A Al

Journals.ASM.org

Type Three Secretion System Island-Encoded Proteins Required for
Colonization by Non-O1/Non-O139 Serogroup Vibrio cholerae
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Department of Microbiology and Immunology, University of Rochester School of Medicine and Dentistry, Rochester, New York, USA

Vibrio cholerae is a genetically diverse species, and pathogenic strains can encode different virulence factors that mediate coloni-
zation and secretory diarrhea. Although the toxin-coregulated pilus (TCP) is the primary colonization factor in epidemic-caus-
ing V. cholerae strains, other strains do not encode the TCP and instead promote colonization via the activity of a type 3 secre-
tion system (T3SS). Using the infant mouse model and T3SS-positive 039 serogroup strain AM-19226, we sought to determine
which of 12 previously identified, T3SS-translocated proteins (Vops) are important for host colonization. We constructed in-
frame deletions in each of the 12 loci in strain AM-19226 and identified five Vop deletion strains, including AVopM, which were
severely attenuated for colonization. Interestingly, a subset of deletion strains was also incompetent for effector protein trans-
port. Our collective data therefore suggest that several translocated proteins may also function as components of the structural
apparatus or translocation machinery and indicate that while VopM is critical for establishing an infection, the combined activi-
ties of other effectors may also contribute to the ability of T3SS-positive strains to colonize host epithelial cell surfaces.

he toxin-coregulated pilus (TCP) is the major colonization

factor encoded by all pathogenic O1 and O139 serogroup
Vibrio cholerae strains, which cause epidemic cholera. In contrast,
most clinically isolated non-O1/non-O139 serogroup strains do
not encode TCP and thus must employ other mechanisms to ef-
fectively colonize the human intestinal epithelium and cause spo-
radic, cholera-like disease (1-3). Genome sequence analysis of a
clinically isolated O39 serogroup strain, named AM-19226, iden-
tified a pathogenicity island on the large chromosome that en-
codes the structural proteins for a type 3 secretion system (T3SS)
(4). T3SSs function as principal virulence mechanisms in many
Gram-negative bacterial pathogens (e.g., Escherichia, Salmonella,
Pseudomonas, Shigella, and Yersinia spp.), and in vivo studies using
different animal models confirmed that the V. cholerae T3SS is
essential for causing disease (5-7). In addition, numerous groups
have identified T3SS-positive V. cholerae strains in laboratory col-
lections, from patients, and from endemic environments, suggest-
ing that a subset of non-O1/non-0139 serogroup strains depends
on T3SS activity for virulence (1, 3, 4, 8-10).

The V. cholerae T3SS is most closely related to the Vibrio para-
haemolyticus T3SS2. T3SS2 is associated with pandemic V. parah-
aemolyticus strains, whereas T3SS1 is present in all strains (11).
Comparison of the T3SS genomic islands in V. cholerae strain
AM-19226 and V. parahaemolyticus strain RIMD2210633 reveals
synteny within a conserved, central “core” region, flanked by 5’
and 3’ regions of greater coding diversity between clades and spe-
cies (4,10, 12—14). The core region encodes proteins that form the
T3SS structural apparatus and is transcriptionally organized into
four main operons in V. cholerae (Fig. 1) (15, 16). In vitro, operon
expression can be activated in a bile-dependent manner by VttR,
and VttRg, two ToxR-like transmembrane transcriptional regula-
tory proteins that are also encoded by the T3SS island (15, 16).
Embedded among the structural genes are 5 of 12 loci whose gene
products are translocated from strain AM-19226 into mammalian
cells during in vitro coculture: VopH, -A, -M, -1, and -W (12). The
functions of VopH, -A, and -I have not previously been defined.
The V. parahaemolyticus VopW protein was also detected in mam-
malian cells by using translocation assays but was additionally
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shown to function as the hydrophilic translocator protein for
T3SS2 (17). By analogy, VopW likely has a similar function in V.
cholerae. The V. parahaemolyticus vopV and V. cholerae vopM loci
lie within conserved regions of synteny in the T3SS island of each
species and encode homologous proteins. VopV and VopM me-
diate actin bundling and the formation of stress fibers in cultured
mammalian cells and contribute to enterotoxigenicity and efface-
ment of the intestinal brush border in a rabbit model of infection
(18, 19).

