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Review

The Role of Type III Secretion System 2 in Vibrio parahaemolyticus 
Pathogenicity

Vibrio parahaemolyticus, a Gram-negative marine bacterial 
pathogen, is emerging as a major cause of food-borne illnesses 
worldwide due to the consumption of raw seafood leading 
to diseases including gastroenteritis, wound infection, and 
septicemia. The bacteria utilize toxins and type III secretion 
system (T3SS) to trigger virulence. T3SS is a multi-subunit 
needle-like apparatus used to deliver bacterial proteins, termed 
effectors, into the host cytoplasm which then target various 
eukaryotic signaling pathways. V. parahaemolyticus carries 
two T3SSs in each of its two chromosomes, named T3SS1 and 
T3SS2, both of which play crucial yet distinct roles during 
infection: T3SS1 causes cytotoxicity whereas T3SS2 is mainly 
associated with enterotoxicity. Each T3SS secretes a unique 
set of effectors that contribute to virulence by acting on dif-
ferent host targets and serving different functions. Emerging 
studies on T3SS2 of V. parahaemolyticus, reveal its regulation, 
translocation, discovery, characterization of its effectors, and 
development of animal models to understand the enterotoxi-
city. This review on recent findings for T3SS2 of V. para-
haemolyticus highlights a novel mechanism of invasion that 
appears to be conserved by other marine bacteria.

Keywords: Vibrio parahaemolyticus, type III secretion sys-
tem, virulence, bacterial pathogenesis, gastroenteritis, en-
terotoxicity

Introduction

Vibrio parahaemolyticus is a Gram-negative, halophilic bac-
terium that inhabits warm marine or estuarine environments. 
Many of the strains are strictly environmental, whereas some 
have acquired virulence mechanisms that account for V. 
parahaemolyticus being associated with seafood-borne illness 
worldwide (Joseph et al., 1982; McCarter, 1999). Consump-
tion of raw or undercooked seafood, especially shellfish, con-

taminated by these pathogenic V. parahaemolyticus strains 
causes gastroenteritis, the symptom of which includes diar-
rhea, vomiting, nausea, abdominal cramping, and low-grade 
fever. Exposure to V. parahaemolyticus can also lead to wound 
infection and septicemia under certain medical conditions 
(Yeung and Boor, 2004; Su and Liu, 2007). This virulence 
attributes to various toxins and bacterial proteins termed 
effectors that are delivered into the host through type III 
secretion system (T3SS). T3SS utilizes a needle-like appara-
tus to translocate effectors into the host cells, which then 
target and hijack multiple eukaryotic signaling pathways. 
T3SS is a pivotal virulence machine used by numerous bac-
terial pathogens including Yersinia, Salmonella, Shigella, and 
pathogenic Escherichia coli spp.
  The clinical isolates of V. parahaemolyticus have two major 
toxins - thermostable direct hemolysin (TDH) and TDH re-
lated hemolysin (TRH). TDH has a β-hemolytic activity on 
a special blood media called Wagatsuma agar, the process of 
which is termed Kanagawa phenomenon (KP) (Nishibuchi 
and Kaper, 1995). KP has shown to be a useful indicator for 
pathogenic strains in seafood or patient samples. TDH also 
exhibits cytotoxic as well as enterotoxic effects, and is there-
fore speculated to be a major virulence factor of V. para-
haemolyticus (Honda et al.,1990; Nishibuchi et al., 1992; 
Raimondi et al., 2000). However, the bacterial strains lacking 
functional TDH still manage to induce cytotoxicity and en-
terotoxicity during infection which indicates the presence 
of additional virulence factors. TRH shares high sequence 
homology (68%) with TDH and demonstrates similar hemo-
lytic activity on red blood cells, although little is known 
about its attribution to pathogenicity (Ohnishi et al., 2011).
  Whole-genome sequencing of V. parahaemolyticus RIMD 
22106633, a pathogenic strain that contains two tdh genes, 
revealed two sets of T3SS gene clusters in each of the two 
circular chromosomes, hence named T3SS1 and T3SS2 res-
pectively (Makino et al., 2003). The high sequence homology 
of T3SS1 genes with those of other Vibrio species suggests 
that these genes were ancestrally acquired and have been 
evolutionarily conserved. T3SS2 genes are found on a 80-kb 
pathogenicity island (Vp-PAI) in the second chromosome 
along with the two tdh genes (Fig. 1). Vp-PAI has a lower 
G+C content than the genomic average and contains higher 
proportions of genes unique to each Vibrio species, which is 
indicative of the recent acquisition of this DNA region 
through lateral gene transfer. Characterization of various 
effectors encoded from each secretion system demonstrates 
that T3SS1 induces cytotoxicity in cultured human cells 
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Fig. 1. Gene cluster of T3SS2 and related genes. 
Pathogenicity Island on the second choromo-
some of V. parahaemolyticus (Vp-PAI) harbors 
T3SS and related genes as well as tdh toxins. 

whereas T3SS2 is associated with enterotoxicity in infected 
animal models and cytotoxicity in intestinal cell lines (Park 
et al., 2004).
  This review will specifically focus on the recent findings on 
T3SS2; the transcriptional regulation of T3SS2 gene cluster, 
translocation of a repertoire of T3SS2 effectors into the host, 
how these effectors manipulate host systems in order to ach-
ieve successful infection, as well as development of animal 
models to study the effect of T3SS2 in enterotoxicity.

