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ABSTRACT
Rachel Canty: Lower Vibrio vulnificus concentrations observed in suspended, farmed oysters than in wild,
on-bottom oysters in eastern North Carolina
(Under the direction of Brett Froelich and Rachel Noble)

Throughout the United States (US), shellfish aquaculture is growing rapidly in an attempt to meet
increasing seafood demands. Shellfish, including oysters, are filter-feeders and can concentrate bacteria
from the water column, including two human pathogens, Vibrio vulnificus and Vibrio parahaemolyticus.
Due to roughly 50% of commercial oysters being consumed raw, these bacteria pose a serious risk to
consumers and a problem to the growing oyster industry in North Carolina (NC). Oysters can be
harvested from the wild or they can be farmed, in which case they are grown using a variety of
aquaculture systems. Few studies have been conducted to determine whether oyster aquaculture growout methods (e.g. floating bags, floating/submerged cages) influence Vibrio concentrations in oyster
meats. Of these few studies, none have been conducted in NC. In this study, we compared the total
Vibrio, total and potentially pathogenic V. vulnificus, and total and potentially pathogenic V.
parahaemolyticus concentrations of wild (on-bottom) and farmed (suspended) oysters harvested during
the summer season of 2018. This study found that total V. vulnificus and potentially pathogenic V.
vulnificus concentrations were lower in suspended oysters (unpaired t-test, p=0.0334). This was not
observed in V. parahaemolyticus over the short duration of this study (unpaired t-test, p=0.2202). In
addition to our intended study results, this study has added to a growing body of literature that shows the
proportion of potentially pathogenic V. parahaemolyticus found in NC waters and across all types of
oysters in NC is very low (less than 1% in this study). Additionally, aside from few discrepancies, culture
methods were accurate for quantifying Vibrio concentrations, although the range of values observed was
high on certain dates and molecular methods were necessary for evaluation of potential pathogenicity.
Although this study found some interesting patterns, the results would be best supplemented by another
study with a larger geographical range and longer period of study.
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INTRODUCTION
Vibrio spp. are Gram-negative, rod-shaped bacteria that are ubiquitous in estuarine and marine
environments (Brock 1999, Thompson et al. 2004, Oliver 2006) including freshwater habitats, high
nutrient coastal regions, oligotrophic open ocean, and even the extreme environments of deep-sea
hydrothermal vents (Hasan et al. 2015, Pruzzo et al. 2005, Yamai et al. 1996). The Vibrio genus is both
diverse and highly adaptable, allowing Vibrio spp. to persist in highly variable environments (Thompson et
al. 2004). Some Vibrio spp. have developed evolutionary stable strategies such as biofilm formation and
motility (Shinoda et al. 1977, Wolfe et al. 2004, Yildiz et al. 2009). Much of the diversity of the genus is
due to the high plasticity of their genomes which confers the ability for lateral gene transfer and the
sharing of survival traits across species and strains (Frazer et al. 2017, López-Pérez et al. 2018,
Thompson et al. 2004), including some virulence factors (Church et al. 2016, Logan et al. 2018).
While there are over 100 species of Vibrio, only 12 are known to be pathogenic to humans
(Martinez-Urtaza et al. 2017, Thompson and Polz 2006, Williams et al. 2017). Many of the Vibrio spp. of
interest in estuarine environments are relevant to aquaculture and food safety because they are
opportunistic pathogens, and readily attach to particles (Kaneko and Colwell 1975). Shellfish, particularly
raw oysters, have posed a significant and increasing public health risk globally for Vibrio spp. infections.
Because oysters are filter-feeders, they accumulate bacteria and they have been shown to concentrate
Vibrio spp. concentrations up to 100 times that of the surrounding water column (DePaola et al. 2003).
This means that pathogenic forms of Vibrio spp. can be concentrated in a single oyster to a level that
poses a risk to consumers. With the global expansion of shellfish aquaculture and particularly raw
product consumption, along with burgeoning coastal tourism and obesity-related diseases, there is a
need for understanding the dynamics of Vibrio spp. (Andrews 2004, FAO 2004, Rossner et al. 2002). The
combination of these effects results in a heightened interest in understanding how to raise, harvest, and
process oysters for consumption in a way that is most protective of human health.
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In the US, an estimated 80,000 people contract Vibrio spp. infections, often reported as vibriosis,
each year, resulting in over 500 hospitalizations and 100 deaths (CDC 2017). In the US and other
developed nations, most Vibrio cases (about 54,000 annually in the US) are caused by eating raw or
undercooked seafood and oysters infected with pathogenic forms of V. alginolyticus, V. vulnificus, and V.
parahaemolyticus (CDC 2017, FDA 2006).
V. parahaemolyticus is the most frequent cause of infections from raw or undercooked seafood,
with 60-80% of cases described as gastroenteritis (Levine and Griffin 1993). There are thousands of
cases of V. parahaemolyticus illnesses each year in the US (Haendiges et al. 2015), but the pathogen is
also important in other regions of the world. For example, a recent publication reported 10,000 confirmed
illnesses and nearly 4,000 hospitalizations due to V. parahaemolyticus between 2003 and 2008 in China
(Wu et al. 2014). Typically following ingestion of undercooked or raw food products, V. parahaemolyticus
has an incubation period of roughly 15 hours, after which typical symptoms can include diarrhea,
abdominal cramping, chills, fever, headache, vomiting, and myalgias (McLaughlin et al. 2005). Infections
caused by V. parahaemolyticus are self-limiting and last about three days in patients with normal immune
systems (Velasquez-Roman et al. 2013). However, immunocompromised patients can suffer for longer
periods of time (Mead et al. 1999). Because of the self-limiting nature of the infections, most cases go
unreported and the CDC estimates the number of reported cases is only one in twenty (Mead et al. 1999).
In total, V. parahaemolyticus is estimated to cause around 35,000 human illnesses each year in the US
(range, 18,000 to 58,000 cases) (Scallen et al. 2011), accounting for roughly half of all Vibrio spp.
infections (Newton et al. 2014).
V. parahaemolyticus is also of great concern because of its ability and recent history of pandemic
infections. The emergence of the O3:K6 serotype resulted in the first V. parahaemolyticus pandemic
which rapidly spread throughout Southeast Asia in 1996-97 (Martinez-Urtaza et al. 2017, Paranjpye et al.
2012). By 1998, the pandemic had reached the US, initially having been associated with oysters
harvested from Galveston Bay, TX and affecting 416 people in 12 states. Within the year it had spread to
the Pacific Northwest and the Northeast, US (Paranjpye et al. 2012). In the last two decades, the O3:K6
strains have spread to almost every other continent (Gonzalez-Escalona et al. 2008, Martinez-Urtaza et
al. 2017, Velazquez-Roman et al. 2014). Another pandemic clonal type, ST36, was discovered in 2012
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(Gonzalez-Escalona et al. 2008, Martinez-Urtaza et al. 2017). The spread of V. parahaemolyticus is most
likely due to natural and anthropogenic climate change and ballast water transport (Martinez-Urtaza et al.
2010, Velazquez-Roman et al. 2014).
Though V. vulnificus infections are much rarer, V. vulnificus is the deadliest pathogen in the US
when considered on a case-by-case basis, exhibiting a >50% mortality rate (Froelich et al. 2012, Mead et
al. 1999, Oliver 2006). After infection through ingestion, almost always via consumption of raw oysters, V.
vulnificus is capable of rapidly entering the blood of individuals and disseminating throughout the body
resulting in primary septicemia and often death (Linkous et al. 1999). V. vulnificus is also of concern in
recreational waters and fisheries, because it can be contracted through open wounds leading to necrosis
and secondary septicemia often resulting in amputation, and/or death. (Linkous et al. 1999, Oliver 2005).
After flooding events, cases often spike due to contact with contaminated floodwaters. After Hurricane
Katrina, there were 22 cases and five confirmed deaths associated with V. vulnificus wound infections
(Rhoads et al. 2006). Although V. vulnificus can be contracted through two portals of entry (wound and
ingestion), FDA records between 2002 and 2007 report that 92.8% of 180 V. vulnificus infections were
due to raw oyster consumption (Heng et al. 2017). V. vulnificus cases are fortunately quite rare, with only
around 95 total cases reported, including 85 hospitalizations and 35 deaths per year in the US (CDC,
2013). This is in part due to V. vulnificus being a highly opportunistic pathogen; most infections are
confined to those with certain preexisting conditions including liver cirrhosis and diabetes (Jones and
Oliver 2009).
V. vulnificus, having an optimal temperature range between 16-33°C (Deeb et al. 2018), is
experiencing an increase in both frequency and range of infection, likely due to rising sea surface
temperatures (Baker-Austin et al. 2013). In fact, Vibrio spp. infections as whole, have been increasing
while infections from other foodborne pathogens have generally decreased (Figure 1) (CDC 2009, Henao
et al. 2015): a report released by the CDC estimated that there was a 43% increase in Vibrio-related
infections between 2006 to 2012 (CDC 2013). V. parahaemolyticus infections associated with oysters
have made headlines in recent years for large outbreaks in regions previously unaffected by the
pathogen. For example, in 2012, an outbreak of V. parahaemolyticus occurred in Massachusetts resulting
in hundreds of illnesses. The serovar that caused this outbreak across nine states was typed and was
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thought to have come from the Pacific Northwest, and since then the transmission of this serovar has
been well-documented (Martinez-Urtaza et al. 2013). Another outbreak, in 2004, which occurred on a
cruise ship off the coast of Alaska resulted in 62 V. parahaemolyticus illnesses (all resulting in
gastroenteritis caused by oyster consumption) (McLaughlin et al. 2005). Optimal growth temperature for
V. parahaemolyticus is 37°C and, although it can persist in waters lower than 10°C, infections have not
been associated with waters below 15°C (Martinez-Urtaza et al. 2010, Raszl et al. 2016). The outbreak
appears to have been due to abnormally warm waters (>15°C) off the coast of Alaska and became the
northern-most recorded V. parahaemolyticus outbreak in the region, extending the range of V.
parahaemolyticus infection by over 1000 km (Martinez-Urtaza et al. 2010, McLaughlin et al. 2005).