Remodeling of the host actin cytoskeleton to promote bacterial
attachment or invasion is a common theme among T3SS effectors
(20), and in addition to VopM, VopF has been assigned a role in
cytoskeletal rearrangement. Tam et al. reported that VopF binds
and nucleates actin in vitro, influences the integrity of tight junc-
tions in cultured mammalian monolayers, and contributes to col-
onization of the infant mouse intestine (5, 7). Similarly, the V.
parahaemolyticus VopF paralog, VopL, has been shown to induce
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FIG 1 Schematic of the AM-19226 T3SS genomic island. The AM-19226 T3SS genomic island is composed of a conserved “core” region that is similar among
T3SS-positive Vibrio strains and mosaic 5'- and 3’-flanking regions that differ among clades and species. Genes encoding the T3SS structural proteins
(VesRTCNS2, VesVUQ2, Ves)2, and VspD) are shown as dark gray arrows, genes encoding the translocated proteins (Vops) are shown as checkered arrows,
genes encoding the T3SS transcriptional regulators (VttR, and VttR) are shown as black arrows, and genes encoding predicted virulence-related proteins (Acfs
and TDH-related hemolysin [TRH]) are shown as light gray arrows. Note that genes for 5 of the 12 translocated proteins are interspersed within the four
structural gene operons in the conserved core region, which also includes VopF. Arrows indicate the major transcriptional initiation sites based on

transcriptome sequencing data (16).

the formation of actin stress fibers in HeLa cells (7). VopF is con-
served in all T3SS-positive Vibrio strains belonging to the alpha-
clade, although it is not encoded in the structural gene operons
but rather at the 3’ end of the conserved, core region (4, 7, 10).

As mentioned above, six additional genes that lie outside the
core region appear to be species and/or strain specific, based on
comparative sequence analyses (10). For example, VopG in V.
cholerae strain AM-19226 is encoded in the 3'-flanking region of
the T3SS genomic island, but a similar protein is encoded in the
5’-flanking region of alpha-clade strains of V. parahaemolyticus
(4,9, 14). On the other hand, AM-19226 VopE, -X, -K, -Y,and -Z
appear to be restricted to V. cholerae strains. VopE possesses a
conserved Rho-GTPase-activating (GAP) motif that is also pres-
ent in YopE of Yersinia spp. Based on the conserved domain and
results suggesting a role in tight junction disruption, it was hy-
pothesized that VopE may also modulate actin dynamics (7, 21).
However, recent data indicate that the GAP activity is targeted to
the mitochondrial Miro Rho-GTPases (22). The function(s) of
VopX, -G, -K, -Y, and -Z is currently unknown.

However, as described previously, T3SS activity is essential for
colonization, and an AM-19226 vcsN2 deletion strain (missing the
ATPase component of the T3SS structural apparatus) is unable to
establish infection in the infant mouse or rabbit intestinal tract
model (5, 6). To determine which translocated proteins function
during the initial stages of infection to colonize host tissues, we
constructed in-frame deletions in each of the 12 genes encoding
translocated proteins and determined their competitive index
(CI) using the infant mouse model.

MATERIALS AND METHODS

Strains and culture conditions. Bacterial strains used in this study are
listed in Table 1. All strains were maintained at —80°C in Luria-Bertani
(LB) broth containing 20% glycerol. For infant mouse competition and
growth curve assays, parental and deletion strains were grown overnight
in LB broth supplemented with streptomycin (100 pwg/ml) on a roller
drum at 37°C. For Escherichia coli and V. cholerae strains, ampicillin was
used at 100 pg/ml.