Transcriptional regulation of T3SS2
The expression of a number of proteins encoded from Vp- 
PAI including TDH toxins and T3SS2-related proteins are 
controlled by two major transcriptional regulators, VtrA 
(VPA1332) and VrtB (VPA1348), located in the same is-
land (Kodama et al., 2010). VtrA and VtrB contain a Winged- 
Helix-Turn-Helix (WHTH) DNA-binding domain which 
is characteristic of the transcriptional regulator OmpR family 
proteins. Located upstream of VtrB, VtrA directly binds to 
the promoter region of VtrB and upregulates its transcription. 
Because VtrA and VtrB regulate the expression of many 
T3SS2-related genes and both tdh genes, they play a crucial 
role in T3SS2-mediated cytotoxicity as well as enterotoxicity. 
The genome-wide transcriptional analysis revealed that VtrA 
and VtrB target genes are mostly localized within the Vp-PAI 
region. However, the environmental cue for the activation of 
these master regulators and the circuit of virulence genes 
once the bacteria reach the intestines was unclear. Recently, 
Gotoh et al. (2010) showed that bile-acid is the host-derived 
inducer that triggers the expression of tdh genes and T3SS2- 
related genes via VtrA and VtrB activation. Bile acids are 
one of the components of crude bile present in the intestinal 
lumen and play an important role in the digestive process. 
They have an effect on virulence of other bacterial pathogens 
such as Salmonella typhimurium, Shigella spp., and Vibrio 
cholearae although their modes of action differ in each bac-
terial infection (Gupta and Chowdhury, 1997; Schuhmacher 
and Klose, 1999; Prouty and Gunn, 2000; Begley et al., 2005; 
Olive et al., 2007). Bile salts can either repress (S. typhimu-
rium, V. cholerae) or induce (Shigella spp., V. parahaemoly-
ticus) the transcription of virulence factors in order to pro-

mote bacterial invasion or replication. Despite the diversified 
responses to bile acids during infection, all these bacteria 
have established an elaborate environment-sensing mecha-
nism that contributes to their pathogenicity.

T3SS2-dependent translocation into host cell
Translocation of T3SS effectors is mediated by a specialized 
translocon complex. Once assembled, it forms a pore and 
translocation channel spanning the host cell membrane 
through which various effectors are delivered into the host 
cytoplasm. Many T3SS translocons are composed of three 
major translocator proteins: two of them are hydrophobic and 
constitute a pore structure across the membrane whereas a 
hydrophilic protein associates with the tip of the T3SS needle 
and bridges between the needle complex and the translocon 
(Buttner and Bonas, 2002; Mueller et al., 2008; Mattei et al., 
2011). The hydrophobic translocon components specific for 
T3SS2 in V. parahaemolyticus are VopB2 (VPA1362) and 
VopD2 (VPA1361) (Kodama et al., 2008). Both proteins are 
secreted in T3SS2-dependent manner and are necessary for 
translocation of T3SS2 effectors. They also associate with the 
host cell membrane and form a pore, which is an essential 
feature for translocators. Importantly, VopB2 and VopD2 
are required for T3SS2-mediated cytotoxicity in Caco-2 cells 
and enterotoxicity in rabbit ileal loop model. VopW, a hy-
drophilic component of the translocon complex has been 
recently identified (Zhou et al., 2012). Unlike the other trans-
locator proteins, it is not encoded from the same operon 
with other translocon components. More interestingly, VopW 
appears to be translocated into the host cytoplasm which has 
not been observed in other translocator proteins. This sug-
gests that VopW may act as an effector in addition to its 
role as a translocator, although further validation is needed 
to support this possibility.

T3SS2 effectors
In addition to toxins that are potent virulence factors, V. 
parahaemolyticus also delivers a repertoire of effectors via 
T3SSs that manipulate host signaling pathways to the pa-
thogen’s benefit. The effectors secreted from T3SS1 (VopQ, 
VopS, VopR, VPA0450) serve distinct functions that work 
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Table 1. List of T3SS2 effectors and their function
Effectors Gene Molecular activity Host target Biological activity

VopA/VopP VPA1346 Acetyltransferase MKKs Inhibits MAPK pathway
VopL VPA1370 Actin nucleation actin Induces stress fiber
VopT VPA1327 ADP–ribosylation Ras Induces cytotoxicity/Inhibits yeast growth
VopV VPA1357 F-actin binding/bundling F-actin Facilitates enterotoxicity
VopC VPA1321 Deamidase Rac, Cdc42 Promotes bacterial invasion

