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The marine bacterium Vibrio parahaemolyticus, a major cause of food-borne gastroenteritis,

employs a type VI secretion system 1 (T6SS1), a recently discovered protein secretion system, to

combat competing bacteria. Environmental signals such as temperature, salinity, cell density and

surface sensing, as well as the quorum-sensing master regulator OpaR, were previously reported

to regulate T6SS1 activity and expression. In this work, we set out to identify additional

transcription regulators that control the tightly regulated T6SS1 activity. To this end, we

determined the effect of deletions in several known virulence regulators and in two regulators

encoded within the T6SS1 gene cluster on expression and secretion of the core T6SS

component Hcp1 and on T6SS1-mediated anti-bacterial activity. We report that VP1391 and

VP1407, transcriptional regulators encoded within the T6SS1 gene cluster, are essential for

T6SS1 activity. Moreover, we found that H-NS, a bacterial histone-like nucleoid structuring

protein, which mediates transcription silencing of horizontally acquired genes, serves as a

repressor of T6SS1. We also show that activation of surface sensing and high salt conditions

alleviate the H-NS-mediated repression. Our results shed light on the complex network of

environmental signals and transcription regulators that govern the tight regulation over T6SS1

activity.

INTRODUCTION

Gram-negative bacteria use the recently discovered type VI
secretion system (T6SS) (Ho et al., 2014) in competition
against other bacteria or as a virulence determinant against
eukaryotic hosts (Russell et al., 2014). The T6SS is a macro-
molecular protein complex that is analogous to contractile
phage tail but in a topologically reversed orientation (Basler
et al., 2012; Ho et al., 2014). The central part of the T6SS is
composed of a tube made of hexameric rings of Hcp pro-
teins capped with a trimer of VgrG proteins and a PAAR
repeat-containing protein at the tip (Basler et al., 2012;
Hachani et al., 2011; Ho et al., 2014; Shneider et al., 2013).
While inside the cell, this tube, which is decorated with toxic
effector proteins (Ho et al., 2014), is surrounded by a sheath
structure made of heterodimers of VipA and VipB (also
known as TssB and TssC) proteins (Basler et al., 2012).
Upon perception of an extracellular signal, the sheath con-
tracts, propelling the Hcp–VgrG–PAAR tube and the effec-
tors out of the cell and into an adjacent recipient cell (Basler
et al., 2012; Brunet et al., 2014). Interestingly, up to six
different T6SSs can be encoded in the same genome (Boyer

et al., 2009), and each of them may be differentially regulated
(Salomon et al., 2013; Sana et al., 2013; Schwarz et al., 2010).

Various mechanical and environmental cues were found to
activate T6SSs in different bacteria, such as temperature
(Hockett et al., 2013; Ishikawa et al., 2012; Pieper et al.,
2009; Salomon et al., 2013), salinity (Ishikawa et al., 2012;
Salomon et al., 2013), surface sensing (Salomon et al.,
2013; Silverman et al., 2011), quorum sensing (Salomon
et al., 2013; Sana et al., 2012; Zhang et al., 2011; Zheng
et al., 2010) and membrane disruption (Ho et al., 2013).
Each bacterium appears to have evolved regulatory mecha-
nisms to activate an appropriate T6SS under the specific
conditions in which it requires its activity (Ho et al., 2014).
We have previously characterized the environmental con-
ditions required to activate the two T6SSs (T6SS1 and
T6SS2) encoded by Vibrio parahaemolyticus, a halophilic
marine bacterium that is a major cause of food-borne
gastroenteritis (Newton et al., 2012; Zhang & Orth, 2013)
and of acute hepatopancreatic necrosis syndrome in
shrimp (Tran et al., 2013). The two T6SSs are differentially
regulated by temperature, salinity, quorum sensing and
surface sensing (Salomon et al., 2013). Remarkably, both
T6SSs are inactive at 37 uC, suggesting that they do not
play a role during infection of a mammalian host (Salomon
et al., 2013). The V. parahaemolyticus T6SS1 (Fig. S1,
available in the online Supplementary Material), which
plays a role in inter-bacterial competition mediated by at

Abbreviations: H-NS, histone-like nucleoid structuring; MLB, marine
Luria–Bertani; T3SS, type III secretion system; T6SS, type VI secretion
system.

