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Abstract

Vibrio parahaemolyticus (V. parahaemolyticus) and Vibrio vulnificus (V. vulnificus) are naturally
occurring bacteria and are the leading causes of seafood-borne illness and death in the United
States, respectively. While other foodborne illnesses in the United States are decreasing, V.
parahaemolyticus and V. wvulnificus cases continue to increase. Often illness from V.
parahaemolyticus and V. vulnificus are associated with the consumption of raw oysters. The
current understanding of V. parahaemolyticus and V. vulnificus are focused primarily on oysters
harvested in the Gulf of Mexico and the East Coast, though there is a growing health risk globally
and in Southern California. In this dissertation, a multidisciplinary approach was used to show the
spatial distribution of V. parahaemolyticus at a global and local level and data were used to inform
risk estimates from consuming Southern California oysters contaminated with V.
parahaemolyticus. In this dissertation, a scoping literature review provided an up-to-date
understanding of V. parahaemolyticus in water and oysters at a global scale. This highlighted the
necessity for oyster-related research publication guidelines to compare studies globally. From the
details generated in the literature review, a database was developed to aid in a collaborative effort
to better understand V. parahaemolyticus. This dissertation was the first to assess V.
parahaemolyticus and V. vulnificus in water and Pacific oysters in Southern California. There was
a higher concentration of pathogenic V. parahaemolyticus and V. vulnificus in the water column
compared to oysters. Additionally, V. parahaemolyticus concentration in water and oysters and V.
vulnificus concentration in water were correlated with environmental covariates. Following this
field study, a quantitative microbial risk assessment (QMRA) model was utilized to predict illness
risk from V. parahaemolyticus in recreationally harvested oysters from Southern California along

the “sea-to-fork” pathway. This study utilized regional-specific and national data to estimate V.
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parahaemolyticus illness risk. The mean probability of illness per serving of oysters was 6.20 x
10° (95% confidence interval 5.653 x 107 — 1.92x 10 from consumption of raw oysters
harvested in Southern California following the “sea-to-fork” pathway. The mean V.
parahaemolyticus illness risk per serving of oysters immediately following harvest was 5.61 x 10
5 (95% confidence interval 4.84 x 10 — 1.83 x 10%). The sensitivity analysis highlighted the
relative importance of the initial concentration of V. parahaemolyticus in the oysters, number of
oysters consumed, and concentration of pathogenic V. parahaemolyticus following transport in

vibriosis risk.
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Chapter 1: Introduction

Shellfish provided a high source of protein and nutrients as humans were on the brink of
extinction over 164,000 years.}® Today, oyster consumption remains a staple of diets around the
world and while oysters have historically been consumed in large quantities, “° consumption is
actually increasing, particularly as aquaculture oyster demands surge.®’ The global production of
oysters increased from 3 million to over 5.9 million tons between 2009 and 2019.5® The Pacific
oysters (Magallan gigas, formerly Crassostrea gigas) are the largest grossing aquaculture
species In 2018, 643,549 tons of Pacific oysters were distributed globally, but only 23,797 tons
were harvested in the United States.® The United States’ oyster industry is worth $173 million
but is recovering from unsustainable over-harvesting practices on the East Coast.>® On the West
Coast of the United States, the oyster industry continues to expand and Pacific oysters now
account for 89% of oysters harvested on the West Coast.}%!! On the West Coast, five species of

oysters are commercially harvested.'?

There have been human health concerns from pathogens, chemicals, and radionucleotides during
the consumption of raw oysters.'2 Since as early as 1818, it was understood that oysters played
an important role in pathogen transmission.** However, an oyster harvesting policy was not
implemented in the United States until 1925.%° The adverse health outcomes from most
hazardous agents related to oyster consumption have decreased through effective policy and
education.'®1® However, Vibrio spp. related illness and death from consumption of raw oysters
continue to increase and dominate the concern of scientists, industry, and public health.?-?2 The
filter-feeding nature of oysters allows pathogens to be concentrated and harbored within the

oyster meat.}*23-25 Qysters can filter up to 190 L per day.}4%-%
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Vibrio spp.

