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Genetic Diversity of Clinical and Environmental Vibrio
parahaemolyticus Strains from the Pacific Northwest
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Since 1997, cases of Vibrio parahaemolyticus-related gastroenteritis from the consumption of raw oysters harvested in Washing-
ton State have been higher than historical levels. These cases have shown little or no correlation with concentrations of poten-
tially pathogenic V. parahaemolyticus (positive for the thermostable direct hemolysin gene, tdh) in oysters, although significant
concentrations of tdh™* V. parahaemolyticus strains were isolated from shellfish-growing areas in the Pacific Northwest (PNW).
We compared clinical and environmental strains isolated from the PNW to those from other geographic regions within the
United States and Asia for the presence of virulence-associated genes, including the thermostable direct hemolysin (tdh), the
thermostable-related hemolysin (trh), urease (ureR), the pandemic group specific markers orf8 and toxRS, and genes encoding
both type 3 secretion systems (T3SS1 and T3SS2). The majority of clinical strains from the PNW were positive for tdh, trh, and
ureR genes, while a significant proportion of environmental isolates were tdh™ but trh negative. Hierarchical clustering grouped
the majority of these clinical isolates into a cluster distinct from that including the pandemic strain RIMD2210633, clinical iso-
lates from other geographical regions, and tdh*, trh-negative environmental isolates from the PNW. We detected T3SS2-related
genes (T3SS2@) in environmental strains that were tdh and trh negative. The presence of significant concentrations of tdh™, trh-

negative environmental strains in the PNW that have not been responsible for illness and T3SS2f in tdh- and trh-negative
strains emphasizes the diversity in this species and the need to identify additional virulence markers for this bacterium to im-

prove risk assessment tools for the detection of this pathogen.

‘/ibrio parahaemolyticus is a naturally occurring Gram-negative
pathogen that is responsible for the majority of bacterial in-
fections from consumption of seafood in the United States (39).
Infection is usually acquired by consumption of raw or under-
cooked shellfish, particularly oysters, and results in self-limiting,
mild to severe gastroenteritis. Wound infections are less frequent
but can occur when an open wound is exposed to seawater (9, 25).

The bacterium was first identified in Japan in 1950 and haslong
been recognized as a cause of sporadic seafood-related illness in
Asian countries. Sporadic V. parahaemolyticus infections and
smaller outbreaks from consumption of raw or undercooked sea-
food have also been reported in the United States since the 1970s
(12). The species is very diverse, and strains that carry the gene for
the thermostable direct hemolysin (tdh) and/or the thermostable-
related hemolysin (trh) are considered to be pathogenic (42, 55).
Strains of V. parahaemolyticus belong to different serogroups
based on differences in their lipopolysaccharide (O) and capsular
(K) antigens (27). A new and unique clone of serotype 03:K6
emerged in India in 1996 (37, 48). This clone, referred to as the
pandemic clone, has spread globally from southeast Asia to Eu-
rope, Africa, South America, and the United States, and it has been
responsible for the majority of V. parahaemolyticus-related infec-
tions worldwide (49).

The first reported outbreak of V. parahaemolyticus O3:K6-re-
lated infections in the United States occurred in 1998 and was
associated with oysters harvested from Galveston Bay, TX (13).
The outbreak affected 416 people in 12 states and was attributed to
higher than normal water temperature and salinity. Later that
same year, another multistate outbreak attributed to O3:K6 was
reported from New York, New Jersey, and Connecticut and was
linked to oysters from Long Island, NY (7). During the same pe-
riod when O3:K6 V. parahaemolyticus was first recognized in the
United States, a large multistate outbreak affecting more than 200
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people was linked to oysters harvested from the coasts of Oregon,
Washington, California, and British Columbia, Canada, areas
where only sporadic cases of V. parahaemolyticus-related illnesses
had been reported previously (8). Until that point, water temper-
atures and environmental conditions were never considered to be
conducive for large outbreaks. However, during that outbreak,
illnesses were attributed to strains with a different serotype, O4:
K12 (12).