Fig. 2. Summary of T3SS2 effectors acting on various targets in the host cell. (A) VopC deamidates small GTPases such as Rac and Cdc42. This enzymatic 
activity of VopC is required for the invasion of V. parahaemolyticus during infection. (B) VopA acetylates Ser and The residues on the activation loop of 
MKKs that are critical phosphorylation sites, thereby blocking the activation of MKKs. It also acetylates Lys, which disrupts the ATP binding site of 
MKKs. Together, these modifications by VopA inhibit the MAPK pathway. (C) VopL dimerizes through its VCD domain and recruits actin monomers 
promoting actin nucleation. The massive actin nucleation mediated by VopL induces stress fibers throughout the cell. (D) Using NAD+ as a substrate, 
VopT modifies small G protein Ras with ADP-ribose. Through unknown downstream events, this enzymatic activity of VopT triggers yeast growth in-
hibition and cytotoxicity in the intestinal cells. (E) VopV directly binds to F-actin through its long repeat (LR) and C-terminal domain. VopV also has actin 
bundling activity, forming thick bundles of actin filaments. VopV majorly contributes to enterotoxicity during infection which correlates with its actin 
binding activity.

in harmony to cause cytotoxicity. VopQ (VepA, VP1680) 
induces autophagy in a PI3K-independent manner which, 
together with the other effectors, contributes to cell lysis 
(Burdette et al., 2009; Matsuda et al., 2012). VopS (VP1686) 
modifies host Rho family GTPases with adenosine mono-
phosphate (AMP) and blocks their binding to downstream 
substrates regulating actin cytoskeleton, which leads to cell 
rounding (Yarbrough et al., 2009). VPA0450, a phosphati-
dylinositide phosphatase, hydrolyzes phosphatidylinositide 
(4,5)-bisphosphate (PI(4,5)P2) located in the plasma mem-
brane which disrupts the balance of the membrane and the 
associated actin-binding proteins, thus resulting in membrane 

blebbing (Broberg et al., 2010). The function and host target 
of VopR (VP1683) is unknown.
  The T3SS2 effectors, on the other hand, are mostly asso-
ciated with the enterotoxicity, though they have been shown 
to cause cytotoxicity in intestinal cell lines such as Caco2 cells 
and HCT cells. Animal studies have demonstrated that T3SS2 
effectors cause fluid accumulation and inflammation in the 
intestinal tract as well as severe diarrhea, which mimicks the 
clinical symptoms of gasteroenteritis. Similar to the effect 
caused by T3SS1 effectors, this process is predicted to be an 
orchestration of various T3SS2 effectors serving distinct 
roles (Table 1).
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  VopC: Recently, new evidence was reported which dem-
onstrates that V. parahaemolyticus, which has been long 
thought to be an extracellular pathogen, invades the host cell 
(Zhang et al., 2012). Zhang et al. (2012) showed that V. par-
ahaemolyticus enter the host cells and remain intracellular 
by a process of that is mediated by a T3SS2 effector VopC 
(VPA1321). VopC shares sequence homology to cytotoxic 
necrotizing factor (CNF) toxins found in Yersinia spp., Bor-
detella spp., and pathogenic E. coli. These toxins, once se-
creted into the host cell, target diverse eukaryotic factors to 
subvert host cell systems for the benefit of the pathogen, 
such as facilitating the invasion of bacteria into the host cell. 
Surprisingly, the authors observed, using gentamicin pro-
tection assays and cytotoxicity analyses, that the invasion of 
V. parahaemolyticus into non-phagocytic cells was dependent 
on the presence of VopC. The invasion is mediated by the 
enzymatic activity of VopC, a deamidase/transglutaminase 
activity shared by other CNF toxins with conserved cata-
lytic residues. The deamidation of small Rho GTPases such 
as Rac and Cdc42 (on glumatine 61) by VopC renders them 
constitutively active and promotes actin cytoskeleton re-
arrangement of the infected cell so it can engulf the bacteria 
(Fig. 2A). The authors found that a VopC homolog in non- 
O1/non-O139 V. cholerae strains also mediates the bacterial 
invasion during infection. The authors predict that other ma-
rine pathogens containing a similar T3SS2 with a VopC-like 
gene will also be invasive. This new insight of the invasive 
nature of V. parahaemolyticus suggests new approaches for 
studying the pathogenesis of the bacteria. Furthermore, it 
makes it indispensable for re-evaluating the functions and 
mechanisms of the effectors previously characterized within 
the context of V. parahaemolyticus being thought of as an 
extracellular pathogen when it actually invades.
  VopA: VopA/P (VPA1346) is a homolog of YopJ, an ef-
fector from Yersenia spp. which inhibits mitogen-activated 
protein kinase (MAPK) and NFκB signaling pathway (Orth 
et al., 1999; Mukherjee et al., 2006; Mukherjee et al., 2007). 
These effectors share the same catalytic triad and both act as 
acetyltransferases targeting kinases. However, VopA/P only 
inhibits MAPK pathway and not NFκB signaling (Trosky 
et al., 2004). For Yersenia which is thought to be primarily an 
extracellular pathogen, YopJ is designed to target multiple 
pathways and block the host innate immune response. It 
also promotes cell death by blocking the NFκB survival 
pathway. Considering the invasive nature of V. parahae-
molyticus, it is only natural that VopA/P does not target 
NFκB pathway in order to sustain the survival of the host cell 
which contains an intracellular niche for V. parahaemoly-
ticus. Therefore, despite their conserved enzymatic activity, 
YopJ and VopA/P have evolved to have a different sub-
strate specificity favoring their respective bacterial lifestyle. 
In addition, the mechanisms underlying the MAPK inhibi-
tion by YopJ and VopA/P are also different. YopJ acetylates 
the critical serine and threonine residues located on the ac-
tivation loop of MAPK kinases and IKKβ blocking the phos-
phorylation sites that are necessary for the activationby up-
stream kinases. VopA/P also acetylates the same serine and 
threonine residues of MKKs thereby preventing kinase ac-
tivation in a similar manner. Interestingly, VopA/P modifies 
an additional lysine also present in the catalytic loop that is 