Vibrio spp., a naturally occurring gram-negative bacteria, are frequently isolated from fresh,
estuarine, and seawater.?® Of the 100 known Vibrio spp., at least 12 are capable of causing
disease in humans. Of particular public health concern from the consumption of oysters is V.
parahaemolyticus and V. vulnificus.?”? In the United States, approximately 80,000 illnesses, 500
hospitalizations, and 100 deaths occur from Vibrio infections (vibriosis) each year. Additionally,
vibriosis associated with the consumption of seafood accounts for an estimated $250 million in
health-related costs in the United States.?>:?22° Consumption of raw oysters is responsible for
approximately 90% of V. parahaemolyticus and V. vulnificus illnesses.3*3! As other foodborne
illness rates in the United States have decreased in recent decades, vibriosis rates have

increased.2030

V. parahaemolyticus is the leading cause of seafood-borne illness in the United States. There are
an estimated 34,000 infections resulting in $168 million per year in medical costs each year in
the United States.?>?° V. parahaemolyticus often presents as mild gastroenteritis issues for 24
hours to 10 days, but recently, there has been an increase in V. parahaemolyticus infections
causing wound infection and septicemia due to unidentified causes.®?3® The inaugural V.
parahaemolyticus outbreak occurred in Japan from the consumption of sardines in 1950.3* The
first outbreak in the United States occurred in 1971 in Maryland from the consumption of
steamed crabs.® There have been over 49 reported outbreaks in the United States from V.
parahaemolyticus between 1973 and 2019.%6-3° Between 2006 and 2019, there were five
outbreaks associated with V. parahaemolyticus in the United States (Table 1) and there were 25
commercial oyster recalls and safety notices from V. parahaemolyticus in oysters from 2012 to

2020.3940 Additionally, there have been outbreaks associated with V. parahaemolyticus in oysters
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harvested from as far north as Alaska and in Scandinavian countries.**2 As both foodborne and

environmentally acquired V. parahaemolyticus illnesses are increasing, it is imperative to have

policies that are protective of human health to mitigate illness risk.

Table 1. V. parahaemolyticus outbreaks in the United States between 2006 and 2019.

Year Food Harvest States Cases | Hospitalizations | Deaths | Citation
Location involved
2019 | Oyster Mexico 5 16 43
2018 Fresh Venezuela 7 26 9 a4
crab
meat
2013 | Oyster Connecticut, 13 104 6 0 4
and clam | Massachusetts,
New York,
Virginia
2012 | Shellfish | No traceback 6 46
2006 | Shellfish |  Washington 177 3 0 47
Total - - 31 1265 20 0*

*Although no deaths were attributed to V. parahaemolyticus in these outbreaks, there are an

estimated 4 deaths per year from V. parahaemolyticus.?

V. parahaemolyticus is readily isolated from estuarine environments.*® Temperature and salinity

are most commonly associated with V. parahaemolyticus concentrations in the

environment.?’#24° The bacterium grows most preferentially between 20 °C and 35 °C, however,

it has been isolated in environments less than 10 °C and over 40 °C.%° Additionally, V.

parahaemolyticus has a wide salinity range conducive to growth, with optimal growth around 23

parts per thousand (ppt), allowing V. parahaemolyticus to be isolated in marine and estuarine

environments.°52 While temperature and salinity are important co-variates in V.

parahaemolyticus concentrations, several Pacific Northwest studies have found limited

relationships between V. parahaemolyticus concentration with salinity and temperature.>-% As
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V. parahaemolyticus cases continue to increase, it is critical to further elucidate environmental

covariates impacting concentrations in water and oysters.