The abundance of V. parahaemolyticus in environmental sam-
ples varies considerably depending on the geographic location.
Studies conducted in the United States suggest a seasonal and
regional variation in populations of total and potentially patho-
genic V. parahaemolyticus in oysters with reported concentrations
of total V. parahaemolyticus between 10' and >10%/g in oysters
(15, 30, 31). Potentially pathogenic strains (tdh™ or trh™*) have
been isolated less frequently from the environment and appear to
constitute from 1 to 10% of the population (10, 11, 16, 18, 24, 55).
When detected, concentrations of the tdh™ strain have been re-
ported to be <13/g (10, 16, 30). Low densities of tdh ™ trh ™ strains
have also been reported from Japan and Chile (2, 20). However,
significantly higher densities have been reported in oysters from
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one study location in India where tdh was detected in 10.2% of
strains and frh in 60% of strains isolated from oysters (14).

Over the past decade, there have been increasing reports of V.
parahaemolyticus-related gastroenteritis from the consumption of
raw oysters harvested in Washington State (Washington State De-
partment of Health [WDOH], personal communication). Ini-
tially these increases were speculated to be a result of higher than
normal water temperatures. However, extensive monitoring and
analyses of oysters by the WDOH have shown little or no correla-
tion between water temperature at time of harvest, concentrations
of potentially pathogenic (tdh™) V. parahaemolyticus, and ill-
nesses. The continued persistence of illnesses has prompted public
health officials and the oyster industry in Washington State to
implement stricter postharvest handling regimens to reduce the
potential increase in concentrations of V. parahaemolyticus in oys-
ters after harvest. Nevertheless, in spite of these postharvest tem-
perature control measures, higher than normal levels of illness
have continued to occur (WDOH, personal communication).

Environmental investigations conducted in Washington State
following outbreaks in 1997 and 1998 noted a wide variation in
densities of V. parahaemolyticus in oyster tissue over a period of a
month (August to September), with total populations of V. para-
haemolyticus between <3 and 46,000/g (16). However, potentially
pathogenic (tdh™ and/or trh™) strains either were not detected in
oyster and water samples or their concentrations, when detected,
were <10/g (16). In the same study, tdh™ strains also were not
detected in oysters from two other study sites, Galveston Bay, TX,
and Long Island, NY. In a separate study conducted by our labo-
ratory in 2007, we detected a significantly high concentration
(>50% in some samples) of tdh™ V. parahaemolyticus strains in
water and net tow samples (23 and unpublished results). Concen-
trations of tdh™ strains were low or nondetectable in oysters har-
vested from these same growing areas, although V. parahaemolyti-
cus-related illnesses continued to occur during this time period
from consumption of raw oysters. This apparent lack of a corre-
lation between concentrations of tdh™ isolates in water and oys-
ters and the occurrence of illness suggests that additional factors
contribute to the virulence of these strains.

In an effort to assess the similarities and differences between
clinical and environmental V. parahaemolyticus isolates from the
PNW and the O3:K6 pandemic strains, we compared the distri-
bution of tdh, trh, and other putative virulence-related genes, in-
cluding genes associated with type 3 secretion systems (T3SS1 and
T3SS2), as well as pandemic markers in clinical and environmen-
tal isolates from the PNW and other geographic regions. Addi-
tional information on differences in the genetic makeup of V.
parahaemolyticus strains from the Pacific Northwest is necessary
for improved risk assessment of this pathogen.

MATERIALS AND METHODS

Bacterial strains. The sources of the V. parahaemolyticus strains chosen
for this study are shown in Table S1 in the supplemental material. The
clinical strains were obtained from the Washington State Department
of Health, Public Health Laboratories, Shoreline, WA, and were iso-
lated from patients with gastroenteritis that was traced to the con-
sumption of raw oysters between 1997 and 2007. Clinical strains that
included strains isolated in the United States and other regions world-
wide were also obtained from the Gulf Coast Seafood Laboratory, Food
and Drug Administration (FDA), Dauphin Island, AL. The environ-
mental strains were isolated in our laboratory from water, oysters, and
net tow samples of plankton by direct plating on thiosulfate-citrate
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bile salt sucrose agar (BD, Franklin Lakes, NJ) and identified by mul-
tiplex PCR using published protocols (3). The majority of environ-
mental samples were from oyster-growing areas in Hood Canal and the
Washington coast during 2007. During the period of sampling, several
illnesses were traced to oysters harvested from these areas. Additional
strains isolated from shellfish and water from diverse geographical
locations were obtained from the FDA Pacific Regional Laboratory,
Bothell, WA. Strains were grown in Trypticase soy broth (BBL, BD,
Franklin Lakes, NJ) with an additional 1.5% NaCl. Genomic DNA was
extracted using the Qiagen QIAamp DNA minikit (Qiagen, Valencia,
CA) and stored at —20°C.