Three supplementary figures and two supplementary tables are available
with the online version of this paper.
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least three identified effectors (Salomon et al., 2014) is active
under warm marine-like conditions (in high salt media at
30 uC) and is further induced when surface sensing is
activated (Salomon et al., 2013). OpaR, a quorum-sensing
master regulator that operates under high cell densities,
represses T6SS1 (Gode-Potratz & McCarter, 2011; Ma et al.,
2012; McCarter, 1998; Salomon et al., 2013). In addition, we
have previously identified two transcription regulators,
VP1391 and VP1407, that are encoded within the T6SS1
gene cluster and are required for expression of the T6SS1
Hcp (Hcp1) (Salomon et al., 2013). However, the role of
VP1391 and VP1407 in regulation of T6SS1 activity was not
determined.

In this work, we set out to identify additional regulators of
the V. parahaemolyticus T6SS1, and to determine whether
the regulators VP1391 and VP1407 are required for T6SS1
activity. To this end, we studied the effect on T6SS1 activity
of four V. parahaemolyticus master regulators that were
previously shown to regulate virulence: AphA, a quorum-
sensing master regulator that operates at low cell densities
and was previously shown to be required for virulence
(Wang et al., 2013a) and to negatively regulate the V.
parahaemolyticus T6SS2 in an indirect manner (Wang et al.,
2013b); ToxRS, a two-component regulator that is required
for toxin induction (Lin et al., 1993) and colonization of a
murine model (Whitaker et al., 2012); LafK, a regulator of
surface sensing that is required for swarming and virulence
(Gode-Potratz et al., 2010; Gode-Potratz et al., 2011; Stewart
& McCarter, 2003); and the histone-like nucleoid structur-
ing protein (H-NS), which mediates transcription silencing
of horizontally acquired genes (Atlung & Ingmer, 1997;
Lucchini et al., 2006) and was shown to regulate the
cytotoxic V. parahaemolyticus type III secretion system
(T3SS) 1 (Kodama et al., 2010). H-NS was also described as
a negative regulator of T6SS gene transcription in several
other bacterial strains (Bernard et al., 2010; Eijkelkamp et al.,
2013). In addition, we tested the effect of deletions in vp1391
and vp1407 on T6SS1 activity. Our results show that VP1391
and VP1407 are necessary for T6SS1 activity, whereas AphA,
ToxRS and LafK do not play a role in T6SS1 regulation.
Interestingly, we found that H-NS serves as a negative
regulator of T6SS1 under various environmental conditions.

METHODS

Bacterial strains and media. The V. parahaemolyticus RIMD
2210633 derivative strain POR1 [RIMD 2210633 DtdhAS (listed in
Table S1)] (Park et al., 2004) and its derivatives were routinely
cultured in marine Luria–Bertani (MLB) broth [Luria–Bertani broth
containing 3 % (w/v) sodium chloride] or grown on marine minimal
media agar plates (Eagon, 1962) at 30 uC. Escherichia coli strains
DH5a and S17lpir were routinely cultured in 2xYT broth or Luria–
Bertani (LB) broth at 37 uC. The medium was supplemented with
kanamycin (250 mg ml21) or chloramphenicol (25 mg ml21) where
necessary.

Plasmids. Plasmids for expression of VP1391 and VP1407 were
described previously (Salomon et al., 2013). For expression of H-NS
(VP1133), the gene coding sequence including 1 kb upstream was

cloned into the pBAD/Myc–His vector (Invitrogen) harbouring a

kanamycin-resistance cassette (Salomon et al., 2013) in-frame with

the Myc–His tag. For gene deletions, the 1 kb upstream and 1 kb

downstream of aphA (vp2762), lafK (vpa1538), toxRS (vp0819–

vp0820) and hns (vp1133) were cloned into the suicide plasmid pDM4

(chloramphenicol resistant, oriR6K). Primers used for creating

constructs listed in Table S2.

Construction of deletion and knock-in strains. To generate in-

frame deletions of the entire gene coding region in aphA, lafK, toxRS

and hns pDM4 plasmids described above were conjugated into the

POR1 strain from E. coli S17lpir and transconjugants were selected

on media containing chloramphenicol. Bacteria were then counter-

selected by growing on media containing 15 % (w/v) sucrose.

