ed with the AvxrB mutant could be caused by diminished T6SS production. To evaluate this
possibility, we tested the in vivo competition of AhcplAhcp2 against AvxrB and found that
these strains competed nearly equally with each other (Fig 5C). Furthermore, in-vivo CI of
AvxrBAhcp1Ahcp2 triple mutant against AvxrB was 0.07 and AvxrBAhcpl1Ahcp2 against wt was
0.10. This finding suggests that the colonization defect by AvxrB was not solely due to altered
expression of T6SS genes and other factors regulated by VxrB also contribute to colonization.
It is also likely that T6SS expression is not completely abolished by the vxrB mutation. Indeed,
western analysis (Fig 4B) shows that in vxrB mutant Hcp production is reduced but not
completely eliminated. Similarly in vitro killing assay shows that vxrB mutant’s interbacterial
killing ability is not identical to that of the strain lacking T6SS.

We next asked whether VxrB plays a role in growth in vitro, by performing an in vitro com-
petition assay. AvxrB mutants grew equally well as wild type, suggesting that neither had a
competitive advantage over the other in vitro (Fig 5B). This outcome suggests that there may
be an in vivo signal produced in the infant mouse that triggers T6SS activity and colonization.
We also performed single-strain colonization assays in the infant mouse model with AvxrB.
There was a 12.7-fold decrease in colonization for AvxrB compared to wild type (Fig 5D). This
finding suggests that the colonization defect by AvxrB was not solely dependent on wild type,
and possibly could be caused by competition with the normal flora or ability of the mutant to
adapt to the infection microenvironment.

Discussion

Systematic mutational phenotypic characterization of TCSs has been performed in only a few
bacteria, including Vibrio fischeri, E. coli, Bacillus subtilis, Streptococcus pneumoniae, and En-
terococcus faecalis [51-55]. In this study, we systematically analyzed the role of all V. cholerae
TCS in colonization of the infant mouse small intestine and identified the RRs that play roles
in mouse intestinal colonization. Specifically, AVC0719 (phoB), AVC1021 (luxO), AVC1213
(varA), and AVC2135 (flrC), and AVCAO0566 (vxrB) exhibited intestinal colonization defects
while AVC1050, AVC1086, and AVC1087 showed enhanced colonization. Many of the RRs
had either no statistically significant defect or minor defects in the infant mouse colonization
assay. It remains possible, however, that these RRs have a role in colonization in other infection
models.

In vivo transcriptome analysis has been performed on different strains of V. cholerae in the
infant mouse and rabbit ileal loop infection models. The analysis of the whole genome expres-
sion of V. cholerae O1 El Tor C6706 cells accumulating in the ceca of orally infected infant
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Fig 5. Analysis of the role of T6SS in colonization. (A) Ability of AvxrB, AvxrB-Tn7vxrB, Ahcp1Ahcp2, AvgrG3, to colonize the infant mouse intestine was
analyzed using a competition assay with isogenic wild-type strain. *, p<0.05; **, p<0.01 by the Wilcoxon Signed Rank Test as compared to wt (Cl of 0.90).
(B) In vitro competition assay of AvxrB, Ahcp1Ahcp2, and AvasH. Strains were grown in LB at 30°C for 20 hours. Statistical analysis was carried out using
Wilcoxon Signed Rank Test, comparing the Cl of each strain to the Cl of wtlacZ* / wtlacZ™ (shown as wt) (Cl of 0.98). (C) Ability of Ahcp1Ahcp2 to colonize
the infant mouse intestine was analyzed using a competition assay with AvxrB. (D) Ability of wild type and AvxrB to colonize the infant mouse intestine in
single-strain infections. Each symbol represents the Cl in an individual mouse; horizontal bars indicate the median. ***, p<0.001 by the Student’s t-test as
compared to the values for colonization of the wild-type strain. n.s. indicates mutants were not significantly different from the wt.