Analysis of clinical and environmental V. parahaemolyticus strains.
V. parahaemolyticus strains were initially analyzed for the presence of the
hemolysins tdh and trh (3), two pandemic group-specific markers, toxRS
(new) and orf8 (22, 37, 41), urease (ureR) (29), the homolog of the gene
encoding the N-acetylglucosamine (GlcNAc)-binding protein, gbpA, in
V. cholerae (33), and selected genes encoding T3SS1 and T3SS2 (listed in
Table S2 in the supplemental material) by PCR by following previously
published protocols (see Table S2). PCR primers for the initial analysis
were based on the sequenced strain RIMD2210633. Some strains in our
study showed ambiguous results using the previously published protocols
for trh (3). Therefore, the presence or absence of trh in all strains was
subsequently verified using a second set of primers, trh53-F and trh531-R
(see Table S2). For the detection of trh, each 25-p.l reaction mixture in-
cluded 5 pl of 5X buffer, 400 nM each of the primers, 0.2 mM each of the
deoxynucleoside triphosphates (ANTPs), 1.5 mM MgCl,, 0.625 U of Go
Taq Flexi DNA polymerase (Promega, Madison, WI), and 25 ng DNA
template. Initial denaturation at 94°C for 2.5 min was followed by 30
cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with a final
extension at 72°C of 9.5 min. The expected PCR product is predicted to be
479 bp. The oligonucleotide primers VpgbpAF and VpgbpAR were used
for detection of the putative gbpA (see Table S2). The PCR for amplifica-
tion of gbpA was performed using 5 pl of 5X buffer, 1.5 mM MgCl,, 0.2
mM (each) dNTPs, 400 nM each of the primers, 0.625 U Go Taq poly-
merase (Promega Corporation, Madison, WI), and 25 ng DNA template.
The amplification reactions were performed with an initial denaturation
at 95°C for 1.5 min, 30 cycles of 95°C for 1 min, 57°C for 1 min, and 72°C
for 1 min, and a final extension of 72°C for 7 min. V. parahaemolyticus
RIMD2210633 (tdh™, trh negative) and V. parahaemolyticus HCR7sed (tdh
negative, trh ™) were used as positive controls in all reactions. V. parahaemo-
Iyticus strains that were negative for the presence of T35SS2 genes in the initial
screen were retested using primers to differentiate the T3SS2« and T3SS23
genes by following the protocols by Okada et al. (46, 47). In addition, 32
strains representing the 4 different clusters (Fig. 1; also see Table S1 in the
supplemental material) were selected for differentiation of the T3SS2a and
T3SS2 genes using primers and PCR conditions for detection of vopCLPand
vscC2T2R2D2 by following the protocols by Okada et al. (46, 47). In cases
where the published protocols failed to yield a PCR product, the PCRs were
optimized for each set of primers using the V. parahaemolyticus strains
RIMD2210633 and HCR7sed as positive controls.

Clustering analysis and random forest predictive model. Hierarchi-
cal clustering was used to group samples based on the results of the PCR
analysis of all 20 genes. The tree was constructed using the Agnes agglom-
erative clustering algorithm (28) as implemented in the statistical lan-
guage R (53). The algorithm starts with each observation as a cluster, and
clusters are merged by sequentially combining the two nearest clusters
together until a single cluster is left. For this application, the Euclidean
distance between each sample is used to measure distance (although the
so-called Manhattan distance, being the sum of differences in this case,
yields the same tree because this is binary data). The average distance
between two clusters is the metric used to determine the closest two clus-
ters in each step of the algorithm. Since many of the samples are identical,
all of the closest groupings are groups with identical signatures for the
genes tested.