Strain construction. V. cholerae R~ M™" lacZ" strain AM-19226
(MD992) was used as the parental strain to construct nonpolar, in-frame
deletions in genes encoding translocated proteins, using overlapping PCR
and standard allelic exchange methods as previously described (15, 23).
Deletions were confirmed by colony PCR and Southern blot analysis. The
VopX truncation mutant (VopX') was constructed by introducing a point
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mutation that resulted in a stop codon at residue 54 (K. A. Miller and M.
Dziejman, unpublished data). For complementation studies, the vopA
coding sequence was cloned into pBR322 by using standard restriction
enzyme methods. For complementation of other deletions, the protein
open reading frame was amplified by PCR, using primers that included att
sites to facilitate recombination-mediated cloning into a pBR322 vector
that was modified to serve as a Gateway destination vector (24, 25). Primer
sequences are available upon request.

Infant mouse competition assays. Competition assays were per-
formed as previously described and in accordance with the University of
Rochester Committee on Animal Resources-approved protocols (15, 26).
Briefly, 3- to 5-day-old CD1 mice (n = 7 to 10) were intragastrically
inoculated with a total of ~10° bacteria at a 1:1 ratio of the deletion strain
(lacZ™) and an isogenic parent strain (lacZ negative). After 16 to 18 h at
30°C, mice were euthanized, and the small intestines were surgically re-
moved, homogenized, and plated onto LB agar plates containing 5-bro-
mo-4-chloro-3-indolyl-B-p-galactopyranoside (X-gal). The competitive
index (CI) was calculated based on output and input ratios of the parental
and the deletion strains, where CI = (mutant output/parental output)/
(mutant input/parental input). The limit of detection for our protocol is
100 CFU/intestine.

Translocation assay. Fluorescence resonance energy transfer (FRET)-
based translocation assays were conducted as previously described (12).
Briefly, V. cholerae strains containing pVTM30-based transmission elec-
tron microscopy (TEM) fusions to VopM and VopX (see Fig. 3) or VopG
(data not shown) were used to infect HeLa cells at a multiplicity of infec-
tion (MOI) of ~10 for 3 h and then washed three times with Hanks’
balanced salt solution (HBSS) and incubated with coumarin-cephalospo-
rin-fluorescein (2)-acetoxymethyl (CCF2-AM) (GeneBLAzer detection
kits; Invitrogen) for 1 h. Fluorescence was observed following excitation at
409 nm by using an Olympus FV1000 confocal microscope at a X20
magnification. Emission at 520 nm (green fluorescence) was scored as no
translocation, whereas emission at 447 nm (blue fluorescence) was scored
as positive for translocation.

Coverslip adherence assay. Caco2-BBE cells were seeded onto colla-
gen-coated coverslips (Neuvitro) in a 24-well plate, using 4 X 10° cells/
well and Dulbecco’s modified Eagle medium (DMEM) supplemented
with 5% fetal bovine serum (FBS). After 48 h, confluent monolayers were
washed once with phosphate-buffered saline (PBS) and provided fresh
DMEM with 5% FBS and 0.2% bile (Sigma). The Caco2-BBE cells were
then cocultured with bacterial strains at an MOI of ~10 for 2 h. Bac-
terial cells were also added to wells containing the medium alone to
calculate bacterial growth (output) under the same conditions as those
used during coculture. After coculture, wells and coverslips were
washed twice with PBS, and the coverslips were transferred to fresh
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TABLE 1 Strains and plasmids