Deletions were confirmed by PCR analyses. The construction of

Dvp1391 and Dvp1407 deletion strains, as well as of the Hcp1–myc

knock-in strain was previously described (Salomon et al., 2013).

Strains are listed in Table S1.

Expression and secretion assays. Hcp1–myc expression and

secretion assays were performed as previously described (Salomon

et al., 2013). In brief, V. parahaemolyticus cultures were grown

overnight in MLB with appropriate antibiotics when necessary to

maintain plasmids. Cultures were then normalized to OD600 0.18 in

5 ml of the indicated medium containing appropriate antibiotics and

0.1 % (w/v) arabinose. Cultures were then incubated with agitation at

30 uC or 37 uC for 5 h and OD600 values were determined. For

expression fractions (cells in Fig. 1) 1.5 OD600 units were collected

and cell pellets were resuspended in 100 ml of 26 protein sample

buffer. Supernatants of 10 OD600 units were filtered and precipitated

with deoxycholate and TCA. Precipitated proteins were pelleted and

washed with acetone, prior to resuspension in 40 ml of 16 protein

sample buffer. Expression and secretion samples were resolved on

SDS-PAGE, transferred onto PVDF membranes, and immunoblotted

using anti c-Myc antibodies (Santa Cruz Biotechnology). Equal

loading of total protein lysate was confirmed by analysis of repre-

sentative bands using Ponceau S staining of the immunoblot

membrane. Equal volumes of medium were used from cleared,

centrifuged cultures for all TCA precipitations. Experiments were

repeated at least twice with similar results. A representative experi-

ment is shown.
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Fig. 1. Deletion of hns de-represses Hcp1 expression and
secretion. V. parahaemolyticus POR1-derivative deletion strains
containing endogenously C-terminal myc-tagged hcp1 were
grown in MLB media for 5 h at 30 6C with or without 20 mM
phenamil. Expression (cells) and secretion (medium) of Hcp1–myc
were detected by immunoblot using anti-myc antibodies. The
loading control (LC) is shown for total protein lysate.
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Bacterial killing assays. Bacterial killing assays were performed as
previously described (Salomon et al., 2013). In brief, bacteria were
grown overnight in MLB (V. parahaemolyticus) or 2xYT (E. coli).
Cultures were normalized to OD600 0.5, mixed at a 4 : 1 ratio (V.
parahaemolyticus:E. coli) so that the number of prey cells was the same
in each co-culture tested, and 25 ml of the co-cultures were spotted on
MLB or LB plates in triplicate and incubated at 30 uC or 37 uC for
4 h. Bacterial spots were harvested from plates and the c.f.u. ml21 was
determined by spotting 10-fold serial dilutions on selective media
plates. Experiments were repeated at least twice with similar results. A
representative experiment is shown.

Bacterial growth assays. Triplicates of V. parahaemolyticus strains
grown overnight in MLB were normalized to OD600 0.1 in MLB or
LB, and growth was monitored by measuring OD600 of cultures
incubated at 30 uC with agitation over time. Experiments were
repeated at least twice with similar results. A representative
experiment is shown.

RESULTS

H-NS represses Hcp1 expression and secretion in
the absence of surface-sensing activation

To determine the effect of the master regulators AphA,
ToxRS, LafK and H-NS, and of VP1391 and VP1407 on
the activity of the V. parahaemolyticus T6SS1, we first
generated strains with deletions in the corresponding genes
and verified that their growth was comparable to the com-
monly used POR1 parental strain (RIMD 2210633 DtdhAS),
which is an attenuated strain that was derived from the V.
parahaemolyticus clinical isolate RIMD 2210633 (Park et al.,
2004) (Fig. S2). We have previously reported that deletions
in the genes encoding VP1391 and VP1407 have no effect on
growth (Salomon et al., 2013). Next, we tested the effect of
these deletions on the expression and secretion of Hcp1, a
core component and hallmark secreted protein of T6SS1
(Salomon et al., 2013), under warm marine-like conditions
in the presence or absence of phenamil, an inhibitor of the
polar flagellar motor that activates surface sensing (Gode-
Potratz et al., 2011; Salomon et al., 2013). In agreement with
our previous report, VP1391 and VP1407 were required for
expression and secretion of Hcp1, even when surface sensing
was activated in the presence of phenamil (Fig. 1, lanes 2–3
and 9–10). Whereas deletion of lafK, aphA and toxRS had a
mild negative effect on Hcp1 expression in the absence of
surface-sensing activation compared to the parental POR1
strain, both expression and secretion of Hcp1 were com-
parable to the POR1 strain in the presence of phenamil (Fig.
1, compare lanes 4–6 to lane 1, and compare lanes 11–13 to
lane 8). Interestingly, deletion of hns resulted in increased
expression and secretion of Hcp1 in the absence of surface-
sensing activation to levels comparable to those seen in the
POR1 parental strain when surface sensing was activated
(Fig. 1, compare lane 7 to lanes 1 and 8). No additional
increase in Hcp1 expression and secretion were apparent in
the Dhns strain when surface sensing was activated (Fig. 1,
compare lanes 8 and 14). These results suggest that H-NS is a
repressor of Hcp1 expression and secretion in the absence
of surface-sensing stimulus. Furthermore, the regulators