Figure 1. Vibrio infections on the rise. Relative rate of culture-confirmed infections with Campylobacter,
STEC O157, Listeria, Salmonella, and Vibrio compared with 1996-1998 rates, by year, FoodNet 1996-2015
(Henao et al. 2015)

Vibrio concentrations have been increasing locally, as well (Froelich et al. 2013). This increase in
environmental Vibrio concentrations will only compound with active efforts to increase oyster aquaculture
production ten-fold in the next decade in NC (NCSMAC 2018), resulting in increased human risk of
seafood-borne illnesses associated with raw oyster consumption. Additionally, because oysters grown in
bags and cages by farmers tend to have a deep cup and are considered “cleaner” than on-bottom
oysters, farmed oysters are often grown and sold with the intention of being consumed raw (Go Deep
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Shellfish Aquaculture). In fact, current risk models indicate that, at all times of the year, 50% of harvested
shellfish are consumed raw (NSSP 2017). Prominent NC oyster growers such as Morris Family Farms
and Carolina Mariculture Inc. report over 95% raw consumption of their farmed product (Styron and
Morris, personal communication). Again, the transition from wild and on-bottom oyster consumption to
farmed and suspended oyster consumption will likely lead to increases in raw oyster consumption, which
poses an increased risk of bacterial infections.
Despite persistent and increasing issues with bacterial pathogens, oysters have been an
important part of NC culture and economy for over 150 years (Grabowski et al. 2012). Ecosystem
services provided by oysters include carbon sequestration, shore stabilization, augmented fish
production, water filtration, diversification of landscape and ecosystem and more (Grabowski and
Peterson, 2007). The economic benefit of commercial harvest in NC was estimated at nearly $2 million
USD in 2017 (NC Sea Grant 2018). A single Vibrio spp. infection, however, costs on average $3.6 million
USD (Minor et al. 2015). Direct exposure to V. vulnificus, V. parahaemolyticus, and V. alginolyticus costs
the US at least $30 million per year, as shown by Ralston et al. (2011), with estimates ranging up to ten
times that amount given the lack of reporting of the infections. In the same study, V. vulnificus was
credited with the title of costliest marine-borne pathogen, with annual costs ten times higher than the
other pathogens. Additionally, even though V. vulnificus only accounted for one third of the Vibrio spp.
infections, it constituted 85% of the Vibrio spp. direct exposure costs (Ralston et al. 2011).
In order to monitor Vibrio spp., molecular identification is imperative. V. vulnificus is universally
identified by the presence of the vvhA gene which encodes for an extracellular hemolysin (Hill et al. 1991,
Panicker and Bej 2005, Wetz 2008). The toxin, although confirmed to be expressed in vivo, has recently
been shown to be rendered inactive by unbound cholesterol and human serum albumin, lending to the
theory that the vvhA toxin is not responsible for V. vulnificus pathogenicity (Jones and Oliver, 2009). The
vvhA gene, however, is important for its ubiquity in V. vulnificus strains and, therefore, is an effective
species identifier (Yamamoto, 1990). Additionally, identification of total V. parahaemolyticus abundance is
often carried out by isolation of the regulatory gene, toxR (Kim et al. 1999). The toxR gene was first
discovered in V. cholerae and has been shown to be highly conserved among the Vibrio genus (Kim et al.
1999).
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In addition to identifying Vibrio on the species-level, FDA-approved methods have been
generated to determine less virulent strains of V. vulnificus and V. parahaemolyticus from potentially
pathogenic (hypervirulent) strains (Kaysner and Depaola 2004). V. vulnificus pathogenicity, for example,
is identified by the presence of the virulence-correlated gene, vcgC. One study found that vcgC-positive
V. vulnificus strains were responsible for more than 93% of V. vulnificus infections. In the same study,
87% of environmental isolates contained the vcgE polymorphism of the gene (Warner et al. 2008). This
form of the gene is not totally incapable of infection, as “E-types” are occasionally isolated from clinical
cases and are, therefore, capable of causing infection in humans (Oliver 2006). The current accepted
determinant of potential pathogenicity in V. parahaemolyticus is through molecular identification of genes
encoding the thermostable direct hemolysin, tdh, and the evolutionarily and functionally similar
thermostable-related direct hemolysin, trh (Bej et al. 1999). Both toxins have hemolytic, cytotoxic, and
lethal toxicity in small experimental animals (Nishibuchi et al. 1995). These toxins are believed to be
involved in human pathogenesis, although the exact mechanism has not been elucidated (Baker-Austin,
2018). While these gene markers are not definitive proof that Vibrio strains are pathogenic or not,
generally, amplification of the vcgC gene in V. vulnificus and the tdh and/or trh gene in V.
parahaemolyticus are accepted as indicators of potential pathogenicity (Bej et al. 1999, Kaysner and
Depaola 2004, Warner and Oliver 2008,).
Eliminating risk associated with shellfish consumption is not possible. Mitigation of Vibrio
infections by the shellfish industry focuses on reducing the concentrations of the bacteria in oysters or
preventing preexisting bacterial increases in the product. This has historically been done through postharvest techniques which include reducing exposure to heat and sunlight, near-immediate refrigeration or
placement on ice, secondary filtration, high pressure pasteurization and other approaches (NSSF 2003,
Andrews 2004). More recent techniques have included modifications or optimization of oyster farming.
One modification is to grow oysters in floating bags suspended off-bottom (termed “suspended”
aquaculture). This technique is supported by a 2012 study that found the detection frequency of V.
parahaemolyticus to be higher in sediments than in the water column (89.7% to 69.5%, respectively)
(Johnson et al. 2012). With this knowledge, it is inferred that the majority of Vibrio spp. are found in the
sediment (Johnson et al. 2012) and that proximity to sediment may cause increased levels of Vibrio spp.
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in on-bottom oysters. However, there is a lack of studies showing that on-bottom oysters do, in fact,
harbor more Vibrio spp. abundances than suspended oysters.
To further understand differences in Vibrio spp. concentrations associated with specific oyster
farming techniques, much more research is necessary to ensure shellfish safety and reduce the risk
associated with this increasingly popular food product. The objective of this study was to quantify the
differences in potentially pathogenic Vibrio spp. as associated with farmed and wild oysters in a
productive shellfishery region of eastern NC. The study was conducted during the warmer summer
months in order to better assess the Vibrio spp. dynamics associated with farmed and wild oysters.
Specifically, V. vulnificus and V. parahaemolyticus concentrations, including potentially pathogenic
subpopulations identified by the vcgC gene in V. vulnificus and the tdh and/or trh genes in V.
parahaemolyticus, were quantified using a paired study design across shellfish harvested from farmed
(suspended) and wild (on-bottom) oysters during summer 2018. The second objective of this study was to
assess the relationships between culture-based and molecular confirmation of the two species, V.
vulnificus and V. parahaemolyticus across the study area. This study is the first of its kind to be
conducted in NC, and the data generated from this study will assist us in improving our future education
and outreach regarding public health risk associated with oysters harvested from the estuarine water of
NC.
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MATERIALS AND METHODS
Oyster Collection and Processing. Eastern oysters (Crassostrea virginica) were collected from
three sites in eastern NC: Cedar Island Bay (CIB), Jarrett Bay (JB), and Newport River (NR) (Figure 2).
Sampling occurred between late July 2018 and September 2018, which was during the season where
wild oyster harvest is closed to the public in NC (April 1st and October 15th each year) (Andrews 2004).
Each site contained a wild location and a farm location and they were within no more than 1000m
distance and within 3 ppt salinity difference, except during a single extreme rainfall condition. The farm
location and its corresponding wild location from each site were sampled on the same day at or within 3
hours of low tide, with oysters harvested typically within an hour of each other. Each site was sampled
twice within the two-month period. At each sampling day, 48 farmed oysters and 48 wild oysters were
collected (Figure 2). NR was treated as a control site because both the farmed and wild oysters were onbottom unlike the other two sites that had farmed oysters from floating, on-surface, bags (suspended).
The sites will be identified by the location (CIB, JB, or NR), whether it is a farm (F) or wild (W) location,
and whether oysters were grown in suspended bags (S) or on-bottom (B). The farm location of Cedar
Island Bay, for example, will be termed CIB-FS, while the farm location for Newport River will be NR-FB.
Salinity was measured on site with a refractometer. Temperatures, precipitation, and wind speed and
direction data were obtained from the National Oceanic and Atmospheric Administration (NOAA) Local
Climate Data (LCD). Site latitudes and longitudes were obtained from Google Earth, post sampling.
Shellfish were shucked aseptically, and the hemolymph was drained. Meats of 6 oysters were
pooled, weighed, and diluted with sterile phosphate-buffered saline (PBS) at a 1:1 (weight/volume) ratio,
resulting in 8 sample bags containing 6 oysters each. Shellfish meats were blended for 10 min in a paddle
blender (Fisher Scientific, Waltham, MA) at 280 rpm. Homogenates were diluted 1:10 in PBS, and 100µl
aliquots of both diluted and undiluted homogenates were plated on media as described in the next
section.
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Figure 2. Study area. Study was conducted in eastern NC, with all sampling sites being in Carteret
County (A). Close-ups of each site were provided to show proximity of farm and wild sites to one another
(B, C, D). Image source: Google Earth.