Source or
Strain or plasmid Genotype and/or description” reference
Strains
V. cholerae
MD992 AM-19226 R~ M Str* Laboratory stock
MD996 AM-19226 R~ M™" AlacZ Str" Laboratory stock
AAC155  MD992 Ahap AhlyA ArtxA 12
AAC330 MD992 Ahap AhlyA ArtxA AvesN2 12
MC50 MD992 AvopG This study
MC96 MD992 AvopZ This study
MC150 MD992 AvopF This study
MC180 MD992 AvopH This study
MC188 MD992 AvopA This study
MC195 MD992 AvopM This study
KM121 MD992 AvopY This study
KM223 MD992 AvopK This study
JW6 MD992 AvopW This study
JW16 MD992 Avopl This study
VS4 MD992 AvopE This study
JC11 MD992 vopX' This study
MC264 MD992 AvopA (pBR322-vopA) This study
CS11 MD992 AvopH (pBR322-vopH) This study
CS12 MD992 AvopM (pBR322-vopM) This study
CS13 MD992 AvopW (pBR322-vopW) This study
CS20 MD992 AvopI (pBR322-vopI) This study
CS27 MD992 AvopG (pBR322-vopG) This study
MC207 AACI155 AvopH (pVTM30) This study
MC210 AAC155 AvopA (pVTM30) This study
MC213 AAC155 AvopH (pVTM30-VopM-Bla) This study
MC214 AACI155 AvopA (pVTM30-VopM-Bla) This study
MCQC215 AAC155 AvopM (pVTM30-VopG-Bla) This study
MC217 AAC155 AvopM (pVTM30) This study
MC266 AAC155 AvopF (pVTM30) This study
MC268 AAC155 AvopF (pVTM30-VopM-Bla)  This study
MS9 AAC155 AvopI (pVTM30) This study
MS10 AAC155 Avopl (pVTM30-VopX-Bla)  This study
MS13 AAC155 AvopW (pVTM30) This study
MS15 AAC155 AvopW (pVTM30-VopM-Bla) This study
E. coli
DH5aNpir  F~ ($80 dlacAM15) (lacZYA argF Laboratory stock
AU169)endAl recAl hsdR17 deoR
thi-1 supE44 gyrA96 (Nal') relAl \pir
SMI10ONpir  thi thr leu tonA lacY supE recA RP4-2-  Laboratory stock
Tec:M(\pir) Kan"
Plasmids
pCVD442 Suicide vector; Amp”® Laboratory stock
pVTM30 pDSW204-Bla; to construct Bla fusions; 5
IPTG-inducible Ptr¢; Amp"
pBR322 Cloning vector; Amp" Tet" 40
pBR322-GW  pBR322 with Gateway cassette RfC.1;  This study

destination vector; Amp" Cm"

“IPTG, isopropyl-B-p-thiogalactopyranoside.

wells and washed with PBS again. The Caco2-BBE cells were lysed with
0.1% Triton X-100 by gentle shaking for 1 h. LB broth was added to the
lysate, and 10-fold serial dilutions were plated to determine the num-
ber of adherent bacteria. The ratio of output bacteria to adherent
bacteria was used to calculate percent adherence to mammalian cells,
where percent adherent bacteria = (coverslip-associated bacteria at 2
h/output at 2 h) X 100. Adherence assays were repeated at least twice
with 3 to 5 colonies per strain.
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Statistical analyses. One-way analysis of variance (ANOVA) with a
Dunnett post hoc test was performed to determine statistical significance,
and P values of <0.05 were considered statistically significant.

RESULTS

Core-encoded, translocated proteins conserved between Vibrio
species are required for in vivo colonization. We previously
identified 12 loci encoding gene products that were translocated
into eukaryotic cells during coculture and named them Vops (12).
As shown in Fig. 1, all 12 vop genes lie within the T3SS genomic
island, with the coding sequences for VopH, -A, -M, -1, and -W
being interspersed among the genes encoding T3SS structural
proteins. We investigated the role of each Vop in colonization by
constructing individual unmarked, in-frame deletions and evalu-
ated the ability of each resulting strain to colonize infant mouse
intestines. Under standard in vitro growth conditions in LB broth,
all deletion strains grew as well as the isogenic, parental strain
(data not shown). The results from a representative in vivo exper-
iment for each deletion strain are shown in Fig. 2. Table 2 lists the
average competitive indices for two or more independent experi-
ments.

Strains deleted for each of the five following individual vop
genes were severely attenuated (>100- to 1,000-fold) for coloni-
zation compared to the wild-type strain: vopH, vopA, vopM, vopl,
and vopW (Fig. 2 and Table 2). Strains deleted for genes encoding
VopA, -1, and -W were not recoverable (=1,000-fold defect) from
infant mouse intestines, and in at least one experiment, very few
colonies were recovered for a AvopH or AvopM strain. VopF and
-G deletion strains had more moderate defects of <20-fold.