We also built a predictive model to classify environmental and clinical
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FIG 1 Dendrogram of V. parahaemolyticus strains generated by hierarchical clustering analysis. The analysis separated the strains into 2 large clusters (2 and 4)
and 3 smaller clusters (1, 3, and 5). The gray shading denotes the clinical isolates (Clin) in the clusters, while black denotes clinical isolates from other geographic
regions (notPNW). The proportions of tdh™* and trh™ strains in each cluster are also denoted in gray.

samples using the random forest algorithm (5) as implemented in the estimated using the out-of-bootstrap error generated as a by-product of
randomForest package (34). Briefly, this involves constructing many clas-  the algorithm. Because the samples were opportunistic and were collected
sification trees and summarizing results into a single predictive model.  using different methodologies, any predictions based on these models
The error rate that would occur if this model were applied to new datais  should be viewed only as suggestive or hypothesis generating.
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TABLE 1 Variation in targeted genes/ORFs among the clusters of V. parahaemolyticus strains

No. of genes present in cluster®:

Target gene/ORF 1 2A 2B 2C 2D 3 4A 4B 5

tdh 1/23 0/14 37137 23/23 2/2 3/4 29/29 15/15 1/2
trh 0/23 14/14 37/37 23/23 2/2 4/4 0/29 15/15 1/2
toxRS (new) 3/23 1/14 0/37 0/23 0/2 0/4 28/29 13/15 0/2
orf8 4/23 0/14 0/37 3/23 0/2 1/4 29/29 15/15 2/2
ureR 0/23 14/14 37/37 23/23 2/2 4/4 0/29 15/15 1/2
gbpA 20/23 14/14 35/37 22/23 0/2 4/4 29/29 15/15 1/2
VPA1339 8/23 6/14 0/37 23/23 0/2 0/4 29/29 14/15 1/2
VPA1346 5/23 0/14 5/37 3/23 0/2 1/4 29/29 15/15 2/2
VPAI1338 23/23 14/14 31/37 23/23 0/2 3/4 29/29 15/15 1/2
VPA1349 21/23 13/14 37137 20/23 2/2 0/4 28/29 15/15 1/2
VPAI1354 22/23 14/14 37/37 21/23 2/2 3/4 28/29 15/15 172
VPA1362 21/23 13/14 35/37 23/23 2/2 4/4 29/29 15/15 2/2
C/E ratio” 2/21 4/10 30/7 16/7 2/0 1/3 6/23 10/5 0/2

“ Clusters as outlined in Fig. 1 and Table S1 in the supplemental material. T3SS1 genes were detected in all strains. Data are number positive/total number tested.

? Ratio of clinical to environmental strains.

RESULTS

Twenty genes from a total of 149 strains that included both clinical
and environmental V. parahaemolyticus isolates were examined by
PCR amplification by following protocols described in Materials
and Methods. The random forest algorithm was applied to the
results to predict the origin of the strains (clinical or environmen-
tal) based on the variation in the 20 genes examined. Using this
model, the overall rate of prediction of strain origin was 76%, with
the prediction rate for clinical strains at 80 and 73% for environ-
mental strains. If only strains from PNW sources were included,
the prediction rates were 90% for the clinical isolates and 81% for
the environmental isolates, resulting in an overall error rate of
16%. The individual genes that provided the highest predictive
power were trh and ure. For example, if trh alone is used as a
predictor of virulence for all samples, 72% of the strains are cor-
rectly classified as either clinical or environmental (i.e., 28% error
rate). Note that in all of the above analyses, more than half of the
observed errors were due to groups of strains with identical signa-
tures of the 20 genes examined where some of the strains were
clinical isolates and others environmental.