Figure 3. Sample design. This study had three sites, two of which were treated as experimental sites
(Cedar Island Bay and Jarrett Bay) and one which was treated as a control site (Newport River).
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Colony growth and isolation. For all samples, 100µL of both undiluted and diluted homogenate
were spread plated on thiosulfate-citrate-bile salts-sucrose (TCBS) and CHROMagar Vibrio (CAV)
(CHROMagar, Paris, France). For total Vibrio spp. quantification, TCBS plates were prepared as by
manufacturer’s instructions (Himedia, Mumbai, India), were used to enumerate total Vibrio. Green and
yellow colonies were counted, as described by Froelich et al. (2016), and values were summed to
determine total Vibrio colony forming unit (CFU) abundance per unit shellfish tissue mass. CAV plates,
prepared as instructed, were used to isolate presumptive colonies of V. parahaemolyticus (purple) and V.
vulnificus (blue). All plates were incubated at 37°C for 24 hours. After incubation, colonies on plates were
counted and the data were converted to CFU per gram of oyster. From each plate up to five colonies
each of presumed V. vulnificus and V. parahaemolyticus were isolated using sterile approaches and
placed into 100µL of heart-infusion (HI) broth and incubated at room temperature overnight. Following
this, cells were lysed to release DNA by incubation at 100°C for 10 minutes. Centrifugation at 10,000 x g
for 10 min separated the aqueous DNA from cellular material. Supernatants, to be used as polymerase
chain reaction (PCR) templates, were diluted in nuclease-free water and the undiluted, 10-1, and 10-2
isolate subaliquots were stored at -80°C until they were prepared for PCR amplification as described
below.
Molecular confirmation of isolates and determination of potential pathogenicity. Molecular
species identification of both V. vulnificus (vvhA) and V. parahaemolyticus (toxR) was performed by
conventional PCR on the C1000 Touch™ Thermal Cycler (Bio-Rad, Hercules, CA, US) using GoTaq®
Green Master Mix (Promega, Madison, WI, US) with subsequent gel (1.5% agarose) electrophoresis in
tris-acetate (TAE) buffer at 140 mAmps for 25 minutes. The resultant bands were visualized via ethidium
bromide staining and subsequent exposure to UV light.
All five assays (vvhA, toxR, vcgC, trh, and tdh) were analyzed via PCR amplification on the
BioRad CFX96 ™ Real-Time System (Bio-Rad) using the PowerUp™ SYBR® Green Master Mix
(ThermoFisher Scientific, Pittsburgh, PA, US). Following SYBR® Green qPCR (quantitative PCR), a melt
curve was generated (Table 2) in order to confirm amplification of only the target amplicon and only those
peaks that matched the positive control (see below) were considered positive for the corresponding gene.
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Gene target
name

Direction

Sequence (5'-3')

F

TTCCAACTTCAAACCGAACTATGAC

R

ATTCCAGTCGATGCGAATACGTTG

vvhA1
vvhA2
vcgC1
toxR3
tdh1

trh1

F

CCGGCGGTACAGGTTGGCGC

R

CGCCACCCACTTTCGGGCC

F

AAAACTCATTGARCAGTAACGAAA

R

AGCTGGATCTAAKCCCAATGC

F

GTCTTCTGACGCAATCGTTG

R

ATACGAGTGGTTGCTGTCATG

F

GTAAAGGTCTCTGACTTTTGGAC

R

TGGAATAGAACCTTCATCTTCACC

F
R

TTGGCTTCGATATTTTCAGTATCT
CATAACAAACATATGCCCATTTCCG

Amplicon Size
(bp)

Source

205

Panicker and
Bej 2005

519

Hill et al. 1991

146

Warner and
Oliver, 2008

368

Kim et al. 1999

269

Bej et al. 1999

500

Bej et al. 1999

Table 1. Primer sequences. All isolates were typed for toxR and vvhA via both conventional PCR and
SYBR® Green qPCR. While toxR used the same primer set for both methods, vvhA analysis used two
primer sets, due to difficulties in transitioning the conventional vvhA primer set to SYBR® Green qPCR.
Isolates were also typed for three other genes (vcgC, tdh, trh) but were only done so via SYBR® Green
qPCR
1 Primers were used for SYBR® Green qPCR only
2 Primers were used for conventional PCR only
3 Primers were used for both PCR methods

