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ABSTRACT

Monitoring of Vibrio vulnificus and V. parahaemolyticus abundance is pertinent due to the ability of these species to cause
disease in humans through aquatic vectors. Previously, we performed a multiyear investigation tracking Vibrio spp. levels in
five sites along the southeastern North Carolina coast. From February 2013 to October 2015, total V. vulnificus and V.
parahaemolyticus abundance was measured in water, oysters and clams. In the current study, pathogenic subpopulations
were identified in these isolates using molecular markers, revealing that 5.3% of V. vulnificus isolates possessed the
virulence-correlated gene (vcgC), and 1.9% of V. parahaemolyticus isolates harbored one or both of the virulence-associated
hemolysin genes (tdh and trh). Total V. parahaemolyticus abundance was not sufficient to predict the abundance of
pathogenic subpopulations. Specifically, pathogenic V. parahaemolyticus isolates were more often isolated in cooler waters
and were sometimes isolated when no other V. parahaemolyticus strains were detectable. Vibrio vulnificus clinical (C-)
genotypes correlated with total V. vulnificus; however, salinity, water depth and total suspended solids influenced C- and
E-genotypes differently. Lastly, we documented individual oysters harboring significantly higher V. vulnificus levels for
which there was no ecological explanation, a phenomenon that deserves closer attention due to the potentially elevated
health hazard associated with these ‘hot’ shellfish.
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INTRODUCTION

Vibrios are Gram-negative halophilic bacteria that naturally in-
habit estuarine and coastal waters across the globe. Consist-
ing of over 100 species, these heterotrophic bacteria contribute
to beneficial ecological processes such as carbon cycling and
nutrient recycling (Thompson and Polz 2006; Hunt et al. 2008).
However, at least a dozen Vibrio species have been described
in human infections (Daniels and Shafaie 2000), and the an-
nual incidence of Vibrio infections in the USA has been increas-
ing (Crim et al. 2014). Filter-feeding mollusks concentrate mi-
crobes including Vibrios in their tissues, some of which become
part of the normal microflora in these organisms. Consequently,
shellfish such as clams and oysters, which are often consumed
raw or undercooked by humans, represent a potential vehicle
for foodborne pathogens. According to a recent report by the
CDC, an estimated 80 000 people contract foodborne Vibrio in-
fections each year in the USA, resulting in over 500 hospital-
izations and 100 deaths, the great majority of which are due
to Vibrio vulnificus and V. parahaemolyticus (CDC 2016). Further-
more, these two species are listed by the FDA as 2 (of 12) bac-
terial pathogens of greatest concern in seafood processing (FDA
2011). In addition to their impact on human health, the presence
of these pathogens in shellfish creates a significant problem for
the shellfish industrywhen an outbreak or incidence of infection
occurs.

Vibrio vulnificus is responsible for 95% of all seafood-related
deaths in the USA earning its name as the most deadly food-
borne pathogen in this country (Hlady, Mullen and Hopkin 1993;
Oliver 2006a,b; Bross et al. 2007). While most V. vulnificus cases
occur following ingestion of raw or undercooked oysters, clam-
associated infections have also been documented (CDC 1999;
Slayton et al. 2014). Disease onset is often rapid (<24 h post-
exposure) and is characterized by symptoms such as abdominal
pain, fever, chills, nausea and vomiting, which can progress to
severe septic shock, organ failure and the development of necro-
tizing bullous lesions on the extremities (Jones and Oliver 2009).
The mortality rate associated with this pathogen has been re-
ported to be as high as 50%, and survival is largely predicated
upon the health of the patient, as immunocompromised individ-
uals have a higher susceptibility for infection (CDC 1996; Oliver
2006a,b; Bross et al. 2007; Jones and Oliver 2009). Furthermore,
V. vulnificus can cause wound infections if allowed to enter ex-
posed cuts or insect bites. Thesewounds can potentially develop
into severe necrotizing fasciitis, which requires extensive tis-
sue debridement and potential amputation at the site of infec-
tion.Wound infections can also progress to septicemia and even
death (ca. 25% mortality rate) in susceptible individuals (Jones
and Oliver 2009).