We also applied hierarchical clustering to the same 20 genes.
This grouped the majority of V. parahaemolyticus strains into two
large clusters (76 strains in cluster 2 and 44 strains in cluster 4),
each of which includes smaller clusters, 2A, 2B, 2C, 2D, 4A, and
4B, which are referred to as subgroups (Fig. 1). The remaining
strains grouped into three smaller clusters (1, 3, and 5) with 23, 4,
and 2 strains, respectively. The majority of strains isolated from
clinical cases traced to oysters harvested from shellfish-growing
areas in the PNW clustered in subgroups 2B, 2C, and 2D. Strains
in cluster 4 were a mixture of largely environmental isolates from
the PNW and clinical isolates from other geographic regions. Sub-
group 4A also included the pandemic strain RIMD2210633. The
majority of strains in cluster 1 were environmental isolates (21/
23), while cluster 3 included 3 environmental isolates from the
PNW and 1 clinical isolate from the Gulf of Mexico.

Distribution of putative virulence and pandemic markers. In
this study, we examined the distribution of the putative virulence-
associated genes, tdh, trh, and ureR, as well as orf8 and toxRS
(new), that have been used to differentiate the pandemic and non-
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pandemic strains. Strains were also screened for eight genes found
in T3SS1 and six genes that are part of T3SS2. Also included was
gbpA, ahomolog of the gene encoding the chitin-binding protein
in V. cholerae that plays a role in environmental survival and hu-
man infection (33) (Table 1).

The distribution of the hemolysin genes, tdh and trh, and of
ureR, encoding urease, was distinct between the clusters. Strains
encoding all three genes were clustered in subgroups 2B, 2C, 2D,
and 4B (Fig. 1 and Table 1). All 62 strains from subgroups 2B, 2C,
and 2D were tdh™, trh™, and ureR ™. Forty-six of the strains (74%)
from these subgroups were isolated from clinical cases associated
with the consumption of raw oysters from the PNW, 13 (21%)
were environmental isolates also from the PNW, while 3 (5%)
were clinical isolates from other geographic regions (Fig. 1 and
Table 1). All three genes were also detected in all 15 strains from
subgroup 4B, 10 of which were clinical isolates from geographic
locations other than the PNW, while 5 were environmental iso-
lates from the PNW (Fig. 1; also see Table S1 in the supplemental
material). Strains positive for tdh, trh, and ureR have been persis-
tently isolated from the west coast of the United States since 1979
(1,30, 32,43, 48), and the presence of urease has been suggested as
a predictor of potential pathogenic isolates in the PNW (29) and
several other geographic locations (35, 45, 51, 56).

The two markers for the pandemic strains, orf8 and toxRS
(new), were detected in the majority of strains (both clinical and
environmental) from clusters 4 and 5 (Table 1). Genes for either
toxRS (new) or orf8 (but not both) were detected in a few environ-
mental strains from cluster 1 (4/23) and clinical strains from clus-
ter 2C (2/23) and cluster 3 (1/6) (see Table S1). The clinical strains
were not isolated from the PNW. The gene encoding gbpA was
detected in the majority (140/149) of strains in this study. The
nine exceptions were scattered across all clusters and are likely
indicative of sequence variation.

Distribution of T3SS genes. We screened the strains for varia-
tion in the genes encoding both type 3 secretion system gene clusters,
T3SS1 and T3SS2. Strains were initially screened using primers based
on homology to V. parahaemolyticus RIMD2210633 (tdh™, trh neg-
ative) as described in Materials and Methods. Two of the genes tar-
geted in T3SS1 (VP1667 and VP1690) encode known or putative

Applied and Environmental Microbiology


http://aem.asm.org

Diversity of Vibrio parahaemolyticus

TABLE 2 Distribution of T3SS2a and T3SS2 genes in select V. parahaemolyticus strains from this study

Detection (no. positive/total no. tested) of T3SS2 gene type:

CIE ¢ B

ratio”  Gene status vopC  vscC2 vscT2  vscR2  vopP  vopD2  vopL  vopC vscC2  vscT2  vscR2 ~ vopP vopD2  vopL

0/11 tdh negative, trh 0/11 2/11 1/11 1/11 1/11 1/11 0/11 6/11 7/11 6/11 7/11 4/11 10/11 6/11
negative

7/5 tdh™, trh™* 0/12 0/12 0/12 3/12 0/12 3/12 0/12 12/12 12/12 12/12 12/12 12/12 12/12 12/12