Assay
Primer Concentrations
Initialization

SYBR® Green qPCR
vvhA1, toxR3, vcgC1, trh1, tdh1
500 nM
50°C, 2:00

1) Initial Denaturation

95° C, 2:00

95° C, 2:00

95° C, 2:00

2) Denaturation

95° C, 0:15

95° C, 1:00

95° C, 0:30

3) Annealing

60°C, 0:45

53°C, 1:00

50°C, 0:30

4) Extension

72°C, 0:45

72°C, 0:30

72°C, 0:30

Cycles (Steps 2-4)

40

5) Final Extension
Melt Curve

Conventional PCR
vvhA2
toxR3
400nM
400nM

30

40

72°C, 5:00

72°C, 5:00

60°C-90°C, increments of 5°C for 0:05

Table 2. Conventional PCR and SYBR® Green qPCR parameters. All five SYBR® Green qPCR
assays had the same cycling parameters. The melt curve was created by climbing from 60°C to 95°C
increasing by 5°C for 5 seconds at each interval.
Conventional PCR cycling parameters differed between vvhA and toxR assays, with different annealing
temperatures (53°C and 50°C, respectively). Although conventional methods do not require a melt curve,
it was followed by gel electrophoresis and bands were visualized with ethidium bromide staining and UV
exposure.
1 Primers were used for SYBR® Green qPCR only
2 Primers were used for conventional PCR only
3 Primers were used for both PCR methods
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Two positive controls were used for this study. For V. parahaemolyticus assays, toxR, tdh, and
trh, the positive control was the tdh-positive/trh-positive environmental isolate, F11-3A, which is an ST36
pandemic strain (Nordstrom et al. 2007, Gonzalez-Escalona et al. 2008). The positive control for vvhA
and vcgC assays was the septicemia isolated, vcgC-positive strain, MO6 (Wright et al. 1990). Both
positive controls were inoculated from freezer stocks in heart infusion broth at 37°C overnight, then
boiled-lysed for 10 minutes. Extracted controls were stored at -20°C. A non-template control (NTC) was
used for all analyses. All negative controls were negative for data generated for this study.
Quantification of V. vulnificus and V. parahaemolyticus was performed as described by Williams
et al. (2017) where concentrations in CFU/gram obtained from culture data were multiplied by the
percentage of vvhA-positive and toxR-positive isolates, respectively. The same process was used in
quantifying abundance and percent potentially pathogenic V. vulnifics (vcgC-positive) and V.
parahaemolyticus (tdh/trh-positive).
Statistical analysis. All Vibrio concentrations (CFU/gram) were combined in JMP® Pro 14 and
normality was tested using both the non-transformed and log-transformed data. Skewness and kurtosis
were both reduced when data was transformed into logarithmic form. Therefore, non-parametric statistical
analyses were utilized. In addition, a quartile range outlier test on the log data removed the single outlier
from the non-log transformed data. Non-detects from diluted homogenate were given a value of 1.
Statistical comparisons between Vibrio populations of suspended and on-bottom oyster values were
conducted using Graphpad Prism software. Comparisons were determined significant with 95%
confidence (p=<0.05).
Correlations between Vibrio populations and environmental parameters were determined by
calculating Spearman’s rank correlation coefficients (R Studio). Total Vibrio concentration values were
tested against daily temperature, 7-day, 3-day, and 24-hour rainfall, 4-day and 24-hour wind speed,
salinity. Correlation plots were also created in R Studio (not shown). Further analyses correlating Vibrio
populations against each other were conducted in Excel Professional Plus 2019 (Figure 5).
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RESULTS
Total Vibrio concentrations. Using culture-based methods, the average concentration of total
Vibrio throughout the entire study was 1.2x104 CFU/gram, with an observed range of 3.8x102-9.58104
CFU/gram. Total Vibrio concentrations did not vary statistically from site to site (Table 3A) nor from
sampling date to sampling date (Table 3B). Lastly, there was no difference in concentration of total Vibrio
between suspended and on-bottom oysters (unpaired t-test, p=0.5426) (figure not shown).

B.

A.

Site

W/F

S/B

Average total
Vibrio log
(CFU/gram)

CIB-FS

F

S

4.3 ± 1.1

CIB-WB

W

B

4.2 ± 0.9

JB-FS

F

S

4.1 ± 0.9

JB-WB

W

B

4.2 ± 1.1

NR-FB

F

B

3.5 ± 1.3

NR-WB

W

B

3.1 ± 1.1

Date of
Harvest
7/22/2018
8/3/2018
8/7/2018
8/13/2018
8/24/2018
9/4/2018

Site

W/F

S/B

Average total
Vibrio log
(CFU/gram)

CIB-FS
CIB-WB
JB-FS
JB-WB
NR-FB
NR-WB
CIB-FS
CIB-WB
JB-FS
JB-WB
NR-FB
NR-WB

F
W
F
W
F
W
F
W
F
W
F
W

S
B
S
B
B
B
S
B
S
B
B
B

3.9 ± 1.2
4.2 ± 1.3
4.1 ± 1.3
4.3 ± 1.6
3.5 ± 1.3
3.1 ± 1.1
4.6 ± 1.6
4.2 ± 1.3
4.2 ± 1.4
4.0 ± 1.3
3.7 ± 1.3
3.7 ± 1.3

Table 3. Log total Vibrio concentrations in farmed and wild oysters. Total Vibrio concentrations were
separated by site (A) and by date of harvest (B). Total Vibrio concentrations were obtained from culturebased analyses data. “F” indicates farmed oysters and “W” indicates wild oysters.
Evaluation of culture methods at the species-level. Out of a total number of 394 isolates
selected as presumed V. parahaemolyticus, the SYBR® Green qPCR method confirmed 351 as toxRpositive indicating that 89.1% of the colonies appearing on the plates were accurately characterized.
When separated by sampling date, eight of the ten sampling events had >92% agreement, with the two
other sampling events having 55.9% and 72.5% agreement (Table 4). As for V. vulnificus, 266 of the 378
gathered isolates were confirmed vvhA-positive via SYBR® Green qPCR, indicating that 70.4% of the
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isolates selected were accurately characterized. This range widened significantly when separated by
sampling date, with the lowest value being 35.0% and the highest being 100% (Table 4).

Date of Harvest

7/22/2018

8/3/2018

8/7/2018

8/13/2018

8/24/2018

9/4/2018

Site

W/F

S/B

Percent V.
parahaemolyticus
isolates confirmed

Percent V. vulnificus
isolates confirmed

CIB-FS

F

S

55.9%

41.9%

CIB-WB

W

B

92.5%

67.5%

JB-FS

F

S

95.0%

100.0%

JB-WB

W

B

72.5%

97.5%

NR-FB

F

B

94.9%

60.5%

NR-WB

W

B

95.1%

68.6%

CIB-FS

F

S

92.5%

88.2%

CIB-WB

W

B

97.5%

70.0%

JB-FS

F

S

92.5%

35.0%

JB-WB

W

B

97.5%

70.0%

NR-FB

F

B

NA

NA

NR-WB

W

B

NA

NA

Table 4. Percent confirmed V. parahaemolyticus and V. vulnificus concentrations. Percentages
were not applicable (NA) for sampling date 9/4/2018. This was due to difficulties in recovering DNA from
isolates generated on this date.
Comparison of molecular methods. When both PCR methods (SYBR® Green qPCR and
conventional PCR), were conducted using the same toxR primers for V. parahaemolyticus species
analysis, the results demonstrated 96.19% agreement. For V. vulnificus, the two methods were in 98.15%
agreement with each other even though two different vvhA primer sets were used (Hill et al. 1991,
Panicker and Bej 2005). For the remainder of the reporting in this document, we have used the data from
the SYBR® Green qPCR method for toxR and vvhA because conventional PCR was not performed
across all three of the pathogenicity assays (vcgC, tdh, and trh).
Total V. parahaemolyticus concentrations. Average concentrations of confirmed V.
parahaemolyticus were 9.7x102 CFU/gram which is only 0.2 log less from the presumptive value (not
shown), indicating close agreement in approaches. The maximum concentration was almost an order or
magnitude greater than the average at 9.5x103 CFU/gram. When separated by the type of grow-out
scenario, i.e. farmed suspended versus wild on-bottom oysters, there was agreement between
suspended and on-bottom average and maximum values.
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A.
Site