Given the prevalence of V. vulnificus in shellfish and coastal
waters, combined with the number of at-risk consumers, it
has been predicted that infections should occur more often
than is observed. This lower-than-expected incidence of dis-
ease is largely due to genetic differences between strains of this
species. Vibrio vulnificus is grouped into three biotypes with bio-
type 1 strains being responsible for the majority of human in-
fections. Within biotype 1 strains, genetic polymorphisms in
the virulence-correlated gene (vcg) serve as a primary feature
to distinguish strains of clinical (C-) genotypes from those of
environmental (E-) genotypes (Warner and Oliver 1999, 2008b).
C-genotypes are highly correlated with disease, with one study
revealing that 93% of isolates from clinical cases were of this
genotype (Warner and Oliver 1999, 2008a; Rosche, Yano and
Oliver 2005); however, genotype is not always a predictor of vir-

ulence as E-genotypes are occasionally isolated from clinical
cases as well (Thiaville et al. 2011; Bier et al. 2013).

While it has been consistently demonstrated that salinity
and seasonality influence the diversity of V. vulnificus in the en-
vironment (Kaspar and Tamplin 1993; Motes et al. 1998; Arias
et al. 1999; Randa, Polz and Lim 2004; Thompson and Polz 2006;
Johnson et al. 2012; Froelich et al. 2015, 2016), the proportional
abundance of C- and E-genotypes appears to be more complex.
Along the Atlantic coastline of the USA, C- and E-genotypes
have consistently exhibited an unexplained abundance dispro-
portion within the same samples, with E-genotypes routinely
outnumbering C-genotypes by more than 10-fold (Warner and
Oliver 2008a; Baker-Austin et al. 2009; Bier et al. 2013; Froelich
and Oliver 2013; Reynaud et al. 2014; Froelich et al. 2015). E-
genotypes attach to chitin and marine aggregates more effi-
ciently relative to C-genotypes, which may partially explain the
predominance of E-genotypes within oysters, since incorpora-
tion into marine aggregates results in preferential uptake and
retention by oysters feeding on these chitin-based conglomer-
ates (Froelich, Ayrapetyan andOliver 2013;Williams, Ayrapetyan
and Oliver 2014, 2015). These studies offer insight into the ob-
served population dynamics of C- and E-genotypes along the US
Atlantic coast; however, a few studies have reported an oppo-
site trend, such as Gonzalez et al. (2014), who found 68% of V.
vulnificus isolates collected in mudflats along the Virginia coast
to be C-genotype. Additionally, Yokochi et al. (2013) found C-
genotypes to predominate (>85%) in three different sites along
Japan’s coastline. These differing studies underscore the need
for a better understanding of the biotic and abiotic factors that
influence the spatial and temporal distribution of C- and E-
genotypes.

Vibrio parahaemolyticus is the leading cause of bacterial
seafood poisoning in the USA and produces a variety of syn-
dromes, of which gastroenteritis represents ca. 60%–80% of in-
fections (Levine and Griffin 1993). Infection can result from the
ingestion of raw or undercooked oysters, clams andmussels. Ini-
tial symptoms are similar to those of V. vulnificus and include
diarrhea with abdominal cramps, nausea, vomiting, headache,
chills and low grade fever (Yeung and Boor 2004). Infections
are typically self-limiting; however in rare cases, fatal sep-
ticemia may occur in immunocompromised patients. Whereas
V. vulnificus cases appear to be sporadic, V. parahaemolyticus has
caused several major outbreaks of disease and has even be-
come pandemic (Ceccarelli et al. 2013; Velazquez-Roman et al.
2013; Pazhani et al. 2014). Of special concern is the increas-
ing number of V. parahaemolyticus outbreaks occurring in re-
gions of the world with typically cooler water temperatures,
which has been strongly linked to the trending increases in
surface seawater temperatures as a result of climate change
(Baker-Austin et al. 2010, 2013, 2017; Martinez-Urtaza et al. 2010;
Vezzulli et al. 2016).

Virulencemarkers associatedwith disease-causing strains of
V. parahaemolyticus include two hemolysin genes: thermostable
direct hemolysin (TDH) and the TDH-related hemolysin (TRH)
(FAO/WHO 2011). Pathogenic strains harbor one or both of these
genes; however, it is important to note that other virulence fac-
tors such as the type III secretion system are possibly involved
in the pathogenic mechanism of this bacterium, since roughly
10% of infections in the USA have been caused by strains that
lack the virulence-associated hemolysin genes (Park et al. 2004;
Jones et al. 2012; Ceccarelli et al. 2013).

Vibrio parahaemolyticus densities in shellfish and waters are
strongly influenced by water temperature (DePaola et al. 2003;
Zimmerman et al. 2007; Martinez-Urtaza et al. 2008; Parveen



Table 1. Summary data for V. vulnificus abundance by site.