essential for binding to the γ-phosphate of ATP (Trosky et 
al., 2007). The acetyl group masks the charge of lysine, which 
alters the change of the nucleotide binding pocket so it can 
no longer bind to ATP and modify the substrate (Fig. 2B). 
VopA/P uses a novel mechanism for inhibiting kinases, be-
cause it targets not only the inactive form but also the ac-
tive form of the kinase.
  VopL: The actin cytoskeleton undergoes a highly dynamic 
process of assembly and disassembly in order to control cell 
shape and motility. Because its homeostasis is so crucial for 
cell survival, the actin cytoskeleton is one of the major targets 
of many bacterial effectors and is manipulated by diverse 
mechanisms. The assembly of actin filaments begins with the 
nucleation step involving three or more actin monomers 
where actin filament polymerization can occur. VopL (VPA 
1370) contains three Wiskott-Aldrich homology 2 (WH2) 
domains that bind to actin monomers and promote actin nu-
cleation (Liverman et al., 2007). Accordingly, VopL triggers 
an actin-related phenotype during infection which is to in-
duce massive stress fibers throughout the cell (Fig. 2C). This 
process, unlike many other bacterial effectors that manipu-
late the actin cytoskeleton, does not involve small Rho family 
GTPases such as RhoA, Rac, and Cdc42 that govern the for-
mation of stress fibers, lamellipodia, and filapodia, respec-
tively (Takai et al., 2001). It is proposed that VopL serves as 
an actin nucleation factor promoting the assembly of actin 
filaments in a polarized manner. This is distinct from the 
action of eukaryotic actin-nucleator Arp2/3 complex which 
generates the branched network of actin filaments (Takai et 
al., 2001). The molecular mechanism of actin filament nu-
cleation mediated by VopL was recently determined. VopL 
C-terminal domain (VCD) of VopL promotes dimerization 
of WH2 motifs as well as recruitment of actin subunits by 
binding of VCD to the pointed end of the actin nucleus, 
both of which is necessary for VopL-mediated nucleation 
activity (Namgoong et al., 2011; Yu et al., 2011). Conside-
ring that V. parahaemolyticus is an intracellular pathogen, 
the actin manipulation by VopL may potentially have a role 
in bacterial uptake into the host cell or membrane traffick-
ing in order to form vacuoles where bacteria can replicate.
  VopT: VopT (VPA1327) contains a ADP-ribosyltransferase 
(ADPRT) domain that is found in ExoT and ExoS, the T3SS 
effectors from Pseudomonas aeruginosa. ExoS induces cell 
death which requires its ADPRT activity. ExoS modifies mo-
nomeric small G proteins including Ras, RalA, Rac1, Cdc42 
and certain Rab proteins (Coburn and Gill, 1991; Bette- 
Bobillo et al., 1998; McGuffie et al., 1998; Kaufman et al., 
2000; Fraylick et al., 2002). ExoT, on the other hand, ADP- 
ribosylates CT10 regulator of kinase (Crk) proteins and is 
likely to inhibit host cell phagocytosis while having no effect 
on cell viability (Sun and Barbieri, 2003; Barbieri and Sun, 
2004). VopT exhibits cytotoxicity against the intestinal cell 
lines such as Caco-2 and HCT-8 as well as growth inhibi-
tion in yeast, which is all dependent on its ADPRT activity 
(Kodama et al., 2007). Similar to ExoS, VopT also ADP-ri-
bosylates Ras both in vivo and in vitro (Fig. 2D). However, 
VopT has rather narrow substrate specificity and modifies 
only Ras among monomeric small G proteins. However, it 
is unclear if this modification activates or inactivates Ras. 
Whether or not this ADP-ribosylation of Ras is responsible 
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for VopT-mediated cytotoxicity remains to be determined. 
It is also possible that VopT may have another substrate(s) 
distinct from those of ExoS or ExoT that contribute to cy-
totoxic effects. Further analysis is required to understand the 
molecular mechanisms mediated by VopT ADP-ribosyla-
tion and to identify the key players in the pathway leading 
to cytotoxicity.
  VopV: VopV (VPA1357) was identified as a critical factor 
that contributes to T3SS2-mediated enterotoxicity in the 
rabbit ileal loop model (Hiyoshi et al., 2011). VopV directly 
binds to F-actin, a polymer form of actin, demonstrated by a 
high-speed cosedimentation assay. When Caco-2 cells were 
infected with V. parahaemolyticus, accumulation of F-actin 
filaments beneath bacterial microcolonies was observed in a 
VopV-dependent manner. VopV has a long repeat (LR) re-
gion between the N- and C-terminal domains that consists of 
three types of repeat sequence units. The LR and the C-ter-
minal domain mediate the binding to F-actin and induce 
the F-actin accumulation observed in vivo. In addition to F- 
actin binding, VopV has F-actin bundling activity demon-
strated by a low-speed cosedimentation assay where most 
of the F-actin was pelleted after a low-speed centrifugation 
in the presence of VopV. The assembly of F-actin filaments 
forming thick bundles was also observed using transmission 
electron microscopy (TEM). The authors determined the mi-
nimal region within LR that is responsible for F-actin binding, 
and revealed that multiple copies of this unit are required 
for F-actin bundling activity. The enterotoxicity caused by 
VopV was shown to correlate with the F-actin binding but 
not the bundling activity (Fig. 2E). How this F-actin binding 
activity of VopV is involved in causing enterotoxicity re-
mains unknown. VopM, a VopV homolog found in non-O1/ 
non-O-139 V. cholearae strains that carry T3SS2-like gene 
cluster has also shown to mediate enterotoxicity, under-
lining its crucial role during infection.