1/1 tdh negative, trh™ 0/2 1/2 0/2 0/2 0/2 1/2 0/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2

0/5 tdh*, trh negative ~ 5/5 2/5 4/5 5/5 3/5 4/5 1/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5

“ Ratio of clinical to environmental strains.

proteins that are part of the secretion apparatus, while the other six
proteins (VP1656, VP1680, VP1686, VP1696, VP1670, and VP1659)
are either known or putative translocators or effectors (4, 36, 50, 54,
58). All the clinical and environmental isolates were positive for all 8
T3SS1 genes, reconfirming that the T3SS1 apparatus is well conserved
in V. parahaemolyticus strains (36, 40, 44, 52, and data not shown).

While the presence of T3SS1 has been reported in both clinical
and environmental strains of V. parahaemolyticus, T3SS2 genes
have been more commonly associated with strains carrying tdh™
but not #rh (36), which were initially identified in V. parahaemo-
Iyticus RIMD2210633 as part of a large pathogenicity island
(Vp-PAl) on chromosome 2 (36). Subsequently, another T3SS2
(T3SS2PB) of a different lineage was identified in a tdh-negative,
trh™ V. parahaemolyticus strain (46). Although the genetic orga-
nization of T3SS2 is similar to that of tdh ", trh-negative strains
(referred to as T3SS2a), the homologies of individual genes within
the secretion system vary significantly (46).

In order to assess strain variation in the clinical and environ-
mental isolates, we initially screened all strains for the presence of
T3SS2 genes based on homology to RIMD2210633 (which en-
codes T3SS2a proteins). Strains were screened by PCR for the
presence of four genes encoding components of T3SS2, including
a highly conserved inner membrane protein and putative ATPase
(VPA1338), a putative outer membrane secretin (VPA1339), a
putative C-ring component involved in translocation (VPA1349),
and an inner membrane protein required for effector secretion
(VPA1354) (40), as well as two putative secreted proteins, VopA/P
(VPA1346) (57) and a homolog of EspD (VPA1362) (40, 58).
Significant variation was noted in the detection of two of the six
proteins, VPA1346 (VopA/P) and VPA1339, in the initial analyses
(Table 1). VPA1339 was not detected in the majority of isolates
from clusters 1, 2A, 2B, and 2C, while VPA1346 was not detected
in the majority of the strains from cluster 1, 2, or 3 (Table 1).
Strains from cluster one were largely environmental isolates (lack-
ing both tdh and trh), while the majority of strains from cluster 2
are clinical isolates from the PNW. Cluster 3 includes environ-
mental isolates from the PNW and 1 clinical isolate from the Gulf
Coast (see Table S1 in the supplemental material). Strains with
negative results from these analyses were subsequently tested us-
ing primers for the same genes based on homology to both
T3SS2a and T3SS2PB as described by Okada et al. (47). VPA1339
was detected in all but 2 environmental strains using primers
based on homology to T3SS2f3. VPA1346 was detected in all but
14 environmental strains, suggesting that sequences in the T3SS2
genes are even more variable than the presently observed differ-
ences in T3SS2a and T3SS2[3 (47). Similarly, T3SS2[3 sequences
were detected for both VPA1338 (vscN2) and VPA1362 (vopB2) in
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all but 2 isolates. In our analyses, we detected VPA1362 (vopB2) in
all but 5 of the 149 strains (clinical and environmental) tested in
the initial analysis based on homology to RIMD2210633. How-
ever, these 5 strains tested positive using primers homologous to
T3SSB. The presence of vopB2 has previously been reported in
tdh™, trh-negative clinical isolates but not in environmental iso-
lates (44). Finally, primers based on T3SS2a or T3SS2(3, or addi-
tional primers designed on available sequences for these genes,
failed to amplify the genes in the remaining 12 strains for
VPA1349 (vscQ2) and 5 strains for VPA1354 (vscU2), suggesting
significant sequence variability or absence of these genes from
these few strains (data not shown).