No. of V.v. E-types No. of V.v. C-types
confirmed confirmedAverage Min/max Total Total

Date salinity salinity presumptive confirmed
range (ppt) (ppt) V. vulnificus V. vulnificus Oyster Water Clams Oyster Water Clams

Harlowe
Creek

2/4/13 –
10/16/15

24.8 ± 7.9 8/36 695 235 (33.8%) 106 48 53 11 8 1

South
River

3/11/13–
9/11/15

16.8 ± 3.9 10/22 662 475 (71.8%) 369 84 6 7

North
River

2/28/13–
12/18/13

30.3 ± 4.8 21/37 124 24 (19.4%) 10 13 0 0 1 0

Hoop Pole
Creek

2/14/13–
3/27/15

35.5 ± 2.8 28/40 190 14 (7.4%) 7 3 0 1 3 0

Jumping
Run Creek

3/20/14–
11/10/14

34.0 ± 4.1 12/27 61 5 (8.2%) 2 1 0 0

Total 2/4/13–
10/16/15

1900 770 (40.5%) 499 156 54 19 21 1

et al. 2008; Johnson et al. 2010, 2012; Julie et al. 2010; Cruz,
Hedderley and Fletcher 2015); however, there have been conflict-
ing reports regarding the relationship between V. parahaemolyti-
cus abundance and salinity. Some studies have identified a rela-
tionship between V. parahaemolyticus and salinity (Zimmerman
et al. 2007; Martinez-Urtaza et al. 2008; Yu et al. 2013; Tey et al.
2015), whereas other have not (Deepanjali et al. 2005; Parveen
et al. 2008; Kirs et al. 2011; Johnson et al. 2012; Cruz, Hedderley and
Fletcher 2015; Froelich et al. 2015); thus, the role salinity plays in
V. parahaemolyticus abundance is difficult to generalize. Further-
more, a number of studies on the abundance of total and po-
tentially pathogenic V. parahaemolyticus abundance have found
that pathogenic subpopulations are not proportional to the to-
tal V. parahaemolyticus population (Zimmerman et al. 2007; Julie
et al. 2010; Johnson et al. 2012); thus, high total counts do not
necessarily indicate that pathogenic isolates will more likely be
present.

Despite the worldwide ubiquity of these two pathogens,
abundance in the environment and shellfish varies across geo-
graphical locations and seasons (Motes et al. 1998; Zimmerman
et al. 2007; Parveen et al. 2008; Warner and Oliver 2008a; Baker-
Austin et al. 2010; Froelich et al. 2015, 2016). Furthermore, we re-
cently reported that clam and oysters collected from the same
site harbored substantially different levels of V. vulnificus and
V. parahaemolyticus (Froelich et al. 2016), indicating that shellfish
biology can influence resident Vibrio populations. Lastly, differ-
ences in pathogenic potential within strains of these two species
raises the question as to whether simply assessing abundance
of total populations is sufficient for risk assessment. The current
study elaborates on a multiyear dataset in which we have con-
tinually documented the abundance and distribution of V. vul-
nificus and V. parahaemolyticus in five environmentally distinct
sites along the N.C. coastline (Froelich et al. 2015, 2016). The
goal of the current study was to assess V. vulnificus and V. para-
haemolyticus isolates for virulence markers to determine if total
V. vulnificus and V. parahaemolyticus reflect the same abundance
and correlational patterns as their pathogenic subpopulations.
The findings reported herein add to the growing assemblage of
studies striving to tease apart the environmental factors that
influence pathogenic Vibrio abundance. Collectively, these stud-
ies contribute relevant information to regulatory agencies, the
shellfish industry and public health officials in order to identify
high-risk environmental conditions.

METHODS
Sampling locations and environmental parameters

Oysters (Crassostrea virginica), clams (Mercenaria mercenaria) and
water samples were collected from five sites along the eastern
North Carolina coast (see Froelich et al. 2016 for map). These
harvest sites were chosen to represent the range of high and
low salinity environments, some of which experience large vari-
ations in salinity fluctuations, while others have a very small
salinity fluxes (Tables 1 and 2). Environmental parameters were
collected as previously described (Froelich et al. 2016). Briefly,
at each collection event, water temperature was measured and
salinity was measured with an HI 96 822 digital refractometer
(Hanna Instruments, Carrollton, TX, USA). Depth of shellfishwas
measured by hand at the time of each collection. Dissolved oxy-
gen (DO) was measured using an Orion 5 Star handheld probe
(Thermo Scientific, Waltham, MA, USA), and pH measurements
were taken with a Denver Instrument (Bohemia, NY, USA) UB-
5 pH meter. To determine total suspended solids (TSS), water
samples were vacuum filtered through a pre-dried, pre-weighed
25 mm glass microfiber filter (GE Life Sciences, Pittsburgh, PA,
USA), with a minimum of 100 ml of water. Filters were oven-
dried and then reweighed.