Models for studying T3SS2-mediated enterotoxicity
  In vitro models: One model system established to study 
enterotoxicity of V. parahaemolyticus is the rabbit ileal loop 
(Boutin et al., 1979). For this experiment, the ligated ileal 
loops of rabbits are injected with a known number of bac-
terial cells and the fluid accumulation is measured after bac-
terial colonization of the intestine. The fluid accumulation 
is thought to mimic the clinical symptoms of gasteroenteritis, 
albeit without a diarhetic flow. Histopathological analysis 
using hematoxylin-eosin staining is also used to look for 
signs of intestinal inflammation such as epithelial denuda-
tion, edema, and neutrophil infiltration in the lamina propria 
and submucosal area (Park et al., 2004). However, there are 
several caveats to be considered when interpreting data de-
rived from these experiments: 1) This system does not allow 
a natural flow of contents through the intestinal cavity, but 
results in a stagnant pool of bacteria. 2) The incubations 
are extensive and much is missed within the 24 h incubation. 
3) The tissue used may not be representative of the tissue 
targeted during the infection of the human host as damage 
and bleeding has been associated with other intestinal gas-
trointestinal tissue downstream of the small intestine.
  Tissue culture cells have been extensively used to analyze 
molecular responses to bacterial virulence factors. While 

these have been extremely valuable for the molecular anal-
ysis of virulence factors that target evolutionarily conserved 
mechanism, there are some drawbacks from a pathological 
standpoint. For example, the tissue culture cells may or may 
not be a differentiated cell and more than likely they represent 
a uniform population of cells. In vivo models (see below) 
show damage through tissue that contains diverse layers of 
cell types. Another model extensively used to study the mo-
lecular mechanisms of T3SS effector is yeast, because the 
targets of many of these effectors is conserved and yeast ge-
netics can be used for identifying specific effector targets. 
For example the yeast MAPK signaling pathway is conserved 
in yeast and was helpful in dissecting the mechanism used 
by VopA/P (Trosky et al., 2004).
  In vivo models: Animal models developed to study V. par-
ahaemolyticus pathogenesis include orogastric, peritoneal, 
and oral infection in mice. A recent study by Piñeyro et al. 
(2010) presented two animal models as comparative systems 
to investigate the contribution of different T3SS effectors in 
the pathophysiology of gasteroenteritis and lethality. One 
is orogastric infection of piglets where multiple signs of gas-
terointestinal disease were evaluated, including the pres-
ence of acute diarrhea, vomiting, and fecal shedding of V. 
parahaemolyticus. Histological analysis revealed a mild to 
severe enema in cecal submucosa and serosa. The study de-
monstrated that such clinical symptoms correlate with the 
presence of T3SS2, indicating its crucial role in causing ges-
terointestinal disease. The other is a murine pulmonary 
model where the bacteria are inoculated into mouse lungs. 
The infected mice showed diffuse and severe pulmonary hem-
orrhage and mortality which was significantly attenuated by 
the absence of T3SS1, illustrating that two T3SSs serve distinct 
functions in pathogenesis for V. paramaelyticus infection.
  More recently, Ritchie et al. (2012) developed another non- 
surgical animal model utilizing infant rabbits with orogastric 
infection where bacterial colonization and host responses to 
infection can be effectively monitored. The distal small in-
testine was observed to be a primary site of bacterial colo-
nization where major tissue damages as well as inflamma-
tion occurred. However, the location of infections in this 
study could be due to the neutralization of the stomach of the 
rabbits prior to the bacterial inoculation resulting in a non-
physiological condition for bacterial infection.