Pathogenic V. parahaemolyticus is not readily isolated from the environment. Pathogenic V.
parahaemolyticus is identified by the detection of thermostable direct hemolysin (tdh) or tdh-
related hemolysin (trh) genes.>”® Generally, the detection of tdh and trh is between 0 to 5% of
isolates from environmental samples, but pathogenic V. parahaemolyticus has been isolated in up
to 50% of water samples from South Carolina.®>®-®> However, there have been outbreaks
associated with limited concentrations of pathogenic V. parahaemolyticus and, approximately
10% of clinical V. parahaemolyticus cases lack either the tdh or trh gene, indicating an
incomplete understanding of V. parahaemolyticus pathogenicity.*'486%6 |t js believed that type-
three secretion systems play an integral role in pathogenesis, but this is not completely
understood.®%¢” Additionally, several serotypes of V. parahaemolyticus are more frequently
associated with outbreaks and pose a greater public health risk. The two most prominent
outbreak-associated serotypes are 03:K6 and ST36.4¢58 As the 03:K6 and ST36 serotypes were
identified, subsequent outbreaks in Peru, Alaska, Spain, Africa, and Maryland were
recorded.*1%8-72 v parahaemolyticus is a regional concern with global implications, however, the
limited scientific understanding of the pathogenicity limits effective management to protect

human health.

V. vulnificus, an opportunistic pathogen, is the leading cause of seafood-borne deaths in the
United States with a case fatality rate of around 50% of the people infected with V. vulnificus.”
V. vulnificus presents most frequently as primary septicemia from consumption of oysters and
wound infection from exposure to environmental waters.”®’# Consumption of oysters was

associated with over 90% of V. vulnificus deaths from food between 2002 and 2007.7% Of note,
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80% of V. vulnificus illnesses and deaths were associated with pre-existing health conditions,
such as diabetes or chronic liver illnesses, in men over the age of 60 as they have higher blood
iron levels.3">-'8 |n the United States, there are approximately 100 cases of V. vulnificus
annually, resulting in $260 million per year in healthcare-related costs.?® V. vulnificus cases in
the United States and globally are increasing at an alarming rate. Wound infections from V.
vulnificus nearly doubled between 1988 and 2010 in the United States from both environmental

and seafood exposures.??5!

The relationship of environmental co-variates and V. vulnificus concentrations are not fully
elucidated, though water temperature and salinity are frequently significantly associated with V.
vulnificus concentrations.®! V. vulnificus grows preferentially in salinity between 10 ppt to 18 ppt
but can grow between 2 ppt and 25 ppt.’® Extreme weather events, such as hurricanes and
drought, can alter salinity levels causing changes in V. vulnificus detection frequency. For
example, large influxes of rainwater from hurricanes and storms increased V. vulnificus
infections in New Orleans and the concentrations of Vibrio spp. detected in water in France.”®®
Alternatively, a drought increased the salinity of a North Carolina estuary resulting in reduced V.
vulnificus concentrations.®! V. vulnificus can grow in water temperatures ranging from 13 °C to
30 °C.7% At water temperatures below 13 °C, it can enter a viable but not culturable (VBNC)
state which allows it to persist for up to 4.5 months.”®82-8 As temperature and salinity profiles of
coastal environments are impacted by natural disasters, climate change, and anthropogenic
changes, it is imperative to monitor for the presence of V. vulnificus with molecular methods and

culture based methods to help mitigate human health risks.

Pathogenic V. vulnificus is identified by the presence of virulence correlated gene for

environmental genotypes (vcgE), virulence correlated gene for clinical genotypes (vcgC), or
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polymorphism in the pilus-type IV (pilF).88" The vcgE gene is associated with 90% of the
wound infection cases whereas the vegC gene is associated with primary septicemia.®’ The pilF
gene identifies pathogenic V. vulnificus as the pilus-type IV protein was shown to cause
pathogenicity in mice with Francisella tularensis.® Pathogenic V. vulnificus is hypothesized to
cause increased levels of disease in immunocompromised patients as V. vulnificus takes iron
from the body in order to grow.8%° While there is a more complete understanding of the
pathogenicity of V. vulnificus compared to V. parahaemolyticus the mechanism of action is
complex and the relationship of pathogenic V. vulnificus with environmental covariates is not

fully understood.

While V. parahaemolyticus and V. vulnificus have been public health concerns for over 70 years,
there are numerous scientific knowledge gaps for these organisms. The current approaches to
detect pathogenicity involve a culture-based enumeration step followed by molecular
confirmation which limit our ability to properly protect human health. Additionally, there have
been few published studies assessing V. parahaemolyticus and V. vulnificus concentrations and
risk in Southern California. Taken together, there is a growing public health need to assess the
prevalence and risk of V. parahaemolyticus and V. vulnificus in recreationally harvested oysters

in Southern California to develop protective public health policies.