Sample collection and processing

Clams and oysters were collected routinely from February 2013
toOctober 2015. Detailedmethods for sample collection andpro-
cessing can be found in the study by Froelich et al. (2016). Briefly,
at each sampling event, five oysters and/or five clams were col-
lected, and were transported on ice and processed within 5 h of
collection. Shellfish were aseptically shucked and the meats of
all five samples were combined, weighed and diluted with ster-
ile phosphate-buffered saline (PBS) at a 1:1 w:v ratio and blended
in a paddle blender (Fisher Scientific, Waltham) for 10 min at
280 rpm. Diluted (1:10 in PBS) and undiluted homogenate were
spread plated onto Vibrio selective media as described below.

Each time shellfish were collected, 1 l water samples were
also collected and transported on ice along with shellfish. Water
samples of 1 to 10ml were vacuum-filtered through a 47-mm di-
ameter, 0.45-μm pore-size mixed cellulose ester filter (Pall, Port
Washington, NY) and filters were placed on selective media as
described below.



Table 2. Summary data for V. parahaemolyticus abundance by site.

V.p. confirmed
Date
range

Average
salinity (ppt)

Min/max
salinity (ppt)

Total
presumptive V.p.

Total confirmed
V.p. Oyster Water Clams

Harlowe Creek 2/4/13–
10/16/15

24.8 ± 7.9 8/36 426 293 (68.8%) 129 109 55

South River 3/11/13–
9/11/15

16.8 ± 3.9 10/22 221 100 (45.2%) 46 54

North River 2/28/13–
12/18/13

30.3 ± 4.8 21/37 112 57 (50.9%) 27 30 0

Hoop Pole Creek 2/14/13–
3/27/15

35.5 ± 2.8 28/40 211 128 (60.7%) 60 67 1

Jumping Run Creek 3/20/14–
11/10/14

34.0 ± 4.1 12/27 71 28 (39.4%) 14 14

Total 2/4/13–
10/16/15

1093 640 (58.0%) 272 289 79

Isolation media and molecular confirmation of isolates

Shellfish homogenates and filtered water samples were plated
onto CHROMagar Vibriomedium (CHROMagar, Paris, France) and
incubated at 37◦C for 24 h. This medium allows for the selective
and differential growth of Vibrio vulnificus (dark blue colonies)
and V. parahaemolyticus (dark purple colonies) along with other
Vibrio species (CHROMagar 2009; Williams, Froelich and Oliver
2013) and is used regularly for the primary isolation of these two
enteric pathogens (Froelich et al. 2012, 2015; Gonzalez et al. 2014;
Shaw et al. 2014). After incubation, the number of presumptive V.
vulnificus and V. parahaemolyticus colonies was documented, and
10–25 colonies of each presumptive species were further culti-
vated in heart infusion (HI) broth (Becton, Dickinson and Com-
pany [BD], Franklin Lakes, NJ, USA) for molecular confirmation.
Pure cultures were boiled for 10 min followed by centrifugation
at 10 000 × g for 10 min to separate aqueous DNA from cellu-
lar material. Supernatants, to be used for PCR templates, were
stored at –20◦C until examined. Using primers described by Tarr
et al. (2007), presumptive V. parahaemolyticus isolates were con-
firmed using the pollar flagellin E (flaE) gene. Isolates that pos-
itively amplified the flaE gene were further typed for the viru-
lence markers TDH and TRH using primers previously designed
(Nishibuchi and Kaper 1985; Honda et al. 1991; Honda and Iida
1993). Vibrio parahaemolyticus strains SAK11 (tdh+/trh–), AQ4037
(tdh–/trh+) and F11–3A (trh+/tdh+) were used as positive con-
trols and nuclease-free water was used as a negative control.
Presumptive V. vulnificus isolates were confirmed based on the
presence of the hemolysin/cytolysin gene (vvhA) using primers
detailed by Warner and Oliver (2008b). Isolates that positively
amplified vvhA were further genotyped using a multiplex PCR
based on the identification of one of two alleles of the virulence-
correlated gene (vcg), using primers and protocols previously
published by Warner and Oliver (2008b), with slight modifica-
tions as previously described by Froelich et al. (2015). Vibrio vul-
nificus strains CMCP6 (vcgC+) and JY1305 (vcgE+) were used as
positive controls.