doi:10.1371/journal.ppat.1004933.9g005
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rabbits and the intestines of orally infected infant mice revealed that expression of the genes en-
coding RRs is altered during in vivo growth conditions as compared to in vitro growth in nutri-
ent broth and that in vivo expression of TCS also differed between the model systems [56]. In
the infant rabbit infection model, expression of seven RR (VC1081, VC1082, VC1155, vieA,
VC2702 (cbrR), VCA0210, and VCA1105) was increased and 1 RR (carR) was decreased by
more than 2-fold significantly in comparison to V. cholerae cells grown in vitro in nutrient
broth. In the infant mouse infection model, expression of 17 RR (vpsR, VC1050, VC1081,
VC1082, VC1086, VC1087, VC1155, VC1522, flrC, cbrR, ompR, dct-D2, vxrB, uhpA, vpsT,
VCA1086, and VCA1105) and 9 RR (gstR, phoB, VC1348, VC1638, vieB, cpxR, ntrC, VCA0532,
pgtA) were either decreased and increased significantly by more than 2-fold, respectively, in
comparison to V. cholerae cells grown in vitro in nutrient broth [56]. vxrA and vxrB transcript
levels were decreased 2 and 3-fold, respectively, in the experiments reported by Mandlik and
colleagues, but did not reach statistical significance [56]. This work all used the V. cholerae O1
El Tor strain C6706, and so it is yet unknown whether vxrB expression is similarly regulated in
the O1 El Tor A1552 strain used here.

There have been two other studies that analyzed V. cholerae infection phenotypes on a glob-
al scale, although they did not specifically target RR. Together, these studies and ours suggests
there is a set of genes required for intestinal colonization across multiple models. Fu et al. used
random transposon mutants coupled with insertion site sequencing (Tn-seq) in a rabbit model
[30]. They identified insertions in two genes—VC1021 (luxO) and VC1155—that showed 8-
15-fold reduction in colonization, while strains harboring insertions into RRs VC1348, vieA,
vieB, arcA, VCA0256, uhpA, and pgtA had less than a 5-fold reduction in colonization
(p<0.001). Another Tn-seq study using the infant rabbit model identified defects associated
with luxO and arcA as above, and additionally phoB and varA [57]. Combining the results of
these studies with ours identifies luxO, phoB, and varA, as required for in vivo fitness, and oth-
ers that are variably identified. Because the Tn-seq work used transposon libraries, it is not
known whether all RR were eliminated, so it is possible that their studies missed some critical
RR. There are hints in their data, however, that the vxr locus is necessary in these other models
as well. While Fu et al. did not identify vxrA or vxrB mutants, they did determine that a
strain with an insertion into VCA0567 (vxrC) exhibited a 9-fold reduction in colonization
(p<0.0001) [30]. Additionally, Kamp et al. found that a strain with a transposon insertion in
VCAO0565 (vxrA) had a disadvantage in fitness (mean fitness value of 0.6) when the bacteria
from rabbit cecum fluid was placed into pond water for 48 hours at 30°C [57]. Collectively,
these studies suggest that the Vxr genes play important roles in V. cholerae colonization and
environmental dissemination.

