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Influence of Seasonality on the Genetic Diversity of Vibrio
parahaemolyticus in New Hampshire Shellfish Waters as Determined

by Multilocus Sequence Analysis
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Risk of gastric infection with Vibrio parahaemolyticus increases with favorable environmental conditions and population shifts
that increase prevalence of infective strains. Genetic analysis of New Hampshire strains revealed a unique population with some
isolates similar to outbreak-causing strains and high-level diversity that increased as waters warmed.

ibrio parahaemolyticus, a prevalent estuarine resident, may

cause acute inflammatory gastroenteritis and diarrheal dis-
ease following its consumption in raw or undercooked shellfish (5,
33). Food poisoning by V. parahaemolyticus is common in Asia,
and incidence in the United States has increased not only where
water temperatures are warm, but even in northern regions (2, 4,
5, 31). Typically, V. parahaemolyticus abundance is associated
with increased temperature and moderate salinity (6, 8, 26, 29),
and disease-causing strains often but not always harbor hemolysin
genes (tdh and/or trh) (10). Outbreaks may relate to oceanic
anomalies or climate variability, measured as increased tempera-
ture and changes in precipitation patterns (19, 23), which high-
lights the need to understand the ecology of endemic populations.

Previously, the diversity and the extent of recombination
among clinical and environmental V. parahaemolyticus popula-
tions were examined in three studies using multilocus sequence
analysis (MLSA) (3, 11, 32). These studies revealed highly diverse
populations resulting from frequent recombination, and in one
population, diversity was associated with geography (11). How-
ever, the relationship between specific environmental conditions
(e.g., temperature and salinity) and strain diversity and the nature
of endemic, cold-water populations remain unknown. Of partic-
ular interest is whether specific environmental variables may favor
strains with greater infective risk. Therefore, we used MLSA to
characterize the structure of a northeastern V. parahaemolyticus
population in the Great Bay Estuary (GBE) of New Hampshire.
Warm summertime water and unique environmental conditions
make this site an ideal model for studying environmental change
in northern waters and its effect on resident microbial ecology
(16, 21).

Our analysis focused on 192 V. parahaemolyticus isolates col-
lected from oysters, sediment, and water from the GBE between
May and December from 2007 to 2009 (15, 18) (see Table S1 in the
supplemental material). Collection and environmental sampling
(to evaluate temperature, salinity, and dissolved oxygen content
[25]) were conducted at two sites, one open to recreational shell-
fishing and another where shellfish fishing is prohibited due to
proximity to a wastewater treatment facility. Bacteria were enu-
merated using a most-probable-number method, and Vibrio spe-
cies were isolated on selective/differential media by standard
methods (17, 20, 21, 25). Species identity and the absence of vir-
ulence markers tdh and trh were confirmed for all putative V.
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parahaemolyticus isolates by multiplex PCR (18, 22) (see Table S1
in the supplemental material).

We applied a seven-locus MLSA devised from two existing
schemes to allow integration of our data into multiple MLSA da-
tabases and added three conserved virulence-associated genes to
investigate whether these genes evolve differently and whether
their inclusion in the analysis alters population structure. Target
loci included recA, pyrH, and gyrB (24), used to determine genetic
relationships more broadly among Vibrio spp., and dnaE, dtdsS,
pntA, and tnaA (11), from a V. parahaemolyticus scheme applied
to both clinical and environmental isolates. Because standard vir-
ulence marker genes have no utility for MLSA if they are not pres-
ent in all strains, we designed primers to amplify three conserved
loci associated with the expression of virulence genes: gacA (for-
ward, 5" GCGTTTCAGCACATATTCATAG,; reverse, 5 TAAAG
GGTCTCGGTGTCCA, toxR (forward, 5" TGACTAACATCGGC
ACCAAA; reverse, 5° GCTCAATAGAAGGCAACCAG), and
vppC (forward, 5" TATCAGTACCAACAACGGCGGC; reverse,
5" CGAAGTCCCACAACACACTGACG). PCR amplicons were
generated by standard protocols (25) and sequenced at the Hub-
bard Center for Genome Studies (Durham, NH) or by Functional
Biosciences, Inc. (Madison, WI).

Our analyses indicated that the GBE population is highly di-
verse in comparison to other previously characterized popula-
tions and nearly as diverse as the current worldwide database (see
Table S2 in the supplemental material) (11). Neighbor-joining
phylogenetic trees were constructed for the entire GBE collection
by alignment and concatenation of sequences from sets of both 7
loci (Fig. 1) and 10 loci and from genome sequences available for
V. parahaemolyticus outbreak strains (see Table S3 in the supple-
mental material) using MEGA version 5.0 and ClustalW (25, 28).
The mean nucleotide distance (calculated using the Nei-Gojobori
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FIG 1 Population structure of GBE V. parahaemolyticus isolates and several clinical isolates. A consensus neighbor-joining tree was constructed from seven
concatenated housekeeping gene loci including dnaE, dtdS, gyrB, pntA, recA, and tnaA sequences (2,988 bp) by using a Jukes-Cantor model for 192 GBE isolates
collected from 2007 to 2009. Clinical V. parahaemolyticus strains RIMD 2210633, AQ3810, AN-5034, and AQ4037 were included for comparison. Cold-water
strains (from water at <11°C) are highlighted in larger type. The bar indicates 0.2% divergence, and branches with 70% or greater bootstrap support are labeled.