W/F

S/B

Average concentration V.
parahaemolyticus log
(CFU/gram)

Average concentration V.
vulnificus
log (CFU/gram)

CIB-FS
CIB-WB
JB-FS
JB-WB
NR-FB
NR-WB

F
W
F
W
F
W

S
B
S
B
B
B

2.5 ± 0.6
3.2 ± 0.8
3.2 ± 0.8
2.8 ± 0.7
3.1 ± 1.2
2.6 ± 0.9

2.6 ± 0.7
3.0 ± 0.8
3.3 ± 0.8
3.4 ± 0.9
2.3 ± 0.8
2.9 ± 1.1

S/B

Average concentration V.
parahaemolyticus
log (CFU/gram)

Average concentration V.
vulnificus log (CFU/gram)

B.
Date of
Harvest

7/22/2018
8/3/2018
8/7/2018
8/13/2018
8/24/2018

Site

W/F

CIB-FS

F

S

1.9 ± 0.7

1.8 ± 0.6

CIB-WB

W

B

2.7 ± 0.9

2.5 ± 0.8

JB-FS

F

S

3.4 ± 1.2

3.5 ± 1.2

JB-WB

W

B

2.7 ± 0.9

3.7 ± 1.4

NR-FB

F

B

3.1 ± 1.2

2.3 ± 0.8

NR-WB

W

B

2.6 ± 0.9

2.9 ± 1.1

CIB-FS

F

S

2.8 ± 0.9

2.9 ± 1.0

CIB-WB

W

B

3.4 ± 1.1

3.2 ± 1.2

JB-FS

F

S

2.8 ± 1.0

2.4 ± 0.8

W
B
2.8 ± 0.9
2.6 ± 0.8
JB-WB
Table 5. Log V. parahaemolyticus and V. vulnificus concentrations in farmed and wild oysters.
Concentrations were separated by site (A) and by date of harvest (B). “W” = wild, “F” = farmed.
V. parahaemolyticus was found in 98.8% of the oyster samples in this study: 97.9% in on-bottom
and 100% in suspended oysters. Total V. parahaemolyticus concentrations did not show any statistical
difference between suspended and on-bottom oysters at experimental sites (unpaired t-test, p=0.2202),
nor at the control site (unpaired t-test, p=0.2896) (Figure 4A). Lastly, total V. parahaemolyticus did not
correlate with total Vibrio in neither suspended (R2=0.0999, n=32) nor on-bottom oysters (R2=0.1482,
n=48) (Figure 5A).
Total V. vulnificus concentrations. Average confirmed V. vulnificus concentrations were
1.3x103 CFU/gram, which is roughly the same as the culture-based concentrations (not shown), again,
indicating close agreements in approaches. The maximum concentration was over an order of magnitude
greater than the average at 2.4x104 CFU/gram. V. vulnificus was confirmed in 87.5% of the oyster
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A.

Total V. parahaemolyticus

Log(CFU/g)

4

0.2202

3

0.2896

Farm, Suspended (Exp.)
Wild, On-bottom (Exp.)
Farm, On-bottom (Control)
Wild, On-bottom (Control)

2
1

(C
)
W
B

(C
)
FB

W
B

FS

0

B.

Total V. vulnificus
4

Log(CFU/g)

0.0334

Farm, Suspended (Exp.)
Wild, On-bottom (Exp.)
Farm, On-bottom (Control)
Wild, On-bottom (Control)

0.8379

3
2
1

(C
)
W
B

(C
)
FB

W
B

FS

0

Figure 4. Comparison of V. parahaemolyticus and V. vulnificus concentrations in farmed, suspended and wild,
on-bottom oysters. As the legend to the right of the figures show, lavender indicates farmed oysters and dark
purple indicates wild oysters for total V. parahaemolyticus (A). Light blue indicates farmed oysters and dark blue
indicates wild oysters for V. vulnificus (B). Additionally, hatched bars indicate on-bottom oyster grow-out methods
while no markings in bars indicate suspension oyster grow-out approaches. The values are unpaired t-test p values
using a 95% confidence interval.

samples in this study: 91.7% of on-bottom oysters had V. vulnificus and 81.3% of suspended oysters had
V. vulnificus. Ten samples were devoid of confirmed V. vulnificus, four from on-bottom oysters and six
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from suspended oysters. Half of the suspended oyster samples that were devoid of V. vulnificus came
from sampling at JB-FS on 8/24/2018, meaning that three of the eight suspended oyster samples from
that date did not have any confirmed V. vulnificus. The corresponding on-bottom site (JB-WB) had
confirmed V. vulnificus in ten out of ten oyster samples for that date. Oyster samples taken from waters
with salinities lower than 20 ppt all had confirmed V. vulnificus.
When analyzing CIB and FB (experimental sites), there were significantly lower concentrations of
confirmed V. vulnificus in the farmed, suspended oyster samples than in their wild, on-bottom
counterparts (unpaired t-test, p=0.0334). This difference was not observed at the control site (unpaired ttest, p=0.9379), where both farmed and wild oysters were grown and harvested on-bottom (Figure 4B).
Lastly, total V. vulnificus did not correlate with total Vibrio in neither suspended (R2=0.0048, n=32) nor onbottom oysters (R2=0.1964, n=48) (Figure 5B).
Potentially pathogenic V. parahaemolyticus. Only two of the 351 isolates (0.57%) possessed
one or both hemolytic virulence genes (two isolates were tdh-positive, none were trh-positive). Both tdhpositive isolates came from farmed sites, one from suspension farming at JB-FS and the other from the
on-bottom control, NR-FB. However, given the low number of potentially pathogenic isolates detected in
the current study, correlation analyses could not be performed.
Potentially pathogenic V. vulnificus. Of the 266 confirmed V. vulnificus (vvhA-positive) isolates
throughout the entire study, 44 contained the virulence correlated gene, vcgC, constituting 16.5% of the
sample population. When analyzed according to growing approach, i.e. by suspended and on-bottom
oysters, however, 20.1% of on-bottom oysters were vcgC-positive and only 10.3% of suspended oysters
were potentially pathogenic.
Similar to confirmed V. vulnificus, potentially pathogenic V. vulnificus and percent potentially
pathogenic V. vulnificus were also lower in suspended farmed oysters than on-bottom wild oysters at the
experimental sites (unpaired t-test, p=0.0366 (Figure 6) and 0.0342 (not shown), respectively). Again, this
was not demonstrated at the control site (unpaired t-test, p=0.7832 and 0.8924 (not shown), respectively).

A.
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Log total V. parahaemolyticus (CFU/gram)

4.5
4
R² = 0.0999
3.5
R² = 0.1482
3
2.5

Suspended

2

On-bottom
Linear (Suspended)

1.5

Linear (On-bottom)
1
0.5
0
2

2.5

3

3.5

4

4.5

5

5.5

Log total Vibrio (CFU/gram)

B.