To quantify V. vulnificus and V. parahaemolyticus abundance,
two steps were taken. First, the number of presumptive colonies
was adjusted to presumptive CFU per gram of shellfish tissue or
CFU per milliliter of water (to account for dilutions and differ-
ences in oyster weight or volume of seawater filtered). Second,
to account for the presence of false-positive isolates growing on
CHROMagar Vibrio, CFU/g or CFU/ml values were multiplied by
the percentage of isolates confirmed to be V. vulnificus or V. para-
haemolyticus.

Correlations between Vibrio populations and environmental
parameters were determined by calculating Spearman’s rank
correlation coefficient (Graphpad Prism software). Total V. vul-
nificus, V. vulnificus C-genotype and E-genotype subpopulations
and total V. parahaemolyticus abundance values were tested
against temperature, salinity, TSS and water depth. Resulting
r-correlation coefficients and associated P-values are shown in
Table 4. Note, correlational analyses were not performed on
pathogenic V. parahaemolyticus subpopulations due to the low
number of positive samples.

RESULTS AND DISCUSSION
Total and pathogenic Vibrio parahaemolyticus
abundance and distribution

Of 1011 V. parahaemolyticus presumptive isolates, 57.6% were
molecularly confirmed to be this species. A total of 11 iso-
lates (1.9%) possessed one or both of the hemolytic viru-
lence genes (trh and tdh) indicating the presence of potentially
pathogenic strains (Fig. 1 and Table 2). This percentage is in
agreement with a number of studies on pathogenic V. para-
haemolyticus levels along the Atlantic coastline (Baker-Austin
et al. 2008; Parveen et al. 2008) and across the globe (Robert-
Pillot et al. 2004; Martinez-Urtaza et al. 2008; Kirs et al. 2011; Yu
et al. 2013; Cruz, Hedderley and Fletcher 2015; Tey et al. 2015;
Caburlotto et al. 2016), which have shown that pathogenic lev-
els represent only a small fraction of the total V. parahaemolyti-
cus in shellfish at the time of harvest. However, other stud-
ies have reported relatively high percentages of strains har-
boring virulence-associated tdh/trh genes (DePaola et al. 2003;
Deepanjali et al. 2005; Johnson et al. 2012; Velazquez-Roman et al.
2012;West, Klein and Lovell 2013). Interestingly, a recent study of
V. parahaemolyticus abundance at two sites along the South Car-
olina coast found approximately half of oyster isolates to harbor
tdh and/or trh virulence-related genes (Klein and Lovell 2016).

Given the low number of virulent isolates detected in the
current study, correlation analyses were not performed; how-
ever, Table 3 reveals that these isolates were collected from a
range of sites at different times of the year (as early as March,
and as late as November). This is in agreement with a study
by Baker-Austin et al. (2008) in which no correlations between
virulent strains and site, sample type or season of isolation were
identified. While V. parahaemolyticus risk estimates assume that
pathogenic levels can be reliably inferred from total V. para-
haemolyticus levels (FAO/WHO 2011), a number of studies have



Figure 1. Bubble plots of total V. parahaemolyticus abundance (gray disks) and pathogenic V. parahaemolyticus abundance (black disks) in oysters (A), clams (B) and water
(C). Each disk represents a single sampling event. Disk size is proportional to abundance and is plotted in relation to the temperature and salinity of the site at the
time of sample collection. Raw V. parahaemolyticus data used to generate bubble plots can be found in Table S1 (Supporting Information).



Table 3. Environmental parameters associated with potentially pathogenic V. parahaemolyticus isolates.

Source of isolate Date collecteda Siteb Salinity (ppt) Water temp (◦C) Virulence typec

Oyster 5/30/2014 HC 34 22.8 trh+
8/12/2014 HPC 35 27.0 trh/tdh+

Clam 4/25/2014 JNR 33 17.8 tdh+
4/25/2014 JNR 33 17.8 trh+

Water 3/12/2014 HC NA 12.0 trh/tdh+
5/23/2014 SR 14 21.7 trh/tdh+
10/16/2014 HPC 32 21.0 trh/tdh+
11/10/2014 HPC 35 16.0 trh/tdh+
11/10/2014 HPC 35 16.0 trh/tdh+
3/27/2015 HC 14 17.2 tdh+
3/27/2015 HC 14 17.2 tdh+

aMonth/day/year.
bHC—Harlowe Creek, HPC—Hoop Pole Creek, JNR—Jumping Run River, SR—South River.
ctdh+ = strain positive for the thermostable direct hemolysin (TDH) gene, trh+ = strain positive for the TDH-related hemolysin (TRH) gene, trh/tdh+ = strain positive
for both hemolysin genes.