Our analysis indicated the presence of several T3SS2 genes in
environmental V. parahaemolyticus strains for which the presence
of tdh and trh is variable. To access the variability in strains from
the different clusters, we screened a subset of strains that included
strains from clusters 1, 2, and 4 that were tdh and trh negative,
tdh™ trh™, tdh™ but trh negative, and tdh negative but trh™ using
primers that have been shown to target and differentiate the gene
clusters for T3SSa and T3SSP (47). V. parahaemolyticus
RIMD2210633 (tdh™, trh negative) was used as a positive control
for the presence of T3SS2a, while V. parahaemolyticus HCR7sed
(tdh negative, trh™), an environmental isolate from Washington
State, was used as a positive control for T3SSPB. A total of 32 strains
were screened for the presence of vscC2T2R2 and vopCPD2 by
following protocols described by Okada et al. (47). The results are
summarized in Table 2, and detailed results are in Table S3 in the
supplemental material. Surprisingly, amplicons for all seven of the
T3SS2P genes tested were detected in two tdh- and trh-negative
environmental isolates from the PNW. One to five of the T3SS2[3
genes were also detected in eight other tdh- and frh-negative
strains, while four T3SS2a genes were detected in one PNW envi-
ronmental isolate (Table 2; also see Table S3). All frh-negative
isolates were also urease negative. The detection of T3SS2f in
tdh-, trh-negative V. parahaemolyticus isolates from the PNW sug-
gests that these strains are part of a distinct population, since to
our knowledge the presence of genes related to T3SS2 in tdh- and
trh-negative strains has not been previously reported (46).

Five of the strains tested were tdh™, trh-negative environmen-
tal isolates from the PNW that clustered with RIMD2210633
(cluster 4) in our analysis. All seven T3SS2a genes were detected
only in RIMD2210633, while only one to six of the genes were
detected in the five environmental isolates (Table 2; also see Table
S3 in the supplemental material), again emphasizing the signifi-
cant sequence diversity that might be present in these strains. The
seven T3SS2 genes were detected in all 12 tdh™ trh™ isolates from
the PNW (seven clinical and five environmental) and also from
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the two tdh-negative, trh™ isolates (one clinical and one environ-
mental from the PNW), similar to previous reports (26).

DISCUSSION

Assessing the risk of V. parahaemolyticus-related illness from con-
sumption of oysters has been particularly challenging in the PNW
over the last decade. Current risk assessment methods are based
primarily on water temperature at the time of harvest, the concen-
trations of total (#1h ") and tdh™ V. parahaemolyticus in oysters, as
well as postharvest handling conditions, such as the time between
harvest and refrigeration (19). Over the past decade, risk of illness
from consumption of oysters harvested from Washington State
has been difficult to estimate based on these criteria, as illnesses
have occurred in the absence of significant concentrations of tdh™
V. parahaemolyticus strains (WDOH, personal communication).

In this study, we analyzed the variation in 20 virulence-associ-
ated genes by hierarchical cluster and random forest analysis. Hi-
erarchical cluster analysis based on all 20 genes grouped strains
into distinct clusters based on source of isolation, geographic lo-
cation, and the presence/absence of putative virulence genes. En-
vironmental isolates that lacked tdh and trh were clearly separated
from the majority of strains (cluster 1), while the tdh™ trh™ clinical
isolates from the PNW (cluster 2) grouped separately from the
tdh™, trh-negative clinical isolates from other geographic regions
(cluster 4). Cluster 4 also included the pandemic strain,
RIMD2210633, and several other clinical isolates of serotype
03:K6 that have been responsible for the majority of V. parahae-
molyticus-related illnesses worldwide, as well as tdh ™, trh-negative
environmental isolates from the PNW. This suggests that a signif-
icant proportion of environmental isolates from the PNW have a
virulence-related gene profile similar to that of the pandemic
strains, including the presence of tdh, the pandemic markers orf8
and toxRS (new), and components of the T3SS2. To date, how-
ever, strains with this profile have not been isolated from clinical
cases in the PNW. Our results indicate that for V. parahaemolyti-
cus strains isolated from the PNW, the presence of tdh, orf8, toxRS
(new), and the T3SS2-related genes are not adequate markers for
virulence. The high incidence of these genes in environmental
isolates also suggests that these genes have a distinct advantage in
survival in the PNW environment, as has been suggested by Matz
et al. (38).