Log total V. vulnificus (CFU/gram)

5
4.5
4

R² = 0.0048
R² = 0.1964

3.5
3

Suspended

2.5

On-bottom

2

Linear (Suspended)

1.5

Linear (On-bottom )

1
0.5
0
2

2.5

3

3.5

4

4.5

5

5.5

Log total Vibrio (CFU/gram)
Figure 5. Vibrio species (V. parahaemolyticus and V. vulnificus) versus total Vibrio concentrations
suspended and on-bottom oysters. Total Vibrio neither correlates with V. parahaemolyticus in floating,
suspended oysters (lavender, R2=0.0999, n=32) nor on-bottom oysters (dark purple, R2=0.1482, n=48)
(A). Total Vibrio also neither correlates with V. vulnificus in floating, suspended oysters (light blue,
R2=0.0048, n=32) nor on-bottom oysters (dark blue, R2=0.1964, n=48).
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2.0

Potentially pathogenic V. vulnificus

Log(CFU/g)

0.0366
1.5

0.7832

1.0

Farm, Suspended (Exp.)
Wild, On-bottom (Exp.)
Farm, On-bottom (Control)
Wild, On-bottom (Control)

0.5

(C
)
W
B

(C
)
FB

W
B

FS

0.0

Figure 6. Comparison of potentially pathogenic V. vulnificus concentrations in farmed, suspended and wild, onbottom oysters. As the legend to the right of the figures show, light blue indicates farmed oysters and dark blue
indicates wild oysters for potentially pathogenic V. vulnificus. Additionally, hatched bars indicate on-bottom growout method while no markings in bars indicate suspension grow-out. The values are unpaired t-test p values using
a 95% confidence interval.
Potentially pathogenic V. vulnificus was found in 35.0% of the oyster samples in this study: 41.7%
of on-bottom oysters contained vcgC-positive V. vulnificus and 25% of suspended oysters contained
vcgC-positive V. vulnificus. Two samples contained 100% vcgC-positive V. vulnificus, both from the same
sample site and day (NR-FB and NR-WB on 8/7/2018). Salinity was 23 ppt and daily air temperature was
28°C.
Environmental parameters and correlations with total Vibrio. Daily air temperatures during
this time period averaged at 27°C, with a range of 24°C-29°C (Table 8). Throughout this study period,
temperature and salinity exhibited very weak correlations with total Vibrio concentrations. Low salinities
observed early in the study period (August 3, 2018 (Table 6)) were due to heavy rainfall in July. In
Carteret County, NC, rainfall total for the month of July was between 11.47 inches and 12.95 inches
making it the wettest July on record (NOAA, NC Coastal Fed. 2018). July 24, 2018, alone, had 3.51
inches of rain (Table 8). Heavy rainfall frequently results in shellfish harvest closures due to high
concentrations of fecal indicator bacteria (FIB) in harvest waters as a result of stormwater runoff
(Converse et al. 2010). Shellfish harvesting closures were implemented sporadically between July 8August 20 in and near the sampling area of this project due to rainfall (North Carolina Division of Marine
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Fisheries 2018). Although salinity did not correlate with total Vibrio, weak correlations were observed
between total Vibrio and rainfall. Specifically, although total Vibrio in wild, on-bottom oysters correlated
weakly with 24-hour rainfall (R2=0.329, n=64, (figure not shown)), total Vibrio in suspended oysters had
weak, negative correlations with three-day and seven-day rainfall (R2=-0.618, R2=-0.439, respectively,
n=32).
Date of
Harvest

Site

W/F

S/B

Lat.

Long.

Salinity
(ppt)

Description

F
S
34°59'59'' N 76°18'32'' W
24
Floating bags
W
B
34°59'58''
N
76°18'36''
W
23
Clusters,
intertidal
7/22/2018
1
W
B
34°59'46'' N 76°18'30'' W
23
Clusters, intertidal
F
S
34°47'10"N
76°29'48"W
12
Floating bags
8/3/2018
2
W
B
34°47'27"N
76°29'51"W
3
Oyster bed, intertidal
F
B
34°44'32"N
76°40'18"W
20
Sandbar, intertidal
8/7/2018
3
W
B
34°43'41"N
76°40'16"W
23
Oyster bed, intertidal
F
S
34°59'59'' N 76°18'32'' W
26
Floating bags
8/13/2018
1
W
B
34°59'58'' N 76°18'36'' W
28
Clusters, intertidal
F
S
34°47'10"N
76°29'48"W
34
Floating bags
8/24/2018
2
W
B
34°47'27"N
76°29'51"W
34
Oyster bed, intertidal
F
B
34°44'32"N
76°40'18"W
34
Sandbar, intertidal
9/4/2018
3
W
B
34°43'41"N
76°40'16"W
34
Oyster bed, intertidal
Table 6. Sampling and environmental parameters. Wild and farmed oysters from the same site were
collected on the same day within 2 hours of each other and were within 1000 meters of each other. CIB
has two wild locations because oyster clusters were scarce in the original wild area we chose to sample.
Salinities were within 3 ppt of each other except during a single extreme rainfall condition (JB, August 3,
2018). “W” = wild, “F” = farmed, “S” = suspended, “B” = on-bottom.
Prevailing wind direction across coastal NC is along the SW-NE trajectory. Additionally, the
shallow estuaries in North-Eastern NC are largely freshwater and wind dominated (tidal influence is
dampened by presence of barrier islands) (Reynolds-Fleming and Luettich, 2004). During the study
period, winds came predominantly from SW/SSW (Table 8). Average wind speed was 9.7 mph. On each
day that the wind direction was not SW/SSW, the wind speed was below average, except for a WSW
wind on August 9 that was just above the average (10.0 mph). The maximum wind speed was 18.2 mph
coming from the SW. Daily wind speeds negatively correlated with total Vibrio concentrations in surface
oysters (R2=-0.617, n=32 (figure not shown)). There was no correlation between wind and total Vibrio in
on-bottom oysters.
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DISCUSSION
Total Vibrio dynamics and concentrations of total V. parahaemolyticus and total V.
vulnificus. Total Vibrio, total V. parahaemolyticus, and total V. vulnificus average and maximum
concentrations from across the entire study were similar to those previously reported in eastern NC. The
concentrations of Vibrio spp. observed for this study were within an order of magnitude of values
gathered from a similar study in NC conducted on wild (on-bottom) oysters just three years prior (Froelich
et al. 2015). Even considering suspended and on bottom separately, average and maximum
concentrations for total Vibrio, V. parahaemolyticus, and V. vulnificus were still within one order of
magnitude agreement with Froelich et al. (2015). Variances between suspended and on-bottom oyster
concentrations were not observed for total Vibrio. This indicates that the complexity and opportunistic
nature of specific species within the genus allows the overall concentrations to remain stable even while
species dynamics are shifting (e.g. Jesser and Noble 2018).
V. vulnificus and V. parahaemolyticus dynamics. Vibrio parahaemolyticus was confirmed in
almost all oysters samples (in 97.9% of on-bottom and 100% of suspended oysters) and variances
between suspended and on-bottom oyster concentrations were not observed for total V.
parahaemolyticus. This is in contrast to a study conducted in 2012 (Cole et al. 2015) that, like our study,
focused on the effects of suspension farming on Vibrio populations in oysters in a shallow, estuarine
location. Unlike our study, the Cole et al. (2015) study was conducted in the Gulf Coast, over a longer
time-scale (one year), and deployed their own oysters for both suspended oysters (in floating bags) and
on-bottom oysters (in on-bottom cages) indicating they did not use wild oysters for their on-bottom
oysters. The study found higher total V. parahaemolyticus concentrations in suspended oysters than onbottom oysters (48% higher) in suspended oysters (not statistically significant). This result was not
corroborated by our study.
Our study was, however, in agreement with Cole et al. (2015) V. vulnificus dynamics. Cole et al.
found higher total V. vulnificus in on-bottom oysters than suspended oysters (3% lower in suspended