For each deletion strain having a defect, we constructed a pBR-
based complementing plasmid that constitutively expressed the
gene of interest from the fef promoter. The deletion strain carrying
the complementing plasmid was competed against the wild-type
strain by using the same in vivo assay. (Successful complementa-
tion should result in a competitive index of 1.) Using this method,
we were able to complement the colonization defect of the AvopA,
AvopH, and AvopW strains (Table 2). The AvopA, AvopH, and
AvopW strains were also successfully complemented in vitro in a
mammalian coculture assay, supporting the conclusion that the
phenotype in vivo is due specifically to each gene deletion (Miller
and Dziejman, unpublished). We observed moderate comple-
mentation with the construct expressing vopM, which likely re-
flects loss of the plasmid during infection. However, expressing
vopl or vopG in the respective deletion strains did not restore the
ability to colonize, suggesting that even though we had used an
“in-frame” construction strategy, adjacent or downstream gene
expression might be adversely affected (Table 2). A vopF deletion
was previously complemented (7). Given the collective data at this
time, we conclude that there is an absolute requirement for VopH,
-A, and -W for colonization of the infant mouse small intestine.

The individual absence of other V. cholerae-specific effectors
does not affect colonization. Figure 2 shows that the AvopE,
AvopK, AvopY, and AvopZ strains are each able to colonize as well
as the wild-type strain. We previously reported that an in-frame
deletion of vopX, where sequences coding for 3 N-terminal amino
acids and 8 C-terminal amino acids remained after the deletion,
resulted in a strain having a 5-fold colonization defect (12). How-
ever, preliminary data suggested that the deletion could not be
complemented in trans with a wild-type copy of vopX in vitro
(Miller and Dziejman, unpublished). Whole-genome transcript
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FIG 2 Colonization requires multiple T3SS island-encoded proteins. Competitive indices for AM-19226 strains deleted for 11 effector protein genes and a vopX
point mutant are shown, and their position within the T3SS genomic island is indicated at the bottom. Each triangle represents the CI for a single mouse. The
black bars denote the mean CI. Asterisks indicate that AvopA, Avopl, and AvopW strains were not recoverable from the infant mouse small intestine. Results from
one of two or three experiments performed for each deletion strain are shown, with duplicate experiments producing similar results.

analyses performed by our laboratory revealed that the vitR | gene,
which is adjacent and divergently transcribed, likely shares over-
lapping regulatory regions with vopX that also extend into the
vopX coding sequence (data not shown). In fact, the vopX deletion
could be complemented in other assays by providing VttR,
(Miller and Dziejman, unpublished). Therefore, we tested the col-
onization properties of a strain that encodes a truncated protein,
VopX', resulting from an engineered point mutation that introduced
a premature stop codon at amino acid 54 (Miller and Dziejman, un-
published). The VopX' strain was able to colonize as well as the pa-
rental strain, and we therefore conclude that VopX does not contrib-
ute to colonization of the infant mouse intestine (Fig. 2 and Table 2).

TABLE 2 Summary of data from infant mouse competition assays”

Mean CI
Complemented

Defect and strain Deletion strain/WT strain/WT
100-1,000-fold defect

AvopH 0.0088 4.3700

AvopA 0.0029 0.5252

AvopM 0.0073 0.2612

Avopl 0.0090 0.0026

AvopW 0.0144 0.6715
<20-fold defect

AvopF 0.2776 Previously

reported (7)

AvopG 0.0530 0.0308
No defect

AvopE 0.7007

vopX' 1.1009

AvopK 1.1533

AvopY 1.2108

AvopZ 0.7902

@ All strains were competed against an isogenic parental strain that was of the wild type
(WT) for all T3SS loci (vop genes). A CI of ~1 therefore represents a strain that
colonized as well as the wild type, whereas a CI of <1 indicates a colonization defect.
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VopH, -A, and -W are required for translocation of other
T3SS effectors. As described above, the genes encoding T3SS
structural proteins are organized in the central, core region of the
T3SS genomic island. However, genes that encode proteins for the
needle filament, the needle length control protein, a component of
the translocon, and the inner rod were not initially identified (4).
VopW was subsequently described as the hydrophilic translocator
protein in V. parahaemolyticus, raising the possibility that proteins
previously identified as being translocated into host cells might
also serve structural functions (17).