Concluding remark

A number of bacterial pathogens utilize toxins and T3SSs to 
subvert host signaling system as a strategy to promote their 
survival and replication during infection. The pathogenic 
strains of V. parahaemolyticus have acquired an additional 
T3SS in the second chromosome later during evolution to 
ensure successful infection in the human host. Various effec-
tors secreted by T3SS2 target many host factors including 
MKKs, small Rho GTPases, and F-actin to manipulate crit-
ical signaling pathways and actin cytoskeleton organization. 
Although some effectors have been relatively well charac-
terized, relevant host targets and detailed mechanism of ac-
tions of many other effectors still remain to be determined. 
It will be interesting to investigate how the distinct functions 
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of individual effectors work in an orchestrated manner to 
promote bacterial colonization of the intestine and trigger 
enterotoxicity. Importantly, the invasive nature of V. para-
haemolyticus should be taken into account for all future 
studies dealing with the T3SS2 and pathogenicity of V. para-
haemolyticus. In addition, transcriptional and post-trans-
criptional regulation of the T3SS2 genes and the mechanism 
of translocation are more open fields for future studies.

References

Barbieri, J.T. and Sun, J. 2004. Pseudomonas aeruginosa ExoS and 
ExoT. Rev. Physiol. Biochem. Pharmacol. 152, 79–92.

Begley, M., Gahan, C.G., and Hill, C. 2005. The interaction be-
tween bacteria and bile. FEMS Microbiol. Rev. 29, 625–651.

Bette-Bobillo, P., Giro, P., Sainte-Marie, J., and Vidal, M. 1998. 
Exoenzyme S from P. aeruginosa ADP ribosylates rab4 and in-
hibits transferrin recycling in SLO-permeabilized reticulocytes. 
Biochem. Biophys. Res. Commun. 244, 336–341.

Boutin, B.K., Townsend, S.F., Scarpino, P.V., and Twedt, R.M. 1979. 
Demonstration of invasiveness of Vibrio parahaemolyticus in adult 
rabbits by immunofluorescence. Appl. Environ. Microbiol. 37, 
647–653.

Broberg, C.A., Zhang, L., Gonzalez, H., Laskowski-Arce, M.A., 
and Orth, K. 2010. A Vibrio effector protein is an inositol phos-
phatase and disrupts host cell membrane integrity. Science 329, 
1660–1662.

Burdette, D.L., Seemann, J., and Orth, K. 2009. Vibrio VopQ induces 
PI3-kinase-independent autophagy and antagonizes phagocytosis. 
Mol. Microbiol. 73, 639–649.

Buttner, D. and Bonas, U. 2002. Port of entry-the type III secre-
tion translocon. Trends Microbiol. 10, 186–192.

Coburn, J. and Gill, D.M. 1991. ADP-ribosylation of p21ras and re-
lated proteins by Pseudomonas aeruginosa exoenzyme S. Infect. 
Immun. 59, 4259–4262.

Fraylick, J.E., Rucks, E.A., Greene, D.M., Vincent, T.S., and Olson, 
J.C. 2002. Eukaryotic cell determination of ExoS ADP-ribosyl-
transferase substrate specificity. Biochem. Biophys. Res. Commun. 
291, 91–100.

Gotoh, K., Kodama, T., Hiyoshi, H., Izutsu, K., Park, K.S., Dryselius, 
R., Akeda, Y., Honda, T., and Iida, T. 2010. Bile acid-induced 
virulence gene expression of Vibrio parahaemolyticus reveals a 
novel therapeutic potential for bile acid sequestrants. PLoS 
ONE 5, e13365.

Gupta, S. and Chowdhury, R. 1997. Bile affects production of vir-
ulence factors and motility of Vibrio cholerae. Infect. Immun. 
65, 1131–1134.

Hiyoshi, H., Kodama, T., Saito, K., Gotoh, K., Matsuda, S., Akeda, Y., 
Honda, T., and Iida, T. 2011. VopV, an F-actin-binding type III 
secretion effector, is required for Vibrio parahaemolyticus-induced 
enterotoxicity. Cell Host Microbe 10, 401–409.

Honda, T., Ni, Y.X., Hata, A., Yoh, M., Miwatani, T., Okamoto, 
T., Goshima, K., Takakura, H., Tsunasawa, S., and Sakiyama, F. 
1990. Properties of a hemolysin related to the thermostable di-
rect hemolysin produced by a Kanagawa phenomenon negative, 
clinical isolate of Vibrio parahaemolyticus. Can. J. Microbiol. 
36, 395–399.