21

oysters (no statistically significant)). The data collected in our study found a statistically significant
decrease in total V. vulnificus concentrations in suspended oysters, giving this trend more scientific
credibility. Additionally, V. vulnificus was confirmed in more on-bottom oysters than suspended oysters
(91.7% and 81.3%, respectively). Six suspended oyster samples were devoid of confirmed V. vulnificus,
half of which came from a single sampling location on a single date (JB-FS on 8/24/2018). The
corresponding on-bottom site (JB-WB) for that date had confirmed V. vulnificus in ten out of ten oyster
samples, showing contrasting on-bottom and surface dynamics on the same date. In the weeks before
this sampling date, there was heavy rainfall which brought expectedly low surface salinities and, likely, an
influx of suspended solids, both of which have been shown to have dramatic effects on V. vulnificus
populations in the water column (CDC 2005, Eiler et al. 2007, Jesser and Noble 2018, Shaw et al. 2014,
Wetz et al. 2008). However, Vibrio concentrations by day or even by week in water samples have been
shown to be poor indicators of Vibrio concentrations in oysters on the same time-scale (Cole et al. 2015).
The environment inside the oysters is likely not as affected by these changes as in the water column and,
when it is, it is likely on longer timescales than days (Audemard et al. 2011, Froelich et al. 2012 (b),
Froelich and Noble 2014, Motes et al. 1996). So, although salinity on this sampling date (8/24/2018)
shifted to very high salinity (34ppt - the upper limit of V. vulnificus survival in salinity (Kaspar and Tamplin
1993, Tan et al. 2010)), it is likely that the population dynamics we observed on this date and throughout
much of this study period were lingering effects of this rainfall event. Because of this, predicting Vibrio
populations in oysters based off of water measurements and water column ecology is something of which
to be wary. Environmental trends over week- and month-long time-scales in the study area are likely more
accurate predicters. Given the patterns observed at this particular location, it may be useful to conduct
further studies here in order to understand the likelihood that environmental trends, such as large rainfall
events, are playing a role in V. vulnificus populations.
Diving further into how rainfall may be affecting V. vulnificus concentrations in on-bottom and
suspended oysters, large influxes of less-dense, freshwater into more-dense estuarine and marine water
cause stratification events which are common in NC estuaries (Paerl et al. 1998). It is possible that
surface salinities were too low for V. vulnificus survival during this persistent plume of rainfall. However, it
is likely not as simple as one factor explaining what we have observed in this study and parameters such
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as TSS, chlorophyll-A, etc., that were brought into the estuary by rainfall, may be at play in this V.
vulnificus dynamic in on-bottom and suspended oysters. For example, in a study conducted on Vibrio
concentrations in suspended and on-bottom oysters in the Chesapeake Bay (another shallow, often
stratified estuary) after Hurricane Irene, although there were no differences in V. vulnificus nor V.
parahaemolyticus concentrations in suspended versus on-bottom oysters, V. vulnificus in all oyster tissue
correlated with TSS (r=0.41, P=0.04). Perhaps our study was just beginning to observe the effects of the
large rainfall event on Vibrio populations in oysters as the suspended solids from the watershed were
flushing out of the estuary. Whatever the direct mechanism, this may be a trend applicable to many other
highly-stratified estuaries with large watersheds and frequent flushing events as the effects appear to last
weeks after the initial rainfall event.
An alternative, but not contrasting, theory as to the V. vulnificus population dynamics observed in
this study is due to proximity to sediments. Cole et al. (2015) suggested that the discrepancies they
observed in V. vulnificus in suspended and on-bottom oysters was due to higher Vibrio spp.
concentrations in sediments (Johnson et al. 2012) and, therefore, also in on-bottom oysters due to
proximity. This theory is further supported by research previously conducted by Fries et al. (2008) in the
nearby Neuse River Estuary. This study demonstrated that Vibrio spp. attached to sediment were a
prominent proportion of the total Vibrio spp. in their samples and demonstrated that during resuspension
events Vibrio spp. concentrations were higher in the water column. In our study, we found that total Vibrio
negatively correlated with daily wind speed, an indicator of potential sediment resuspension events.
However, the factors explaining these patterns may be more complex than just daily wind speed (i.e.
sustained wind speed, gust speed, sustained wind direction, water column depth, etc.) and the timing of
the data pairing may be inappropriate. However, to date, no lag analysis has been conducted of any sort
on Vibrio spp. concentrations in eastern NC systems.
Again, this study was conducted over both short temporal and spatial scales making
assessments of relationships between environmental conditions and other Vibrio populations besides
total Vibrio (i.e. total V. vulnificus, total V. parahaemolyticus, and potentially pathogenic version of these
species) difficult to analyze. As we demonstrated above, neither V. vulnificus nor V. parahaemolyticus
correlated with total Vibrio, so even though total Vibrio correlated negatively with daily wind speed and
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rainfall, these correlations may not also be observed in V. vulnificus and/or V. parahaemolyticus. This is
important because, previous to the most recent decade, many researchers were content to simply model
V. vulnificus and V. parahaemolyticus off of total Vibrio spp. using temperature and salinity. We can
observe from this study and others that modeling the entire genus does not permit accurate prediction of
the behavior and ecology of the specific species of concern (Jesser and Noble 2018, Shaw et al. 2014).
Because of this, we have not used total Vibrio correlations to explain what we have observed here for V.
vulnificus and V. parahaemolyticus.
Potentially pathogenic V. vulnificus and V. parahaemolyticus dynamics. Interestingly, 16.5%
of the confirmed V. vulnificus isolates contained the virulence correlated gene, vcgC. This proportion is on
the high end of a range from previous studies conducted in NC that found proportions of vcgC-positive
isolates to be 5-15% of the population of V. vulnificus in oyster tissue (Warner et al. 2007, Williams et al.
2017). This is surprising but given that this study was conducted only during the warm summer season,
there are seasonal characteristics that could have attributed to these differences.
Similar to the total V. vulnificus findings, potentially pathogenic V. vulnificus was found to be lower
in suspended oysters than on-bottom oysters. Considering the salient findings generated in this study
regarding V. vulnificus concentrations, it would, at first, appear that the discrepancies in potentially
pathogenic V. vulnificus between suspended and on-bottom grown oysters are due to the fluctuations
observed across the entire V. vulnificus population (i.e. as total V. vulnificus concentrations decrease, so
do the concentrations of vcgC-positive V. vulnificus). However, we have also demonstrated that the
proportion of potentially pathogenic V. vulnificus (percent vcgC-positive) also declined in oysters
suspended in the water column. This information indicates that there are other factors, besides total V.
vulnificus concentrations, that play a role in vcgC-positive V. vulnificus dynamics in oysters. This is also
the first study of its kind conducted on potentially pathogenic V. vulnificus in NC and possibly in the US.
Additionally, more on-bottom oysters contained potentially pathogenic V. vulnificus than
suspended oysters (in 20.1% of on-bottom and 10.3% of suspended oysters). The discrepancy in these
two values may, however, be due to CIB, in which 40.0% of the on-bottom isolates (CIB-WB) were vcgCpositive on both sampling days. The farmed, suspended oysters at CIB-FS also had no vcgC-positive V.
vulnificus isolates on the first day of sampling. Discrepancies like these were not observed at the other
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experimental site, nor the control site, indicating that there may be specific characteristics of the location
or on-bottom bed-type causing this increase in potentially pathogenic V. vulnificus.
The lack of potentially pathogenic V. parahaemolyticus observed over the course of this study is a
major finding for NC shellfish aquaculture. Only two of the 351 confirmed V. parahaemolyticus isolates
were confirmed tdh-positive (0.57%) and none were identified as trh-positive. This finding is interesting,
firstly, in that we only found tdh-positive strains. This eliminates the possibility that these strains are the
pandemic ST36 strain (tdh-negative, trh-positive) that has wreaked havoc on the oyster industry on the