Table 4. Correlations between Vibrio spp. and environmental parameters (Spearman’s rank correlation coefficient, r).a

Shellfish Water

Total V.v.b V.v. E+c V.v. C+d Total V.p.e Total V.v. V.v. E+ V.v. C+ Total V.p.

Temperature 0.389∗∗∗∗ 0.403∗∗∗∗ 0.288∗∗∗ 0.528∗∗∗∗ 0.440∗∗∗∗ 0.400∗∗∗∗ 0.307∗∗∗ 0.643∗∗∗∗

Salinity –0.448∗∗∗∗ –0.438∗∗∗∗ –0.215∗ 0.153 –0.443∗∗∗∗ –0.462∗∗∗∗ –0.121 0.058
Total suspended solids 0.294 0.300∗ –0.156 0.255 0.415∗ 0.398∗ 0.073 0.391
Water depth 0.240∗∗ 0.231∗∗ 0.052 –0.146 0.148 0.180 –0.021 –0.232∗

a∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.
bV.v. = Vibrio vulnificus.
cV.v. E+ = Vibrio vulnificus E-genotype.
dV.v. C+ = Vibrio vulnificus C-genotype.
eV.p. = Vibrio parahaemolyticus.

found that pathogenic subpopulations are not necessarily pro-
portional to the total V. parahaemolyticus population (McLaughlin
et al. 2005; Zimmerman et al. 2007; Julie et al. 2010; Johnson et al.
2012). In the current study, 64% (7/11) of confirmed pathogenic V.
parahaemolyticus isolates were obtained when no other V. para-
haemolyticus isolates were present (Fig. 1). This indicates that
total V. parahaemolyticus densities are not sufficient to predict
the likelihood of infection. Indeed, this concern was exempli-
fied by the 2005 V. parahaemolyticus outbreak in which Alaskan
farmed oysters containing very low (<10MPN/g) levels of V. para-
haemolyticus harbored 100% tdh+ strains (McLaughlin et al. 2005).

Vibrio parahaemolyticus concentrations strongly correlated
with temperature (Table 4) supporting the well-known sea-
sonality of this bacterium, with the majority of shellfish iso-
lates (87%) and water isolates (96.4%) being collected during the
warm season (May through October). Interestingly, 27% of shell-
fish sampling events yielding no positive isolates came from
warmer waters (≥20◦C) suggesting that temperature is not the
only environmental parameter driving V. parahaemolyticus abun-
dance. Current risk estimates depend heavily on water temper-
ature as the primary predictor of V. parahaemolyticus presence
and abundance in oysters; however, whether pathogenic sub-
populations follow this same trend is unclear (FAO/WHO 2011;
Johnson et al. 2012). For example, DePaola et al. (2003) iden-
tified an inverse relationship between water temperature and
the prevalence of pathogenic isolates. In the current study, 64%
(7/11) of pathogenic V. parahaemolyticus isolates were collected
during the cold season (November through April), when wa-
ter temperatures were below 18◦C. Again, this observed differ-

ence between total and virulent V. parahaemolyticus presence in-
dicates that this subpopulation does not follow total V. para-
haemolyticus seasonal trends.

Vibrio vulnificus C- and E-genotype abundance
and distribution

Of 1621 presumptive isolates, 43.2% were determined to be V.
vulnificus using molecular confirmation. Based on the virulence-
correlated gene (vcg), 89.0% of V. vulnificus isolates were deter-
mined to be environmental (E-) genotypes, 5.3% were clinical
(C-) genotypes and 5.7% were untypeable (i.e. did not amplify
either allele). Thus, the current multiyear study shows that E-
genotypes still predominate in oysters and waters relative to C-
genotypes, with E-genotypes representing 89.7% and 86.2% of
the total V. vulnificus in shellfish and waters, respectively (Fig. 2).
Overall, there was a significant positive correlation between C-
and E-genotypes (r = 0.473, P < 0.0001) suggesting a tight rela-
tionship between total V. vulnificus and pathogenic subpopula-
tions, and this information may be useful for the development
of future risk assessments.