Joseph, S.W., Colwell, R.R., and Kaper, J.B. 1982. Vibrio parahae-
molyticus and related halophilic Vibrios. Crit. Rev. Microbiol. 10, 
77–124.

Kaufman, M.R., Jia, J., Zeng, L., Ha, U., Chow, M., and Jin, S. 2000. 
Pseudomonas aeruginosa mediated apoptosis requires the ADP- 
ribosylating activity of exoS. Microbiology 146, 2531–2541.

Kodama, T., Gotoh, K., Hiyoshi, H., Morita, M., Izutsu, K., Akeda, 

Y., Park, K.S., Cantarelli, V.V., Dryselius, R., Iida, T., and et al. 
2010. Two regulators of Vibrio parahaemolyticus play important 
roles in enterotoxicity by controlling the expression of genes in 
the Vp-PAI region. PLoS ONE 5, e8678.

Kodama, T., Hiyoshi, H., Gotoh, K., Akeda, Y., Matsuda, S., Park, 
K.S., Cantarelli, V.V., Iida, T., and Honda, T. 2008. Identification 
of two translocon proteins of Vibrio parahaemolyticus type III 
secretion system 2. Infect. Immun. 76, 4282–4289.

Kodama, T., Rokuda, M., Park, K.S., Cantarelli, V.V., Matsuda, S., 
Iida, T., and Honda, T. 2007. Identification and characterization 
of VopT, a novel ADP-ribosyltransferase effector protein se-
creted via the Vibrio parahaemolyticus type III secretion system 
2. Cell. Microbiol. 9, 2598–2609.

Liverman, A.D., Cheng, H.C., Trosky, J.E., Leung, D.W., Yarbrough, 
M.L., Burdette, D.L., Rosen, M.K., and Orth, K. 2007. Arp2/3– 
independent assembly of actin by Vibrio type III effector VopL. 
Proc. Natl. Acad. Sci. USA 104, 17117–17122.

Makino, K., Oshima, K., Kurokawa, K., Yokoyama, K., Uda, T., 
Tagomori, K., Iijima, Y., Najima, M., Nakano, M., Yamashita, A., 
and et al. 2003. Genome sequence of Vibrio parahaemolyticus: a 
pathogenic mechanism distinct from that of V. cholerae. Lancet 
361, 743–749.

Matsuda, S., Okada, N., Kodama, T., Honda, T., and Iida, T. 2012. 
A cytotoxic type III secretion effector of Vibrio parahaemolyticus 
targets vacuolar H+–ATPase subunit c and ruptures host cell 
lysosomes. PLoS Pathog. 8, e1002803.

Mattei, P.J., Faudry, E., Job, V., Izore, T., Attree, I., and Dessen, A. 
2011. Membrane targeting and pore formation by the type III 
secretion system translocon. FEBS J. 278, 414–426.

McCarter, L. 1999. The multiple identities of Vibrio parahaemoly-
ticus. J. Mol. Microbiol. Biotechnol. 1, 51–57.

McGuffie, E.M., Frank, D.W., Vincent, T.S., and Olson, J.C. 1998. 
Modification of Ras in eukaryotic cells by Pseudomonas aerugi-
nosa exoenzyme S. Infect. Immun. 66, 2607–2613.

Mueller, C.A., Broz, P., and Cornelis, G.R. 2008. The type III se-
cretion system tip complex and translocon. Mol. Microbiol. 68, 
1085–1095.

Mukherjee, S., Hao, Y.H., and Orth, K. 2007. A newly discovered 
post-translational modification-the acetylation of serine and 
threonine residues. Trends Biochem. Sci. 32, 210–216.

Mukherjee, S., Keitany, G., Li, Y., Wang, Y., Ball, H.L., Goldsmith, 
E.J., and Orth, K. 2006. Yersinia YopJ acetylates and inhibits 
kinase activation by blocking phosphorylation. Science 312, 
1211–1214.

Namgoong, S., Boczkowska, M., Glista, M.J., Winkelman, J.D., Re-
bowski, G., Kovar, D.R., and Dominguez, R. 2011. Mechanism 
of actin filament nucleation by Vibrio VopL and implications 
for tandem W domain nucleation. Nat. Struct. Mol. Biol. 18, 
1060–1067.

Nishibuchi, M., Fasano, A., Russell, R.G., and Kaper, J.B. 1992. 
Enterotoxigenicity of Vibrio parahaemolyticus with and without 
genes encoding thermostable direct hemolysin. Infect. Immun. 
60, 3539–3545.

Nishibuchi, M. and Kaper, J.B. 1995. Thermostable direct hemo-
lysin gene of Vibrio parahaemolyticus: a virulence gene acquired 
by a marine bacterium. Infect. Immun. 63, 2093–2099.

Ohnishi, K., Nakahira, K., Unzai, S., Mayanagi, K., Hashimoto, H., 
Shiraki, K., Honda, T., and Yanagihara, I. 2011. Relationship be-
tween heat-induced fibrillogenicity and hemolytic activity of ther-
mostable direct hemolysin and a related hemolysin of Vibrio 
parahaemolyticus. FEMS Microbiol. Lett. 318, 10–17.