Pacific oyster

The Pacific oyster is currently commercially harvested from 17 countries, but has been
introduced to 66 countries.®* The Pacific oyster was introduced to the Pacific Northwest and
California in the early 1900s as the native Olympia oyster was being over-harvested, but the

Pacific oyster was not successfully cultured from the region until the 1920s.%2-% Carlsbad
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Aquafarm was the first to culture Pacific oysters in Southern California in the early 1990s.%%%
Until the early 2000s, feral Pacific oysters were infrequently detected in Southern California, but
are now endemic in Southern California.t>%’ Pacific oysters have proven to be an economically

lucrative aquaculture species on the West Coast.1%!

Pacific oysters are capable of growing in water temperatures ranging from 3 °C to 35 °C and
salinity from 10 ppt to 42 ppt.®>%% However, Atlantic oysters are only successfully grown in
water temperatures ranging from 20 °C to 30 °C and salinity from 10 ppt to 28 ppt.*? Given
temperature and salinity profiles of the harvesting water impacts the concentrations of V.
parahaemolyticus and V. vulnificus, growing environments are important to microbial
concentrations within oysters. Additionally, the broad environmental conditions a Pacific oyster
can grow in may alter the phytoplankton community. This is important as a long-term
assessment of phytoplankton speciation in Europe showed a relationship between diatom
concentrations, Vibrio spp. populations, and vibriosis cases.'® Other studies have demonstrated
that Vibrio spp. more selectively attach with diatoms compared to other phytoplankton
species. ! The filtration rate of the Pacific oyster has been shown to be 1.5 times higher than
Atlantic oysters at 20°C.19210% The physiological differences in filtration rate and size have the
potential to impact pathogens concentrated within the oyster as there are differences in the ability
to attach to the marine substrate and enter the oyster.'% Taken together, there are physiological
and environmental differences between Atlantic and Pacific oysters that may impact the ability
of pathogens to concentrate in the oysters. Given wild Pacific oysters in Southern California is a
recent phenomenon, it is imperative to understand the dynamics with pathogens of concern to

best protect human health.
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Oyster policy

Health concerns from the consumption of oysters have prompted policy and regulation. Though
rates of vibriosis are increasing globally, there is limited global collaboration and unity in
forming or updating related concentration limits (Table 2).2%?* In Japan and Canada, there is a
stringent policy of 100 MPN (most probable number) per gram of V. parahaemolyticus permitted
in oysters.1%1% The 100 MPN per gram of food was based on the assumption that 100 MPN per
gram of pathogenic V. parahaemolyticus was sufficient for infection.'® The MPN is determined
statically following a serial dilution of a homogenized oyster sample. Additionally, Japan and
Canada have a robust reporting system for vibriosis. In Japan, cases of V. parahaemolyticus
decreased by over 90 fold between 1998 and 2012 following the implementation of the 100 MPN
per gram policy, however, there have been outbreaks associated with V. parahaemolyticus in
oysters harvested in Canada.'%®1":1% The frequency of monitoring in Canada and Japan were not
dictated in the guidelines. In the United Kingdom, ready-to-eat foods are required to have fewer
than 1,000 CFU (colony forming units), lower than the median infection dose of 10,000 CFU/g,
of V. parahaemolyticus per gram of oysters.%®% However, not all countries require evaluation
of Vibrio spp. in or shellfish. European shellfish harvesting criteria evaluate the concentrations of
E. coli in oyster meat.*'! Oyster meat with E. coli concentrations less than 230 MPN per gram
require no additional depuration.** This microbial standard was shown to be more protective of
human illness than current US guidelines, shown in table 2.1*2 In Australia and New Zealand,
raw mollusks, including oysters, are subject to a “maximum microbial concentration” standard
which is 7.0 CFU of E. coli per gram and a mean acceptable microbial concentration of 2.3 CFU

per gram of oysters.!*3 While other countries have created policies to protect oyster consumers,
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the United States has not implemented a more protective policy in the face of increasing

illnesses.