method and the Jukes-Cantor correction with 1,000 bootstrap
replications) for 7 housekeeping loci indicated a high level of di-
versity that did not significantly change with the addition of viru-
lence-associated genes (results for the 7- and 10-locus analyses
were 0.0131 and 0.0129 nucleotide differences per site, respec-
tively). Analyses of each housekeeping locus by the codon-based Z
test of purifying selection reflected purifying selection as expected,
but this was also the case for the three virulence-associated genes.
Given that ToxR and GacA are global regulators of genes not ex-
clusive to virulence, they too likely experienced purifying selection
(27). Of the isolates, 74% had unique genotypes that formed only
20 clonal groups of no more than five isolates each (Fig. 1). How-
ever, certain clones and several strain groups with greater than
70% bootstrap support were found in multiple collection years,
indicating that the population is endemic and persists in the estu-
ary (Fig. 1; also see Table S1 in the supplemental material). The
lack of population structure is consistent with the findings from
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FIG 2 Linear regression of nucleotide diversity of V. parahaemolyticus isolates
with temperature. Isolates are grouped by temperature windows of —1 to
4.9°C (1= 4),5t09.9°C (n = 31), 10 to 14.9°C (1 = 39), 15 to 19.9°C (1 = 50),
and 20 to 24.9°C (n = 59), with mean temperature of isolation. Dashed lines
reflect the 95% confidence interval of the linear model (F = 32.12; P = 0.011;
r* = 0.91). Error bars indicate standard errors.
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FIG 3 Recombination network revealed by splits decomposition analysis of genotypes of GBE V. parahaemolyticus isolates. The analysis is based on 10
concatenated gene loci including dnak, dtdS, gyrB, pntA, pyrH, recA, tnaA, toxR, gacA, and vppC sequences (4,805 bp) from 192 isolates. Removal of any one locus

did not alter topology.

other MLSA studies of V. parahaemolyticus (11, 30, 32). More
notably, isolates from cold water (<11°C) tended to cluster into
certain clades (Fig. 1, bold labels), and another clade with ambig-
uous resolution included pandemic and nonpandemic strains
AQ4037 and AQ3810, which we included in our analysis for con-
text (Fig. 1, bootstrap value of 53%).

To further explore effects of seasonality on strain diversity, a
linear regression between genotype diversity and water tempera-
ture (for strain groups corresponding to similar temperatures)
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was conducted (Fig. 2), revealing a strong positive relationship
(* = 0.91). In general, strains cultured from colder waters (1 to
11°C) were less diverse than the overall collection (mean nucleo-
tide distance per site = standard deviation, 0.0122 = 0.0019 ver-
sus 0.0131 * 0.0011), suggesting that a cold-tolerant subpopula-
tion was replaced by more diverse strains as waters warmed.
Genetic diversity did not correlate with any other environmental
factor (i.e., salinity, sampling site, substrate, or year) as deter-
mined by linear regression (see Table S4 in the supplemental ma-
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terial). Moreover, neither the clade identified by splits decompo-
sition analysis with SplitsTree version 4.0 (13) (Fig. 3) nor the
small GBE clade that was related to outbreak strains (Fig. 1) was
associated with a particular habitat or condition. These results
suggest that most genotypes in the GBE are ecological generalists
and capable of persistence in a wide variety of habitats.

This population also showed a history of recombination both
within and between major clades (Fig. 3), which only partly ex-
plains its diversity. Nonredundant allelic profiles were built for
both the 7-locus and 10-locus analyses using NRDB Align (14),
and these profiles were used to determine the extent of recombi-
nation using LIAN 3.5 (12). For loci shared with prior studies (dnaE,
pntA, tnaA, recA, and dtdS; reported at http://pubMLST.org/), very
few alleles or sequence types (STs) were reported previously. Of
tnaA sequences, 48% were identical to database sequences, yet at
other loci fewer than 20% of sequences were reported previously.
In total, 94% of GBE isolates defined unique STs. Analysis of STs
by eBURST (data not shown) revealed only 27 related groups from
192 isolates (9). For both the 7-locus and 10-locus allelic profiles,
LIAN tests of recombination revealed that alleles were essentially
in linkage equilibrium (index of association [I,] = 0.1721 [P <
0.001] and I, = 0.1659 [P < 0.001], respectively). We found
equivalent levels of recombination at all loci, with no significant
difference between housekeeping and virulence-associated genes.
The reticulate nature of the phylogeny (Fig. 3) produced by Split-
sTree (13) reflects this history of recombination. Frequent recom-
bination has been detected previously among environmental V.
parahaemolyticus strains but not among strains associated with
disease (30), yet some isolates within this collection surprisingly
cluster with pathogenic strains. Nonetheless, the amount of re-
combination (r) among these GBE isolates was smaller than the
amount of mutation (m; r/m = 0.872 [95% confidence range,
0.648 to 1.101]) (7). Together, these analyses suggest that this
population has evolved in situ from a broad sample of the global
species diversity.

In summary, the V. parahaemolyticus population from the
GBE is highly diverse and genotypically unique compared to other
reported populations. Even with the absence of trh and tdh, which
are associated with outbreak strains, some GBE strains are genet-
ically similar to pandemic and nonpandemic isolates from infec-
tions. In light of the amount of recombination within the GBE
population and among V. parahaemolyticus strains in general and
the increased abundance and diversity associated with warming
waters, new pathogenic lineages may emerge with climate change
and warming water (1).
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