VP1391 and VP1407 are required for Hcp1 expression and
secretion under T6SS1 inducing conditions.

VP1391 and VP1407 are required for T6SS1
activity

After verifying that VP1391 and VP1407 were required for
Hcp1 expression and secretion, we next tested whether
VP1391 and VP1407 are required for T6SS1 anti-bacterial
activity. To this end, we monitored the bacterial killing
activity of the Dvp1391 and Dvp1407 deletion strains com-
pared to the POR1 parental strain. A Dhcp1 strain with an
inactive T6SS1 was also used as a control strain (Salomon
et al., 2013). In agreement with the lack of Hcp1 expression
and secretion seen in Fig. 1, the Dvp1391 and Dvp1407
deletion strains, like the control Dhcp1 strain, were unable to
kill E. coli in a co-culture (Fig. 2). Complementation of
vp1391 and vp1407 from a plasmid restored bacterial killing
activity to levels similar to those of the parental POR1 strain
(Fig. 2). These results suggested that vp1391 and vp1407 are
indeed required for T6SS1 activity.

Even though our results suggested that AphA, ToxRS, LafK
and H-NS have no negative effect on Hcp1 expression and
secretion under T6SS1-inducing conditions (Fig. 1), we set
out to test whether other components of T6SS1 may be
controlled by these regulators and affect T6SS1 activity. To
this end, we monitored the bacterial killing activity of the
DlafK, DaphA, DtoxRS and Dhns strains when co-cultured
with E. coli. As shown in Fig. 3, all tested deletion strains
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Fig. 2. VP1391 and VP1407 are required for T6SS1 anti-bacterial
activity. Viability counts of E. coli (prey) before (0 h) and after (4 h)
co-culture. E. coli were co-cultured with V. parahaemolyticus

(attacker) POR1 or the following POR1 derivative strains,
POR1Dhcp1 and POR1Dvp1391, or POR1Dvp1407, carrying
an empty vector or a vector encoding the arabinose-inducible
expression of vp1391 (pVP1391) or the expression of vp1407

from its endogenous promoter (pVP1407). Mixed cultures at a 4 : 1
OD600 ratio (attacker : prey) were spotted on MLB plates contain-
ing 0.1 % (w/v) arabinose and incubated at 30 6C for 4 h.
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were able to kill E. coli, indicating that these regulators are
not required for T6SS1 activity. Importantly, all deletion
strains grew similarly to the parental POR1 during the co-
culture incubation (Fig. 3). Notably, the c.f.u. ml21 values
of E. coli prey and V. parahaemolyticus attacker strains were
similar between samples at 0 h (data not shown).