Table 2. Global microbial policy in oysters.

Country Organism Concentration Limits Citation
Australia E. coli 23-71g 113
Canada V. parahaemolyticus 100 MPN/g 86
England V. parahaemolyticus 1000 CFU/g 109
Europe E. coli 230 MPN/g 1
Japan V. parahaemolyticus 100 MPN/g 8
New Zealand E. coli 23-71g 113
V. parahaemolyticus 10,000 cells/oyster 114
United States Fecal coliform 14 MPN/100 ml 114
Total coliform 70 MPN/100 ml 114

Following a multi-state typhoid fever outbreak in 1924 linked to the consumption of oysters
harvested from sewage-contaminated water, public health officials and shellfish industry
representatives united to petition the US Surgeon General for safer shellfish.'® From this
meeting, the National Shellfish Sanitation Program (NSSP) Guide for Control of Molluscan
Shellfish was created as a basis to regulate interstate commerce based on most current shellfish
health issues.® In 1975, the US Food and Drug Administration (US FDA) wanted a larger role in
regulating shellfish, however, this was rejected as it did not align with the goals of NSSP to keep
policy collaborative.'® Rather, the Interstate Shellfish Sanitation Conference (ISSC) was formed
as a cooperative working group with the oyster industry, scientists, and national and state
government to create a unified NSSP in 1982. The ISSC formed a memorandum of
understanding with the US FDA in 1984 to develop of shellfish policy along the “sea-to-fork”
pathway to ensure a safe product. Every two years, the ISSC formalizes an updated NSSP, a
Guide for the Control of Molluscan Shellfish. Each state is then responsible for adopting

standards based on these NSSP guidelines.
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The NSSP has developed guidelines for oyster harvesting water. Shellfish harvesting waters
impacted by point sources require five water quality samples a year, sites impacted by non-point
sources require six samples a year, and remote shellfish harvesting water requires a minimum of
two water quality samples a year. The NSSP requires shellfish water to have a median fecal
coliform concentration of less than 14 per 100 ml using dilution tubes or membrane filtration
(MF) methods. Additionally, the 90™ percentile of samples may not exceed additional standards
based on various methods. A five-tube decimal dilution test must not exceed 43 MPN per 100
ml, a three-tube decimal dilution test cannot exceed 49 MPN per 100 ml or 31 CFU per 100 ml
for an MF (mTEC) test.!411> Qysters being imported into the United States must follow these

harvesting water criteria.'*

In addition to the fecal coliform concentration rule, the NSSP requires growing areas to be closed
if there is greater than 10,000 MPN/g, determined by assessing the tlh gene, per gram of oyster
meat.!** The NSSP requires Vibrio Control Plans for states that have had either two or more V.
parahaemolyticus infections within three years, two or more V. vulnificus infections within ten
years, or if the monthly average water temperature is greater than 27.2 °C in the Gulf of Mexico
or the Atlantic Ocean south of New Jersey, greater than 15.6 °C along the Pacific Ocean or the
Atlantic Ocean north of New York.1* Vibrio Control Plans are developed specifically for each
state to reduce the risk of V. parahaemolyticus or V. vulnificus illness. Additionally, NSSP
provide guidelines for post-harvest time-to-temperature control based on regional air
temperatures. The NSSP time-to-temperature control ranges from 36 hours with air temperatures
less than 10 °C to less than 12 hours in areas with air temperatures greater than 26.7 °C.** The
NSSP provides recommendations for temperatures during oyster transport. It is recommended

that internal oyster temperature remain below 10 °C or stored below 7.2 °C.1** However, one
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study identified that the temperature of oyster shipments in the United States exceeded the
recommended temperature on average for 2.5 hours.!!’ Given the importance of cold chain in
minimizing Vibrio spp. risks, additional studies developing strategies to better cool oysters
during long transport times and conducting oyster samples during the supply chain rather than
modeling to assess Vibrio would allow for increased understand and more protective policy

during the post-harvest shipping process.