east coast of the US since its arrival in 2012 (Gonzalez-Escalona et al. 2008, Martinez-Urtaza et al.
2017). Secondly, this finding is interesting because this proportion of potentially pathogenic V.
parahaemolyticus is in agreement with previous studies conducted in NC waters and oysters that have
found potentially pathogenic V. parahaemolyticus to be only a fraction of a percent of the total V.
parahaemolyticus population (Oliver et al. 2007, Williams et al. 2017). Studies conducted in other
locations, such as the Gulf Coast, have found much higher levels of tdh/trh-positive V. parahaemolyticus
(DePaola et al. 2003, Johnson et al. 2012, Velazquez-Roman et al. 2012, Zimmerman et al. 2007). With
the high concentrations of total V. parahaemolyticus and incredibly low numbers of potentially pathogenic
V. parahaemolyticus in this study and in other studies in the region, we have shown that NC shellfish
aquaculture environments are preferentially selecting for non-pathogenic forms of the species. Given that
the management criteria for Vibrio spp. have largely been developed in the Gulf and South Atlantic states,
and simply applied en masse to other regions, there may be a further interest in identifying some of the
region-specific characteristics about NC strains of V. parahaemolyticus that are different from the Gulf
Coast.
Because potentially pathogenic strains of both Vibrio species are such a small portion of the total
population in this study and in previous studies performing statistical analyses has proven difficult (Chatry
et al. 1983, Froelich et al. 2013, NCEZID (CDC) 2013, Tarr et al. 2007). Because of this, correlations
between environmental parameters could not be conducted for neither potentially pathogenic V. vulnificus
nor potentially pathogenic V. parahaemolyticus due to small sample size. This is unfortunate because in
large-scale studies and meta-analyses, potentially pathogenic V. vulnificus and V. parahaemolyticus
have, interestingly, been found to not adhere to the same drivers as at the species level (salinity and
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temperature, primarily). Some of these drivers include TSS, dissolved oxygen, and pH (Froelich and
Noble 2016). Again, the large rain events during this study period could prove to have had a large
influence on Vibrio spp. dynamics and measurements of the aforementioned drivers could help elucidate
that influence. Even so, the potentially pathogenic populations of both species are consistent with
previous studies conducted in NC.
Again, a study design for larger-scale sampling, especially across a wider range of temperature
and salinity conditions, would benefit the comparison of interactions between Vibrio spp. and suspended
and on-bottom oysters. Furthermore, a study that identified the range of Vibrio strains and concentrations
of Vibrios in the oyster tissue without the use of the intermediary enrichment step (culturing isolates on
selective media plates) would be preferred (qPCR and/or digital droplet PCR (ddPCR), for example, do
not use require an enrichment step). This type of study would allow researchers to further understand the
dynamics of the Vibrio spp. in the complex estuarine environment, in the absence of the confounding
issues associated with enrichment.
Evaluation of culture methods via molecular identification. In addition to analyzing
suspended and on-bottom Vibrio concentrations across oysters grown in different grow-out scenarios, this
study sought to compare traditional, culture-based techniques with molecular techniques. In total, 660
isolates were gathered for molecular evaluation, 394 of which were presumed to be V. parahaemolyticus
and 266 were presumed to be V. vulnificus. The SYBR® Green qPCR method that was utilized here
identified that 89.1% of the presumed V. parahaemolyticus were accurately characterized. This value
came with a significant range when separated by day: between 55.9%-97.5% accuracy. The range and
frequency of false-positives increased for V. vulnificus with a range of 35.0%-100% (Table 4) when
separate by day and an overall accuracy of 70.4%. However, these percentages of confirmed V.
parahaemolyticus were higher than published previously, while the confirmation rate across V. vulnificus
was similar to that published previously. Previous work has shown that quantification of Vibrio spp. via
culture methods has between 20-40% false positives (Nigro and Steward 2015, Pfeffer and Oliver 2003).
The number of false positives in this study was well within this value (10.9% in V. parahaemolyticus and
29.6% in V. vulnificus). While culture-based quanitification using CAV media is cost-efficient and relatively
accurate as shown in this study, it comes with a potentially large range of error. Additionally, molecular
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methods are necessary for determining potential pathogenicity. Overall, the data generated via culturebased concentrations have yielded a similar and accurate picture of the dynamics across Vibrio spp.
concentrations in this study.
Comparison of two molecular identification methods. The SYBR® Green qPCR approach
used for this study were unconventional. SYBR® Green qPCR dye is typically used in a semi-quantitative
way, as part of qPCR, where the amount of fluorescence in a sample compared to a standard curve is
indicative of a relative amount of corresponding DNA template. During this study, we attempted to
conduct qPCR and digital droplet PCR on whole oyster tissue homogenates. However, due to the low
recovery of DNA during the sample processing and extraction procedure, we were not able to generate
data using this approach. Instead, we adapted a method, using SYBR® Green qPCR dye to determine
presence/absence of the five genes in isolates. Through the use of the SYBR® Green qPCR approach
we were able to compare this method to conventional PCR paired with gel electrophoresis and UV
exposure. Comparing the conventional PCR methods to SYBR® Green qPCR, there was 96.19%
agreement in V. parahaemolyticus isolate confirmation and 98.15% agreement in V. vulnificus isolate
confirmation. Our data indicates very close agreement with accepted conventional PCR methods, but we
believe the SYBR® Green qPCR method is a time- and cost-effective method for determining
presence/absence in isolates over conventional PCR. This is because it allows for a higher throughout of
samples (96 samples can be analyzed at a single time) and removal of the subsequent gel
electrophoresis step that is necessary in conventional PCR and which is time-consuming, tedious, and
prone to user-error. Additionally, the melt curve analysis allows users to observe and analyze artifacts
such as primer dimers, non-specific amplification, and bimodal peaks, all valuable information for
understanding the quality of DNA generated for analysis.
One limitation of this study is a lack of environmental measurements including in field
measurements of water temperature (air temperatures were gathered post-harvest from NOAA stations),
dissolved oxygen, total suspended solids and turbidity, and chlorophyll-A and phytoplankton species
analysis. In addition to the lack of in-field measurements, this study was conducted over a short period of
time, during one season, and did not allow for assessment of a wide array of conditions and widely
ranging environmental parameters such as salinity and air temperature. Lastly, the study design was
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created for a small geographic location and would have benefitted from the inclusion of more study sites
over a larger geographic range.
This study confirms previous findings that have demonstrated differences in Vibrio spp.
concentrations as associated with suspended versus on-bottom grow out conditions. We demonstrated a
difference in V. vulnificus according to grow out conditions, with higher rates of potentially pathogenic V.
vulnificus observed in on-bottom grown oysters. However, overall the incidence of pathogenic forms of
Vibrio spp. were very, very low compared to those reported in other regions of the United States during
summer months. Molecular confirmation of colonies of V. parahaemolyticus and V. vulnificus were
reliably generated, and a high-throughput approach was used to type the potentially pathogenic
subpopulation of each species. Even though interesting findings were generated, a further controlled sets
of field experiments to address Vibrio spp. dynamics in the estuarine waters of NC will continue to reduce
the risks associated with oyster consumption.
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CONCLUSION
•

Culture based methods for both V. parahaemolyticus and V. vulnificus showed strong agreement
with molecular confirmation methods.

•

The incidence of potentially pathogenic V. parahaemolyticus in all samples, regardless of growth
and harvest at wild or farmed sites, was extremely low.

•

V. vulnificus concentrations appeared to be higher in wild, on-bottom oysters, but the low
concentrations of potentially pathogenic isolates made statistical analysis difficult.

•

SYBR® Green qPCR based molecular confirmation is a high throughput accurate and costeffective approach for confirming Vibrio spp.
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