Of the clam isolates collected, only 1 C-genotypewas isolated
and 77% of clam sampling events yielded no V. vulnificus (Fig. 2B).
This highlights our previous finding that clams typically harbor
much lower levels of V. vulnificus (Froelich et al. 2016) relative
to oysters, and the current study reveals that C-genotypes are
a minority in this mollusk, as is seen in oysters. Despite the low
abundance of V. vulnificus isolated in clams reported here, there
is increasing concern regarding the number of Vibrio infections



Figure 2. Bubble plots of V. vulnificus E-genotype abundance (gray disks) and C-genotype abundance (black disks) in oysters (A), clams (B) and water (C). Each disk
represents a single sampling event. Disk size is proportional to abundance and is plotted in relation to the temperature and salinity of the site at the time of sample
collection. Raw V. vulnificus data used to generate bubble plots can be found in Table S1 (Supporting Information).



that have been reported as a result of consuming raw or under-
cooked clams. Further studies on the abundance and prevalence
of pathogenic Vibrios in clams are warranted, as has been previ-
ously advised to understand the level of risk associatedwith this
bivalve (CDC 1999; Slayton et al. 2014; Froelich et al. 2016).

Vibrio vulnificus abundance is favored by warm water
temperatures causing this organism to exhibit distinct sea-
sonal variations. Throughout the duration of the study, water
temperatures ranged from 4.4◦C to 29.4◦C (average 19.9◦C) and
both C-genotypes and E-genotypes exhibited a significant pos-
itive correlation with temperature (Table 4). As expected, the
vast majority of isolates (over 95%) were collected between the
months of May and October in both shellfish and the surround-
ing waters during which the average water temperature was
24.6◦C and never dropped below 18.3◦C (Fig. 2).

While V. vulnificus is capable of tolerating wide salinity
ranges from 1 to 35 ppt (Kaspar and Tamplin 1993; Tan et al.
2010), this bacterium typically exhibits an optimal salinity
range of 15–25ppt (Oliver, Warner and Cleland 1983; Kaspar and
Tamplin 1993; Motes et al. 1998; Arias et al. 1999; Randa, Polz
and Lim 2004; Froelich et al. 2012). As anticipated, high salin-
ity had a significant negative effect on V. vulnificus densities;
however, this effect was more prominent in E-genotypes (Ta-
ble 4). Regardless of isolation source (shellfish or water), E-
genotypes exhibited a strong inverse relationship with salinity
(Table 4). Conversely, C-genotypes in shellfish correlated with
salinity, whereas C-genotypes isolated fromwater did not. Thus,
while salinity may drive C- and E-genotype abundance within
shellfish, this bottom–up control does not appear to strongly
influence C-genotypes suspended in the water column. Inter-
estingly, nearly half (48.6%) of the C-genotypes isolates were
obtained from water samples, whereas the majority (79.9%)
of E-genotypes were isolated from shellfish. Of the confirmed
C-genotypes, 54% were isolated from Harlowe Creek, a site
with a larger salinity range relative to the other sites (Table 1),
whereas the majority of E-genotypes were isolated from the
South River (a site with a consistently lower salinity). Further-
more, the majority of E-genotypes (72%) were isolated when
water salinity was <20 ppt, whereas 57% of C-genotypes were
isolated when the water salinity was >20 ppt. These findings
suggest that C-genotypes may have a higher salinity optimum
relative to E-genotypes and laboratory-based studies compar-
ing the salinity growth range, growth optimum and halotoler-
ance of these two genotypes could potentially substantiate this
claim.

DO and pH did not appear to influence V. vulnificus C- or E-
genotype abundance in shellfish or water. However, E-genotype
abundance exhibited a weak but significant positive correlation
withwater depth (Table 4). Althoughwater depth is a proxymea-
surement, it is tempting to speculate that this correlation ex-
ists due to differences between intertidal oysters and subtidal
oysters. Samples were collected fromwaters ranging from 0 feet
(exposed intertidal oysters) to 7 feet in depth (permanently sub-
merged subtidal oysters). Subtidal oysters submerged through-
out the day are privy to longer feeding periods providing greater
exposure to Vibrios in the water column. At low tide, intertidal
oysters experience enhanced stress due to heating from direct
sunlight and an inability to feed or depurate during this period
of exposure (Zhang et al. 2016), and this change in oyster phys-
iology could negatively influence V. vulnificus abundance. While
further studies would be needed to substantiate this hypothesis,
a recent study by Jones et al. (2016) found that intertidal oysters
re-immersed by the incoming tide depurated V. vulnificus to >1
log MPN/g below the initial levels.