Our study revealed that the RR VxrB plays a significant role in colonization and in vitro
inter-bacterial competition through its ability to regulate expression of T6SS genes. Neither
vxrB nor any of the vxrABCDE operon members show similarity to previously characterized
proteins. The vxr loci are conserved among the Vibrio species Vibrio parahaemolyticus, Vibrio
vulnificus, Vibrio harveyi, and V. fischeri. BLAST analysis revealed that VxrA protein exhibits
67-80%, VxrB 79-84%, VxrC 56-68%, VxrD 58-74%, and VxrE 68-81% sequence similarity
to the same proteins in other Vibrio species (52-54 Figs). We also analyzed the predicted struc-
ture and function of the VxrCDE proteins using the protein homology/analogy recognition en-
gine (Phyre) [58]. While VxrC and VxrE could not be modeled with high confidence and
sufficient coverage, VxrD exhibited structural similarity to outer membrane protein transport
proteins (100% confidence, 90% coverage). These analyses suggest that vxr genomic loci are a
part of the ancestral Vibrio genome, and therefore likely have an evolutionarily conserved role
in Vibrio biology.
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Expression and production of T6SS are tightly regulated at the transcriptional and posttran-
scriptional levels in a variety of bacterial systems [12, 13, 59]. Environmental signals such as
iron limitation, thermoregulation, salinity, envelope stress, indole, and growth on surfaces reg-
ulate T6SS expression [59]. In V. cholerae A1552, the strain used here, T6SS genes are express-
ed when cell are grown in high-osmolarity and low temperature conditions [50]. A recent
study revealed that the V. cholerae A1552 T6SS genes are part of the competence regulon and
their expression is induced when the bacterium grows on chitinous surfaces in a TfoX-, HapR-,
and QstR-dependent manner [60]. Our work presented here identified VxrB as a regulator of
the T6SS large gene cluster and the two auxiliary clusters. The predicted cognate HK of VxrB,
VxrA, does not exhibit similarity to previously characterized sensory domains. The signals that
govern expression and activity of VxrAB and how the VxrAB TCS is integrated into the T6SS
regulatory network of V. cholerae are yet to be determined. We determined that while the wild-
type strain has a competitive advantage in vivo over AvxrB, neither strain had a competitive ad-
vantage over the other in vitro. Furthermore, single infection studies showed that AvxrB had a
significant colonization defect compared to wild type, suggesting that VxrB could be involved
in competition with normal flora and that AvxrB could have a reduced fitness in infection envi-
ronment. These observations also suggest that there may be an in vivo signal produced in the
infant mouse that triggers T6SS activity and colonization. Our studies thus provided significant
new insights into the regulation of T6SS in V. cholerae and provided further support that the
T6SS is critical for V. cholerae virulence.

Materials and Methods
Ethics statement

All animal procedures used were in strict accordance with the NIH Guide for the Care and Use
of Laboratory Animals [61] and were approved by the UC Santa Cruz Institutional Animal
Care and Use Committee (Yildf1206).

Bacterial strains, plasmids, and culture conditions

The bacterial strains and plasmids used in this study are listed in S1 Table. Escherichia coli
CC118\pir strains were used for DNA manipulation, and E. coli S17-1Apir strains were used
for conjugation with V. cholerae. In-frame deletion mutants of V. cholerae were generated as
described earlier [62]. All V. cholerae and E. coli strains were grown aerobically, at 30°C and
37°C, respectively, unless otherwise noted. All cultures were grown in Luria-Bertani (LB) broth
(1% Tryptone, 0.5% Yeast Extract, 1% NaCl), pH 7.5, unless otherwise stated. LB agar medium
contains 1.5% (wt/vol) granulated agar (BD Difco, Franklin Lakes, NJ). AKI medium contains
0.5% NaCl, 0.3% NaHCOs3, 0.4% Yeast Extract, and 1.5% Peptone, as previously described [63].
Antibiotics were used at the following concentrations: ampicillin 100 pg/ml; rifampicin 100 pg/
ml; gentamicin 50 pg/ml; streptomycin 50 pg/ml.

DNA manipulations

An overlapping PCR method was used to generate in-frame deletion constructs of each RR
genes using previously published methods [62]. Briefly, a 500-600 bp 5’ flanking sequence of the
gene, including several nucleotides of the coding region, was PCR amplified using del-A and del-
B primers. del-C and del-D primers were used to amplify the 3’ region of the gene including
500-600 bp of the downstream flanking sequence. The two PCR products were joined using the
splicing overlap extension technique [64, 65] and the resulting PCR product, which lacks 80%

of amino acids, was digested with two restriction enzymes and ligated to similarly-digested
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pGP704sacB28 suicide plasmid. Construction of vxrB plasmid harboring point mutations were

performed using a similar technique [66] with the following alterations: primers containing the
new sequence harboring the point mutations were used in place of the del-B and del-C primers.
The deletion constructs were sequenced (UC Berkeley DNA Sequencing Facility, Berkeley, CA)

and the clones without any undesired mutations were used. The deletion constructs are listed in
S1 Table.