Olive, A.J., Kenjale, R., Espina, M., Moore, D.S., Picking, W.L., and 
Picking, W.D. 2007. Bile salts stimulate recruitment of IpaB to 
the Shigella flexneri surface, where it colocalizes with IpaD at the 
tip of the type III secretion needle. Infect. Immun. 75, 2626–2629.

Orth, K., Palmer, L.E., Bao, Z.Q., Stewart, S., Rudolph, A.E., Bliska, 
J.B., and Dixon, J.E. 1999. Inhibition of the mitogen-activated 



V. para T3SS2 725

protein kinase kinase superfamily by a Yersinia effector. Science 
285, 1920–1923.

Park, K.S., Ono, T., Rokuda, M., Jang, M.H., Okada, K., Iida, T., and 
Honda, T. 2004. Functional characterization of two type III se-
cretion systems of Vibrio parahaemolyticus. Infect. Immun. 72, 
6659–6665.

Piñeyro, P., Zhou, X., Orfe, L.H., Friel, P.J., Lahmers, K., and Call, 
D.R. 2010. Development of two animal models to study the func-
tion of Vibrio parahaemolyticus type III secretion systems. Infect. 
Immun. 78, 4551–4559.

Prouty, A.M. and Gunn, J.S. 2000. Salmonella enterica serovar ty-
phimurium invasion is repressed in the presence of bile. Infect. 
Immun. 68, 6763–6769.

Raimondi, F., Kao, J.P., Fiorentini, C., Fabbri, A., Donelli, G., Gas-
parini, N., Rubino, A., and Fasano, A. 2000. Enterotoxicity and 
cytotoxicity of Vibrio parahaemolyticus thermostable direct he-
molysin in in vitro systems. Infect. Immun. 68, 3180–3185.

Ritchie, J.M., Rui, H., Zhou, X., Iida, T., Kodoma, T., Ito, S., Davis, 
B.M., Bronson, R.T., and Waldor, M.K. 2012. Inflammation 
and disintegration of intestinal villi in an experimental model 
for Vibrio parahaemolyticus-induced diarrhea. PLoS Pathog. 8, 
e1002593.

Schuhmacher, D.A. and Klose, K.E. 1999. Environmental signals 
modulate ToxT-dependent virulence factor expression in Vibrio 
cholerae. J. Bacteriol. 181, 1508–1514.

Su, Y.C. and Liu, C. 2007. Vibrio parahaemolyticus: a concern of 
seafood safety. Food Microbiol. 24, 549–558.

Sun, J. and Barbieri, J.T. 2003. Pseudomonas aeruginosa ExoT ADP- 

ribosylates CT10 regulator of kinase (Crk) proteins. J. Biol. Chem. 
278, 32794–32800.

Takai, Y., Sasaki, T., and Matozaki, T. 2001. Small GTP-binding 
proteins. Physiol. Rev. 81, 153–208.

Trosky, J.E., Li, Y., Mukherjee, S., Keitany, G., Ball, H., and Orth, K. 
2007. VopA inhibits ATP binding by acetylating the catalytic loop 
of MAPK kinases. J. Biol. Chem. 282, 34299–34305.

Trosky, J.E., Mukherjee, S., Burdette, D.L., Roberts, M., McCarter, 
L., Siegel, R.M., and Orth, K. 2004. Inhibition of MAPK signaling 
pathways by VopA from Vibrio parahaemolyticus. J. Biol. Chem. 
279, 51953–51957.

Yarbrough, M.L., Li, Y., Kinch, L.N., Grishin, N.V., Ball, H.L., and 
Orth, K. 2009. AMPylation of Rho GTPases by Vibrio VopS dis-
rupts effector binding and downstream signaling. Science 323, 
269–272.

Yeung, P.S. and Boor, K.J. 2004. Epidemiology, pathogenesis, and 
prevention of foodborne Vibrio parahaemolyticus infections. 
Foodborne Pathog. Dis. 1, 74–88.

Yu, B., Cheng, H.C., Brautigam, C.A., Tomchick, D.R., and Rosen, 
M.K. 2011. Mechanism of actin filament nucleation by the bac-
terial effector VopL. Nat. Struct. Mol. Biol. 18, 1068–1074.

Zhang, L., Krachler, A.M., Broberg, C.A., Li, Y., Mirzaei, H., Gilpin, 
C.J., and Orth, K. 2012. Type III effector VopC mediates inva-
sion for Vibrio species. Cell Rep. 1, 453–460.

Zhou, X., Ritchie, J.M., Hiyoshi, H., Iida, T., Davis, B.M., Waldor, 
M.K., and Kodama, T. 2012. The hydrophilic translocator for 
Vibrio parahaemolyticus, T3SS2, is also translocated. Infect. 
Immun. 80, 2940–2947.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