The California State Vibrio Control Plan is focused on V. parahaemolyticus concentrations in
oysters.!® In addition to the recommended V. parahaemolyticus levels in harvesting water from
the NSSP, the California Vibrio Control Plan (VCP) suggests optional steps to reduce V.
parahaemolyticus concentration if there is greater than 100 total V. parahaemolyticus MPN per
gram or greater than 10 tdh or trh MPN per gram.'!® The California VCP requires stricter time-
to-temperature control than the NSSP. From March through December, Southern California
aquaculture farms are required to have oysters in temperature control within 5 hours though the

average air temperature is less than 26.7 °C.118

Oysters from the Gulf of Mexico imported into California for commercial consumption during
summer months must have undergone post-harvest processing to V. vulnificus levels less than 30
MPN per gram.119120 Additionally, bars and restaurants must have visible warnings about
vibriosis from consuming raw oysters harvested in the Gulf of Mexico.'*?% These policies have
reduced V. vulnificus rates in California, however, the inclusion of Spanish and English warnings
on menus and post-harvest processing of Gulf of Mexico oysters have not reduced V.
parahaemolyticus cases.3>!?! Studies looking at sources of V. parahaemolyticus cases in

California may allow for increased knowledge on exposure to Vibrio. Additionally, all
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commercial institutions serving oysters must keep oyster tags for traceability in case of an

outbreak. 114116

While the ISSC develops policy for commercially harvested oysters, recreationally harvested
oysters are omitted. The California Recreational Shellfish Harvesting numeric targets (SHEL
Standard) are encompassed within the Basin Plans for several waterbodies in California..!?> The
The SHEL water quality objective requires the monthly median fecal coliform level to be less
than 14 MPN per 100 ml and no more than 10% of samples to exceed 43 MPN per 100 ml.
However, these low standards are difficult to meet, are more protective than recreational water
quality standards, and are not supported by human health data.?*-2” Numerous studies have
shown a disconnect between fecal coliform concentrations in water and human pathogens in
oysters or water.*2-13% Additionally, V. parahaemolyticus and V. vulnificus are not addressed by
the current SHEL standards. However, V. parahaemolyticus concentrations in commercially
harvested oysters in Southern California are addressed by the Vibrio control plan for California.
Given there are feral Pacific oysters ubiquitously throughout Southern California, it is imperative
to have a recreational shellfish policy that encompasses V. parahaemolyticus and V. vulnificus to

best protect human health.

As Pacific oysters were not readily available for recreational harvesting in Southern California
until about twenty years ago, there was a limited need for an appropriate recreational shellfish
harvesting policy. However, as Pacific oysters are now endemic to Southern California, there is a
need to understand potential health concerns from the consumption of recreationally harvested
Pacific oysters.'! The current policy is lacking regional studies that evaluate the concentration of
V. parahaemolyticus and V. vulnificus in recreationally harvested oysters and their surrounding

water throughout California.
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Quantitative microbial risk assessment

Quantitative microbial risk assessment (QMRA) is a systematic approach to mathematically
quantify human health risk. The QMRA framework consists of hazard identification, exposure
assessment, dose-response, risk characterization, and risk communication. Hazard identification
aims to understand the characteristics of the pathogen of interest. Following, the exposure
assessment evaluates the fate and transport of the pathogen leading to human exposures,
environmental conditions impacting the concentration of microorganisms, behavior patterns that
impact exposure, such as consumption rates and serving size. The exposure assessment aims to
understand human interactions with the pathogen. Dose-response models are pathogen-specific
to quantify the relationship between the quantity of pathogen exposed to and the likelihood of
developing an adverse health effect and can evaluate different health endpoints. Following, the
risk characterization integrates the exposure assessment with dose-response to quantitatively
estimate health outcomes. The risk analysis step allows for risk mitigation. Risk communication
bridges the gap between science and the community as it is imperative to communicate the risks
to stakeholders.'** The QMRA framework has been used extensively to quantify risks from
pathogens in natural and built environments. The QMRA framework has been utilized to inform
safe drinking water standards, estimate illness risk from recreation water, evaluate consumption

risk from leafy greens, and estimate health risk from seafood.1%:126.135-146

The US FDA developed an extensive QMRA model for V. parahaemolyticus in oysters
harvested in the United States. However, the QMRA model extensively utilized Atlantic oysters
harvested in the Gulf of Mexico to develop harvesting and shipping policies.''° The US FDA
QMRA accepted risk standard was set at one case in 10,000 servings based on V.