Generation of in-frame deletion mutants and Tn7 complementation
strains

The deletion plasmids were maintained in E. coli CC118\pir. Biparental matings were carried
out with the wild type V. cholerae and an E. coli S17\pir strain harboring the deletion plasmid.
Selection of deletion mutants were done as described [64] and were verified by PCR. The Tn7
complementation V. cholerae strains were generated by triparental matings with donor E.

coli S17Apir carrying pGP704-Tn7 with gene of interest, helper E. coli S17Apir harboring
pUX-BF13, and V. cholerae strains. Transconjugants were selected on thiosulfate-citrate-bile
salts-sucrose (TCBS) (BD Difco, Franklin Lakes, NJ) agar medium containing gentamicin at
30°C. The Tn7 complementation V. cholerae strains were verified by PCR.

Intestinal colonization assay

An in vivo competition assay for intestinal colonization was performed as described previously
[46]. Briefly, each of the V. cholerae mutant strains (lacZ") and the fully virulent reference
strain (lacZ otherwise wild-type)) were grown to stationary phase at 30°C with aeration in LB
broth. Mutant strains and wild-type were mixed at 1:1 ratios in 1x Phosphate Buffered Saline
(PBS). The inoculum was plated on LB agar plates containing 5-bromo-4-chloro-3-indoyl-B-
D-galactopyranoside (X-gal) to differentiate wild-type and mutant colonies and to determine
the input ratios. Approximately, 10°~107 cfu were intragastrically administered to groups of
5-7 anesthetized 5-day old CD-1 mice (Charles River Laboratories, Hollister, CA). After 20
hours of incubation, the small intestine was removed, weighed, homogenized, and plated on
appropriate selective and differential media to enumerate mutant and wild-type cells recovered
and to obtain the output ratios. In vivo competitive indices were calculated by dividing the
small intestine output ratio by the inoculum input ratio of mutant to wild-type strains. For sin-
gle strain infections, 10” cfu of each strain, including otherwise wild type (lacZ’) strain, were
intragastrically administrated to 5-day old CD-1 mice. After 20 hours of incubation, the small
intestine was harvested and plated on selective media as previously described above. Statistical
analyses for competition infections were performed using Wilcoxon Signed Rank Test. Statisti-
cal analyses were performed using Prism 5 software (GraphPad Software, Inc., San Diego,

CA) using Wilcoxon Signed Rank Test. P values of <0.05 were determined to be statistically
significant.

Reverse transcription-PCR

RNA was isolated as described below. The reverse transcription reaction to generate cONA
was carried out using the SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer’s instructions at 25°C for 5 min, 50°C for 1 h, and 70°C for 15 min
using 1 pg of RNA in a 20 pl final volume. The product was used in a PCR using suitable prim-
ers, and RNA without RT treatment was used as a negative control.
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Quantitative real time (QRT) PCR

For qRT-PCR expression analysis, RNA was isolated as described below. cDNA was synthe-
sized using iScript cDNG Synthesis Kit (Bio-Rad, Hercules, CA) from 1 pg of total RNA. Real-
time PCR was performed using a Bio-Rad CFX1000 thermal cycler and Bio-RAD CFX96 real-
time imager with specific primer pairs (designed within the coding region of the target gene)
and SsoAdvanced SYBR green supermix (Bio-Rad, Hercules, CA). Results are from two inde-
pendent experiments performed in quadruplicate. All samples were normalized to the expres-
sion of the housekeeping gene 16S using the Pfaffl method [67]. Relative expression was
calculated by normalizing expression at AvxrB by that of wt. Statistical analysis was performed
using two-tailed student’s t test.