VopM was translocated to ~31% of the HeLa cells in our
FRET-based translocation assay (12). Although other proteins en-
coded in the core region of the T3SS genomic island (Fig. 1) were
detected in a smaller percentage of mammalian cells, their local-
ization was T3SS dependent, and they were classified as translo-
cated proteins and given Vop designations (12). Because VopW
was subsequently identified as part of the translocon, we were
interested in determining whether other proteins with positive
results in the translocation assay might serve structural functions
or serve dual roles, similar to those proposed for SipC of Salmo-
nella and IpaC of Shigella (27-29). Taken together with the in vivo
data implicating VopH, -A, and -M as essential for colonization,
we investigated whether VopH, -A, and -M influenced protein
translocation by testing whether a VopX-TEM1 or VopM-TEM1
fusion protein could be detected in mammalian host cells. Al-
though we could not complement the severe colonization defect
of the AvopI strain by expressing Vopl in trans, we predicted that
the deletion strain would also be defective for protein transloca-
tion and included it in the assay.

The TEM1 fusion partner alone was not detected in mamma-
lian cells. Western blot analyses using a monoclonal antibody
against B-lactamase (TEM1) confirmed the expression of fusion
products (data not shown). We also tested a AvopF strain to de-
termine if VopF, an effector known to modulate the actin cyto-
skeleton, is required for the translocation of other effectors (i.e.,
VopM) that have also been reported to interact with actin. We
used a AVopW strain as a control, since data support a role for
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FIG 3 VopH, -A, -1, and -W are required for protein translocation. Shown are
confocal microscopy images of FRET-based translocation assay results using
Vop deletion strains carrying VopM-Bla or VopX-Bla constructs cocultured
with HeLa cells. Green fluorescence indicates no translocation of effector-Bla
fusion proteins, whereas blue fluorescence indicates translocation. Bars, 50
pwm. Representative images from two or more experiments are shown.

VopW as part of the T3SS translocon. The results are shown in Fig.
3. Consistent with the reported translocon function for VopW, we
did not detect translocation of VopM (as shown) or VopX (data
not shown) in the AvopW strain. Interestingly, we did not observe
VopM (or VopX [data not shown]) translocation in the AvopH,
AvopA, or Avopl strain. However, the AvopM and AvopF strains
were competent for protein translocation, consistent with their
described roles in actin reorganization, versus a role in secretion.
Interestingly, Phyre” modeling of VopH predicted a cytoplasmic
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FIG 4 AvcsN2 and AvopA strains are deficient in adherence to Caco2-BBE
cells. Caco2-BBE cells were grown to confluence on collagen-coated coverslips
and cocultured for 2 h with either the AM-19226 parental strain or strains
deleted for vesN2 or vopA, after which nonadherent bacteria were washed
away. After Triton X-100 treatment, the resulting lysates were serially diluted
and plated onto selective medium to determine the number of adhered bacte-
ria. X, P < 0.05.

AvopA

N-terminal structure similar to that of YscD, with 77.1% confi-
dence (data not shown). YscD is the inner ring protein of the
Yersinia T3SS structural apparatus, further supporting the hy-
pothesis that VopH constitutes a component of the T3SS struc-
tural apparatus (30).

Since the function of VopA is unknown, we used a coverslip-
based adherence assay to test the ability of a AvopA strain to attach
to a monolayer of Caco2-BBE intestinal epithelial cells. We ob-
served a ~60% reduction in adherence compared to the adher-
ence of the parental strain, further supporting a role in coloniza-
tion (Fig. 4). A vesN2 deletion strain also showed similarly reduced
levels of adherence (Fig. 4), and we predict that the AVopW strain
also attenuates adherence since VopW is required for protein
translocation. Similarly, our collective results provide evidence
that like VopW, VopH and VopA may also function to promote
the translocation of other T3SS-encoded proteins yet can also be
detected in eukaryotic cells.