We detected sequence variation in two genes that are part of
the T3SS2, VopA/P (VPA1346) and VPA1339, in clinical strains
from the PNW (cluster 2). The secreted effector, VopA/P
(VPA1346), inhibits the mitogen-activated protein kinase
(MAPK) signaling pathway that may inhibit cytokine production,
resulting in attenuation of the host defense response (40, 57). It is
possible that sequence variation in this effector contributes to dif-
ferences in virulence in the V. parahaemolyticus strains from the
PNW. Sequences of the putative outer membrane protein,
VPA1339 (vscC2), from cluster 2 were homologous to those iden-
tified in tdh-negative, trh™ V. parahaemolyticus strains that carry
T3SS2 (46). Contrary to an earlier study by Noriea et al. (44), we
detected the gene vopB2 (VPA1362) in all 149 strains, including
the environmental isolates from the PNW, although with varia-
tion in sequence, underscoring the difference in strains from this
region compared to those from other geographic regions.

Genes homologous to T3SS2[3 have been reported in tdh-neg-
ative, trh”" strains and tdh™ trh™ strains (26, 44, 46), while those
homologous to T3SS2« have been identified in tdh ™, trh-negative
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strains. In our study, we detected genes homologous to T3SS2-
related genes (mainly T3SSB and T3SSa in 2 strains) including
genes for VopA/P, a secreted effector in environmental isolates
from the PNW that were negative for both tdh and trh. The pres-
ence of these T3SS2-related genes in tdh-, trh-negative strains has
not been previously reported, emphasizing the differences in
strains isolated from the PNW and the potential for acquisition of
new virulence-associated genes by environmental isolates.

Random forest modeling was a useful tool to allow the predic-
tion of clinical and environmental strains based on the genes in
this study. In our analysis, environmental strains could be classi-
fied correctly 81% of the time, while clinical strains were classified
correctly 90% of the time. Differences in targeted genes could
conceivably be used to monitor shifts in the genetic composition
of strains in the environment.

Analysis and comparison of isolates from the PNW to those
from the Atlantic or Gulf Coast based on serotyping, ribotyping,
and multilocus sequence typing (MLST) has previously suggested
that the V. parahaemolyticus population from the PNW is distinct
from that of the Gulf and Atlantic coasts of the United States and
the pandemic clonal complex that is distributed worldwide (17,
21). Gonzdlez-Escalona et al. identified a distinct clonal complex
(CC36) of strains from the PNW that was geographically re-
stricted but included multiple serotypes (21). These authors also
note that genetic diversity in V. parahaemolyticus appears to be
driven primarily by recombination rather than mutation.

Our analysis shows that a large proportion of the clinical isolates
from the PNW carry the genes for both of the hemolysins, tdh and th,
are urease positive, and also carry T3SS2-related (T3SS23) genes.
However, a large proportion of the environmental isolates from the
PNW were tdh™ and trh negative, and they grouped with the tdh™,
trh-negative clinical isolates from other geographic regions, including
the pandemic strain RIMD2210633. These strains encode some genes
homologous to those of T3SS2 (T3SSa) and the pandemic markers
toxRS (new) and orf8 but appear to be distinct from the strains re-
sponsible for illness in the PNW. The presence of pandemic markers
in environmental V. parahaemolyticus has previously been reported
and represents a population that could be of concern to public health
(6). The detection of tdh in environmental isolates suggests that tdh
alone is not an adequate marker for potentially virulent V. parahae-
molyticus strains isolated from oysters in the PNW. However, the
presence of trh and the gene encoding urease was a more definitive
predictor of virulence, as has been reported in earlier studies (29, 56).
While others have suggested the presence of T3SS2 defines potentially
pathogenic strains, our data show that T3SS2 is widespread in both
environmental and clinical isolates in the PNW. The clustering anal-
ysis has been useful as a preliminary method to differentiate strains,
and it will allow us to focus on examining the differences in clinical
and environmental strains from the PNW and those from other geo-
graphic regions by various genomic and genetic methods for the
identification of additional virulence markers that could be useful for
forecasting and risk assessment tools for this pathogen.
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