RNA isolation

V. cholerae cells were grown aerobically overnight in LB at 37°C, then diluted 1:100 in fresh 10
ml AKI media in borosilicate glass test tubes (diameter, 15mm; height, 150 mm) and incubated
at 37°C without shaking for 4 hours. After 4 hours, 10 ml cultures were transferred to 125 ml
flasks (for maximal aerated growth on an orbital shaker (250 rpm) for 2 hours. Aliquots (2 ml)
of the cultures were collected and centrifuged for 2 min at room temperature. The cell pellets
were immediately resuspended in 1 ml of TRIzol (Invitrogen, Carlsbad, CA) and stored at
-80°C. Total RNA was isolated according to the manufacturer’s instructions. To remove con-
taminating DNA, total RNA was incubated with RNase-free DNase I (Ambion, Grand Island,
NY), and an RNeasy mini kit (Qiagen, Valencia, CA) was used to clean up RNA after DNase
digestion. Five micrograms of total RNA was treated with a MICROBExpress Kit (Ambion,
Grand Island, NY) to remove ribosomal RNA, and the efficiency was confirmed by Bioanalyzer
analysis (Agilent Technologies, Santa Clara, CA). Three biological replicates were generated
for each condition.

cDNA library construction and lllumina HiSeq sequencing

Libraries for RN A-seq were prepared using NEBNext Ultra Directional RNA Library Prep Kit
for Mumina (New England Biolabs, Ipswich, MA). Twelve indexed samples were sequenced
per single lane using the HiSeq2500 Illumina sequencing platform for 50 bp single reads (UC
Davis Genome Center, UC Davis, CA) and subsequently analyzed and visualized via the CLC
Genomics Workbench version 7.5 (Qiagen, Valencia, CA). Samples were mapped to the V. cho-
lerae genome N16961. Differentially regulated genes were identified as those displaying a fold
change with an absolute value of 1.5-fold or greater. Statistical significance was determined by
Empirical analysis of Digital Gene Expression (edgeR) test where p<0.05 was deemed signifi-
cant [68].

Analysis of Hcp production and secretion

V. cholerae strains were grown to an OD600 of 2.0, and the culture (25 ml) was centrifuged at
20,000 g for 10 min to obtain whole cell pellets. The culture supernatant containing secreted
proteins were filtered through 0.22 1 membranes (Millipore, Billerica, Massachusetts) and se-
creted proteins in the culture supernatant were precipitated with 13% trichloroacetic acid
(TCA) overnight at 4°C, pelleted by centrifugation at 47,000 g for 30 min at 4°C, wash with ice
cold acetone and resuspended in 1x PBS containing Complete protease inhibitor (Roche, Basel,
Switzerland). Bovine serum albumin (BSA, 100 pg/ml) was added to the culture supernatant
prior to TCA precipitation as a control. Protein pellets from whole cell were suspended in 2%
sodium dodecyl sulfate (SDS) and protein concentrations were estimated using a Pierce BCA
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protein assay kit (Thermo Scientific, Rockford, IL). Equal amounts of total protein (20 pg)
were loaded onto a SDS 13% polyacrylamide gel electrophoresis (SDS-PAGE). Western blot
analyses were performed as described [69] using anti-Hcp polyclonal antiserum provided by
the Sun Wai [28], anti-CRP (Neoclone Inc., Madison, WI), and anti-BSA (Santa Cruz Biotech,
Santa Cruz, CA). OneMinute Western Blot Stripping Buffer (GM Biosciences, Frederick, MD)
was used to remove the Hcp antibodies and the same blot was used again to probe for CRP or
BSA. These experiments were conducted with at least three biological replicates.