DISCUSSION

Because V. cholerae strain AM-19226 does not express the TCP but
does require T3SS function for colonization, we investigated the
role of 12 vop genes that encode translocated proteins (12). We
conducted our studies using the infant mouse model, which is a
reliable method to assess the ability of strains to colonize the in-
testinal tract (31-33).

Testing of the roles of individual T3SS-translocated proteins in
colonization using competition assays and subsequent comple-
mentation analyses allowed us to assign proteins to three broad
categories: (i) those that do not contribute to colonization as in-
dividual proteins (VopE, -K, -X, -Y, and -Z), (ii) those that have a
moderate (<20-fold) impact on colonization (VopF), and (iii)
those that are absolutely required for colonization, having a 100-
to 1,000-fold defect (VopH, -A, -M, and -W). In-frame deletions
in individual genes encoding VopH, -A, -M, -1, or -W result in
strains having a colonization defect of the same magnitude as that
of the T3SS-null strain (AvesN) (5, 6). However, because we could
not complement the Vopl deletion, we cannot at this time con-
clude that Vopl is essential for colonization. Although VopF and
VopE were previously shown to have effects on colonization and
disease, the effects were not as dramatic as those of the T3SS-null
deletion. Our results suggest that VopE is dispensable for coloni-
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zation in mice and that VopF has a more moderate effect on the
ability to establish an infection. Whereas the VopG deletion strain
also is moderately attenuated, we were unable to complement the
deletion, and therefore, in addition to VoplI, the role of VopG is
unclear at this time.

VopV (V. parahaemolyticus homolog of VopM) was shown
previously to cause microvillus effacement, which promotes col-
onization by V. parahaemolyticus in infant rabbits, and our data
provide evidence that this protein may have an analogous role in
V. cholerae in the infant mouse model (18). Therefore, at this time,
we conclude that 5 of 12 AM-19226 translocated proteins are re-
quired for colonization, prompting several interesting questions.

The basic paradigm of O1 and 0139 serogroup disease assigns
specific protein functions for colonization (TCP) and secretory
diarrhea (cholera toxin). The simplest hypothetical categorization
for Vops that mediate T3SS-associated disease would also separate
proteins into two categories. However, it is possible that translo-
cated proteins have overlapping roles, that different effectors are
required at different time points during colonization, or that ef-
fector interactions with eukaryotic host proteins resulting in col-
onization inadvertently disrupt homeostasis and cause a diarrheal
response. Additional complexity arises if some translocated pro-
teins function to counteract the activity of others, in order to
minimize damage to host epithelial cells and promote a produc-
tive infection. The latter scenario is likely the case for VopF and
VopM (VopV in V. parahaemolyticus), which have been reported
to modulate the actin cytoskeleton in opposing manners. While
VopF nucleates actin, VopM is speculated to depolymerize actin
(5,18, 19). In addition, redundancy is a common theme for T3SS
effector activity in many pathogens and is likely to exist in V.
cholerae as well (20).

Our data reveal that the proteins essential for colonization are
encoded adjacent to T3SS structural apparatus genes in operons
found in the central region of the AM-19226 T3SS genomic island.
Previous data suggested that operon gene expression is regulated
by VttR,,s (Fig. 1) (15, 16). Importantly, the central region is
conserved among different Vibrio T3SS clades and species,
whereas the 5'- and 3’-flanking regions carry genes that are less
well conserved. We previously reported that five of the six proteins
encoded in the central region of the T3SS genomic island (VopH,
-A, -1, -W, and -F) are translocated into host cells at low frequen-
cies in vitro (12). Based on our observations and the identification
of VopW as an effector and a structural component (17), we ex-
plored the possibility that deletions in other Vops could also in-
hibit protein translocation. To this end, we tested the transloca-
tion of other effectors in strains deleted for VopH, -A, -M, -1, or
-W to determine whether one or more of the proteins is required
for the translocation of other effectors. We also tested transloca-
tion in a AvopF strain to determine whether the absence of a pro-
tein modulating actin dynamics can prevent the translocation of
other effectors (VopM/VopV) that are also known to interact with
actin. However, we observed translocation of other effectors in
only the AvopM and AvopF strains, suggesting that actin reorga-
nization activities are not required in order for other proteins to be
translocated. Consistent with the reported function of VopW, we
did not observe translocation of other Vops in the AvopW strain.
We also did not observe translocation in the AvopH, AvopA, and
AvoplI strains. Combined with data from the colonization studies,
our results further support the conclusion that VopW functions as
a hydrophilic translocator component of the T3SS structural ap-
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paratus (17) and suggest that VopH and VopA could have struc-
tural or translocation functions as well. Because we were unable to
complement the vopI and vopG deletions, the role of the encoded
proteins and the transcriptional effects of the deletions must be
further explored. The genes that encode the AM-19226 T3SS nee-
dle filament, the needle length control protein, and the inner ring
protein have not been identified based on sequence homology to
other T3SS proteins, although modeling data suggest that VopH
may constitute the inner ring component. We therefore favor the
interpretation that other translocated proteins function as T3SS
structural proteins and may have additional, currently unidenti-
fied roles in the eukaryotic cell cytosol (17).