Vibrio vulnificus E-genotype abundance also exhibited a sig-
nificant positive correlation with TSS in both shellfish and wa-
ter, whereas this relationshipwas not observedwith C-genotype
abundance. TSS is a measure of particulates (i.e. plankton, silt,
wastes) suspended in the water column, and is related to tur-
bidity. Some environmental investigations have identified a re-
lationship between suspended particulatematter andVibrio spp.
abundance (Zimmerman et al. 2007; Julie et al. 2010; Johnson et al.
2012), and a number of studies have established the importance
of plankton on the ecology of Vibrios (Pruzzo, Vezzulli and Col-
well 2008; Turner et al. 2009; Johnson et al. 2010; Rehnstam-Holm
et al. 2010; Asplund et al. 2011; Martinez-Urtaza et al. 2012). More-
over, we have previously demonstrated the higher propensity
of E-genotypes to attachment to chitin and marine aggregates
relative to C-genotypes (Froelich, Ayrapetyan and Oliver 2013;
Williams, Ayrapetyan and Oliver 2014, 2015). The correlational
patterns observed between E-genotype abundance and water
depth and TSS could be insightful in discerning the niche pref-
erences of C- and E-genotypes, and therefore deserves further
investigation.

Sporadic Vibrio vulnificus abundance in shellfish

Throughout the duration of this 33-month study, the average V.
vulnificus abundance was 5.1e2 CFU/g and one oyster sampling
period (South River in June 2015) resulted in considerably high
V. vulnificus levels (1.2e4 CFU/g) relative to all other sampling
events, with the second highest concentration being nearly 2-
fold lower (6.2e3 CFU/g, South River, August 2016). Additionally,
with the exception of one clam sampling event (Harlowe Creek,
October 2016) which yielded 6.1e3 CFU/g V. vulnificus, all clams
sampled harbored < 600 CFU/g V. vulnificus,with 77% of samples
having undetectable levels. Given ourmethod of sample pooling,
we cannot ascertain whether all of the shellfish tested on the
aforementioned days contained high levels of V. vulnificus, or if
this spike in numbers was attributable to a singlemollusk. Previ-
ous studies have documented similar events inwhich individual
oysters harbored substantially high levels of V. parahaemolyticus
relative to neighboring oysters (Kaufman et al. 2003; Klein and
Lovell 2016). These ‘hot’ shellfish signify an important concern
for shellfish safetymanagement as theymay be the cause of spo-
radic Vibrio spp. infections.

The environmental and/or physiological explanations for the
observed sporadic increase in V. vulnificus levels within shell-
fish are unclear and should be monitored more closely in future
studies. Interestingly, our recent in vitro studies found reproduc-
tively ripe female clams to retain up to 2.6e4 CFU/g V. vulnificus
relative to clams not actively producing gametes, which typi-
cally retained ca. 800 CFU/g (B.L. Phippen and J.D. Oliver, unpub-
lished). Our findings suggest that the reproductive stage of shell-
fish may influence V. vulnificus abundance which is supported
by De Decker et al. (2011), who found reproductively mature oys-
ters to be more susceptible to vibriosis by two oyster pathogens.
While it is commonly assumed that V. vulnificus is a commensal
bacterium in shellfish such as clams and oysters, it may be that
Vibrios tend to have a high affinity for gonadic tissues regard-
less of whether colonization results in vibriosis. Contrarily, it is
quite possible that commensal Vibrio–shellfish relationships can
turn pathogenic based on the physiological status of the host
(indeed, this is the opportunistic nature of V. vulnificus in the
human host). Spawning is energetically expensive and studies
have shown that this process compromises the oyster immune
system increasing susceptibility to pathogens (Li et al. 2009);
thus, our lab is currently in the process of further investigating



the relationship between shellfish gametogenesis andVibrio spp.
colonization, with a particular focus on V. vulnificus.

The results of this multiyear study revealed that the abun-
dance and correlations of pathogenic subpopulations did not al-
ways reflect that of total Vibrio spp., a finding that is of clini-
cal relevance. Furthermore, the observed transient spikes in V.
vulnificus abundance within shellfish presents a concern for the
shellfish industry as these ‘hot’ shellfish could be the source
for sporadic outbreaks of disease. While long-term monitor-
ing of Vibrio spp. abundance is critical to understand how tem-
poral environmental fluctuations influence Vibrio populations,
short-term studies with intense sampling periods could provide
greater resolution to our understanding ofVibrio dynamics in the
environment.
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