Bacterial killing assay

Killing assays were performed as described previously [20]. Briefly, bacterial strains were
grown overnight on LB plates and resuspended in LB broth containing 340 mM NaCl, as V.
cholerae strain A1552 displayed enhanced interbacterial virulence towards E. coli under high
osmolarity [50]. V. cholerae and E. coli MC4100 were mixed at a 10:1 ratio and 25 pl was spot-
ted onto LB agar plates containing 340 mM NaCl and incubated at 37°C for 4 hours. Spots
were harvested, serially diluted, and plated onto LB plates containing 50 ug/ml of streptomycin
to enumerate surviving E. coli prey cells.

In vitro competition assay

The following assay was performed similarly as the intestinal colonization assay except no ani-
mal models were used. The V. cholerae mutant strains with wild-type lacZ allele (lacZ") and
reference strain (lacZ") were grown to stationary phase at 30°C with aeration in LB broth. Mu-
tant strains and wild-type were mixed at 1:1 ratios in 1x PBS. The inoculum was plated on LB
agar plates containing X-gal to differentiate colonies formed by the wild-type and mutant
strains and to determine the input ratios. The inoculum (50 pl) was spotted on to a LB agar
plate and incubated at 37°C. After 20-24 hours of incubation, the 50 pl spots were scraped off
the agar plate and resuspended in 1x PBS. The resuspension was serially diluted and plated on
appropriate selective and differential media to enumerate mutant and wild type cells recovered
and to obtain the output ratios. In vitro competitive indices were calculated by dividing the out-
put ratio by the inoculum input ratio of mutant to wild type strains. Statistical analyses were
performed using Wilcoxon Signed Rank Test.

Supporting Information

S1 Fig. Confirmation of the predicted operon structure of vxrABCDE. RNAseq track reads
from wild-type sample. Red and green lines indicate the directionality of the read tracks. Im-
ages were prepared by CLC bio version 7.5.1 (Qiagen, Valencia, CA).

(TIF)

S2 Fig. Multiple sequence alignment of VxrA. Amino acid sequence alignment of the HK,
VxrA, to V. cholerae V52, V. fischeri MJ11, V. harveyi ATCC BAA-1116, V. parahaemolyticus
RIMD 2210633, and V.vulnificus Y]J016 using Clustal W. Numbers above the sequence corre-
spond to the amino acid number of each protein.

(TTF)

S3 Fig. Multiple sequence alignment of VxrB and VxrC. (A) Amino acid sequence alignment
of the RR, VxrB, and (B) VxrC to V. cholerae V52, V. fischeri MJ11, V. harveyi ATCC BAA-
1116, V. parahaemolyticus RIMD 2210633, and V. vulnificus YJ016 using ClustalW. Numbers
above the sequence correspond to the amino acid number of each protein.

(TTF)
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S4 Fig. Multiple sequence alignment of VxrD and VxrE. (A) Amino acid sequence alignment
of VxrD, and (B) VxrE to V. cholerae V52, V. fischeri M]11, V. harveyi ATCC BAA-1116, V.
parahaemolyticus RIMD 2210633, and V. vulnificus YJ016 using ClustalW. Numbers above the
sequence correspond to the amino acid number of each protein.

(TTF)

S5 Fig. Expression analysis of the T6SS gene clusters. (A) Schematic representation of the
major T6SS large gene cluster and auxiliary clusters 1 and 2. (B) RNAseq data showing the cov-
erage of cDNA reads in wild type (wt) and AvxrB mutant (vxrB) over the large cluster and the
two auxiliary clusters. Images were prepared by CLC bio version 7.5.1 (Qiagen, Valencia, CA).
(TIF)

S1 Table. Bacterial strains and plasmids used in this study.
(DOCX)

S2 Table. Genes positively regulated by VxrB under AKI conditions.
(DOCX)

§3 Table. Genes negatively regulated by VxrB under AKI conditions.
(DOCX)
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