Notably, a strain deleted for vopA, within the vesVUQ2 operon,
was unrecoverable from the infant mouse intestine (Fig. 2). The
addition of an episomal wild-type copy of vopA during infection
restored the ability of the deletion strain to colonize (Table 2),
suggesting that the vopA deletion did not have polar effects on
downstream genes, which include the gene encoding VopH. Sim-
ilarly, we were also able to complement deletions in the vopH and
vopW genes. Our observations of in vivo complementation are
consistent with those seen in vitro in our cell culture model that
measures AM-19226-induced cytotoxicity, where we were able to
complement VopA, -H, and -W but not VopI, which is encoded
by an operon downstream of vspD, along with VopM (Miller and
Dziejman, unpublished). Because the regulation of gene expres-
sion in T3SS operons is complex, we are currently investigating
the transcriptional organization of the T3SS island to better un-
derstand the impact of individual gene deletions on the expression
of neighboring genes. For example, the vopX coding region, which
is present in all T3SS-positive V. cholerae strains but only in beta-
clade T3SS-positive V. parahaemolyticus strains, overlaps the reg-
ulatory region governing the expression of vttR, (12, 34; Miller
and Dziejman, unpublished).

A recently identified effector in V. parahaemolyticus, named
VopZ (distinct from the VopZ protein described here), was shown
to play a role in colonization (13). We have identified a homolo-
gous protein encoded by the AM-19226 T3SS genomic island at
the junction of the 5’'-flanking sequences and the central region,
but its role in strain AM-19226 colonization remains to be tested.
In addition, genes encoding accessory colonization factors, such
as mshA, gbpA, and acfABCD, have been identified in different V.
cholerae strains, and it is possible that similar gene products con-
tribute to AM-19226 colonization by coordinating functions early
in infection, providing activities that can sustain robust coloniza-
tion, or fine-tuning localization in the host niche (35). For exam-
ple, while V. cholerae mshA expression is repressed during human
infection, the V. parahaemolyticus MshA pilus apparently enables
T3SS-mediated pathogenicity in vitro (36, 37). In addition, GbpA
contributes to the ability of O1 serogroup strains to successfully
colonize mammalian host tissues and zooplankton, but substrate
binding (chitin versus mucus) is specified by different domains
within the modular structure of the protein (38, 39).

Nonetheless, the T3SS is clearly essential for V. cholerae to col-
onize. As previously demonstrated, a VopF deletion strain has
moderate defects. The VopM deletion strain is severely attenuated
in the infant mouse, further supporting data from V. parahaemo-
Iyticus studies indicating that the VopV counterpart plays an es-
sential role during disease. Perhaps most interestingly, we found
that other severely attenuated deletion strains are also incompetent
for T3SS protein translocation. Our results therefore identified addi-
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tional proteins required for T3SS secretion, highlighted the critical
role for VopM in colonization, and suggest collaborative roles for
other effectors, such as VopF, in mediating events in the host cell that
lead to bacterial adherence and the establishment of an infection.
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