H-NS is not a temperature-dependent repressor
of Hcp1 expression

Regulation of gene expression by H-NS was previously
shown to be controlled by temperature and osmolarity in
various bacteria (Hurme & Rhen, 1998; Porter & Dorman,
1994). Since our results suggested that H-NS represses Hcp1
expression in the absence of surface-sensing activation
(Fig. 1, lane 7), we next set out to characterize additional
environmental conditions that possibly control H-NS-
mediated repression of Hcp1 expression. To this end, we
determined the expression levels of Hcp1 in low or high salt
media (LB and MLB, respectively) and at 30 uC or 37 uC,
in the presence or absence of phenamil. Aside from de-
repressing Hcp1 expression in MLB at 30 uC in the absence
of phenamil (Fig. 4, compare lanes 5 and 6), deletion of hns
also resulted in an increase of Hcp1 expression under T6SS1
non-inducing low salt conditions when bacteria were grown
in LB medium (Fig. 4, compare lanes 3 and 4; and Fig. S3).
Because we previously found that the V. parahaemolyticus
T6SS1 is inactive when cells are grown at 37 uC, we hypoth-
esized that H-NS could also be the repressor that prevents
T6SS1 activation at this temperature. Surprisingly, however,
deletion of hns did not result in high level expression of
Hcp1 when cells were grown at 37 uC either in high salt (Fig.
4, lanes 1 and 2) or low salt (Fig. S3, lanes 4 and 5). This is in
contrast to the de-repressing effect of the hns deletion on

Hcp1 expression in absence of surface-sensing activation at
30 uC. Nevertheless, low expression of Hcp1 was detected
when the Dhns strain was grown at 37 uC in the presence of
phenamil, an inducer of surface sensing, but only in high salt
(Fig. 4, lanes 8 and 9; and Fig. S3, lanes 10 and 11). Impor-
tantly, ectopic complementation of H-NS from a plasmid
resulted in a decrease of Hcp1 expression (Fig. 4, lanes 7 and
14; and Fig. S3, lanes 3 and 9). Thus, these results indicate
that H-NS is a repressor of Hcp1 expression in the absence
of surface-sensing activation, whereas repression of Hcp1
expression at 37 uC is not dependent on H-NS.

H-NS is a salinity-dependent regulator of T6SS1

After identifying the environmental conditions under which
H-NS represses Hcp1 expression, we next asked whether H-
NS represses the bacterial killing activity of T6SS1 under
non-inducing conditions. To test this, we monitored the
bacterial killing activity of a Dhns strain under low salt
conditions or at 37 uC, conditions under which the T6SS1 is
not normally induced (Salomon et al., 2013). Because the
bacterial killing assays are performed on solid media surface
sensing is activated, and therefore, we were unable to test the
effect of H-NS on T6SS1 activity in the absence of surface-
sensing activation. In agreement with our observations that
the deletion of hns did not affect the repression of Hcp1 at
37 uC, the Dhns strain was unable to kill E. coli when co-
cultured at 37 uC (Fig. 5a). Interestingly, when we tested the
T6SS1-mediated bacterial killing of E. coli in low salt (LB)
media at 30 uC, the POR1 parental strain was less efficient in
killing E. coli compared to its killing ability in high salt
(MLB) media (Fig. 5a), in agreement with our previous
report that Hcp1 requires high salt for induction (Salomon
et al., 2013). In contrast, the Dhns strain was able to kill E.
coli similarly in both high and low salt conditions, at a level
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similar to that of the parental POR1 strain-mediated killing
under inducing high salt conditions (Fig. 5). Importantly,
complementation of H-NS from a plasmid resulted in a
decrease in killing ability (Fig. 5b). Notably, the growth of
the Dhns strain was comparable to that of the parental POR1
strain in both high and low salt media (Fig. S2). Thus, our
results indicate that H-NS represses T6SS1 activity under
low salt conditions, but not at 37 uC.

DISCUSSION

T6SSs are tightly regulated protein secretion systems that
are often used by Gram-negative bacteria to combat
bacterial competitors (Ho et al., 2014). In this work, we
determined the effect of several virulence regulators on the
activity of the V. parahaemolyticus anti-bacterial T6SS1. We
found that T6SS1 activity is positively regulated by VP1391
and VP1407, two transcription regulators encoded within
the T6SS1 gene cluster. In addition, we identified H-NS as
a negative regulator of T6SS1 under conditions of low salt
and in the absence of surface-sensing activation.

We have previously reported that VP1391 and VP1407 are
required for Hcp1 expression (Salomon et al., 2013). Here
we extended our analysis and showed that these two
regulators are also required for Hcp1 secretion, even when
surface sensing was activated to induce T6SS1. As Hcp1 is a
core component of the T6SS, it was not surprising that we
also found VP1391 and VP1407 to be absolutely required
for the anti-bacterial activity mediated by T6SS1. Our
results demonstrated that the T6SS1 gene cluster encodes
its own positive regulators, which are, at least in part,
responsible for its tight regulation.

In addition, we tested the effects of the known eukaryotic
virulence regulators AphA, LafK, ToxRS and H-NS on
Hcp1 expression and secretion, as well as on T6SS1 anti-
bacterial activity. Our results demonstrated that AphA,
LafK and ToxRS have a mild effect on Hcp1 expression
under non-optimal inducing conditions (i.e. in the absence
of surface-sensing activation), but have no apparent effect
on Hcp1 expression and secretion or on T6SS1 anti-bacterial
activity when surface sensing is activated. Thus, it appears
that virulence against eukaryotes, which is mediated by
secreted toxins and T3SSs, is differentially regulated from
the anti-bacterial toxicity of V. parahaemolyticus, which is
mediated by T6SS1.

We anticipated that AphA, a quorum-sensing master regu-
lator that is active at low cell densities (Wang et al., 2013a),
would have a regulatory effect on T6SS1 as we have pre-
viously reported that quorum sensing, and specifically the
master regulator OpaR that is active at high cell densities,
regulates T6SS1 activity (Salomon et al., 2013). However,
AphA, which was also previously shown to negatively regu-
late the V. parahaemolyticus T6SS2 in an indirect manner
(Wang et al., 2013b), had no effect on T6SS1 activity. These
results further support our previous observations that V.
parahaemolyticus T6SS1 and T6SS2 are differentially regu-
lated, and also suggest that this differential regulation involves
different transcription regulators. Moreover, we found that
LafK, a central regulator of surface sensing (Gode-Potratz
et al., 2010; Gode-Potratz et al., 2011; Stewart & McCarter,
2003), did not affect T6SS1 activity and did not appear to be
involved in T6SS1 regulation. This result was quite sur-
prising as we have previously shown that surface-sensing
activates T6SS1 (Salomon et al., 2013). Thus, it is possible
that another pathway is responsible for T6SS1 activation
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when V. parahaemolyticus is grown on a surface, and that
this pathway differs from the one that regulates the activa-
tion of the lateral flagella, which requires LafK (Gode-Potratz
et al., 2010; Gode-Potratz et al., 2011; Stewart & McCarter,
2003).

Remarkably, deletion of hns, a regulator that mediates tran-
scriptional silencing of horizontally acquired genes (Lucchini
et al., 2006), de-repressed Hcp1 expression and secretion
under non-optimal T6SS1-inducing conditions to levels
comparable to T6SS1 activation under optimal inducing
conditions when surface sensing is activated. We showed
that a Dhns strain was able to kill E. coli under non-optimal
inducing conditions (in low salt media) as if the bacterial co-
culture was incubated under optimal T6SS1-inducing condi-
tions (in high salt media). Thus, our results demonstrate that
H-NS serves as a negative regulator of T6SS1 and plays a major
role in the tight regulation of the V. parahaemolyticus T6SS1.
Moreover, as activation of surface sensing did not result in
further increase in Hcp1 expression and secretion in the Dhns
strain, we suggest that H-NS is the major regulator that
controls the surface sensing and salinity mediated activation of
T6SS1, and that both surface sensing and high salt conditions
are required to alleviate the H-NS-mediated repression.

Notably, H-NS-mediated regulation was previously reported
as being dependent on external environmental signals such
as osmolarity and temperature (Hurme & Rhen, 1998).
Indeed, we showed that deletion of hns alleviates T6SS1
repression under low osmolarity conditions (i.e. low salt),
but we did not observe a significant role for H-NS in
temperature-dependent repression of T6SS1 activity (i.e.
when cells were grown at 37 uC). The inability of V.
parahaemolyticus to kill E. coli when co-cultured at 37 uC
even in the absence of H-NS-mediated repression further
demonstrates the complex regulation network of the T6SS1
and indicates that another repressor, yet to be identified,
plays a role in regulating temperature-mediated T6SS1
activity. Moreover, our results are in agreement with
previous reports suggesting that H-NS regulates T6SSs in
various bacteria (Bernard et al., 2010; Eijkelkamp et al.,
2013), which could be expected given recent observations
that H-NS negatively regulates horizontally acquired genes
(Lucchini et al., 2006) such as T6SS gene clusters.
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