parahaemolyticus illness risk from oysters harvested in the Gulf of Mexico.'* The estimated
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median health risk from oyster consumption in the US FDA model for the United States ranged
from 2.1 x 10 to 4.4 x 104.11° The QMRA model fails to account for regional differences
impacted by V. parahaemolyticus dynamics in local harvesting water, oyster health, and
outbreak-associated serotypes of V. parahaemolyticus. QMRA models have been utilized to
estimate the mean risk from V. parahaemolyticus in Brazil (3.6 x 103, 95% CI 3.3 x 10% - 9.9 x
107%), Taiwan (8.56 x 107, 95% CI1 0.0 — 4.5 x 107%), Japan (1 x 10%%), Australia (5.97 x 108, 95%
C13.04 x10®%—-2.04 x 107), Canada (1.08 x 10, 95% CI 3.04 x 10 — 4.00 x 10°°), New
Zealand (1.40 x 108, 95% CI1 1.10 x 10°° — 4.57 x 10°%), the Gulf of Mexico (3.75 x 104, 95% Cl
2.86 x 10° — 1.21 x 10%) and Chesapeake Bay (3.0 x 107, 95% C1 1.0 x 107 — 7.0 x 107).147-151
The regional differences in health risks from V. parahaemolyticus in identified models highlight

the importance of site-specific QMRA models to best understand and assess local health risks.

While QMRA is a useful tool, it has limitations. Each QMRA is only as accurate as the input
data and often specific data needed for a scenario does not exist requiring the use of assumptions
to fill gaps in the exposure assessment or dose-response relationship. The US FDA QMRA
model has several key limitations. For example, the current dose-response model was estimated
from feeding studies conducted with healthy, young men which fail to account for differences in
oyster consumer vulnerabilities. Additionally, only one virulent strain of V. parahaemolyticus
was assessed. Given there are outbreaks associated with different serotypes, an updated dose-
response model is needed to better understand Vibrio spp. associated risks. Another example of a
knowledge gap is the growth rate model utilized by the US FDA which assumed V.
parahaemolyticus concentration would decline under temperature control.*'° However, a study
conducted with Pacific oysters in the Pacific Northwest found no significant decay rate of V.

parahaemolyticus in oysters held at 4 °C.'5? Taken together, there is a need to use regionally
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relevant information, or generate such data when not available, to make science-driven decisions

about oyster harvesting and consumption.

There is a growing need to better understand V. parahaemolyticus risk at a global and local level
as cases of vibriosis are increasing throughout the world as climate change is altering coastal
communities and Pacific oyster production and consumption is increasing. While several risk
models have evaluated the risk from consumption of raw oysters, there is no V.
parahaemolyticus QMRA specific to Southern California,110147.14815L133 \wjd Pacific oysters are
prevalent in Southern California waters and therefore it is critical to understand the human health

risks posed by the consumption of oysters.
Addressing gaps in Vibrio-oyster-health

There is a pressing need to better understand V. parahaemolyticus and V. vulnificus from a global
and local perspective to integrate public health interventions. However, the current oyster
harvesting policy in the United States is antiquated and heavily based on studies conducted on
the East Coast and the Gulf of Mexico with limited related human health data. Additionally, the
current V. parahaemolyticus QMRA framework employed fails to truly consider regional
differences in growing conditions, oyster species, and environmental covariates. Taken together,
there are critical gaps in the current understanding of the Vibrio-oysters-health relationship,
particularly in Southern California. Through the following chapters, I will explore the global
distribution of V. parahaemolyticus in paired oyster and water samples; evaluate the prevalence
of V. parahaemolyticus and V. vulnificus in oysters and water samples harvested from Newport
Bay, California; and integrate environmental occurrence with “sea-to-fork” processes to
understand human health risks from consumption of oysters harvested from Newport Bay,

California.
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Chapters 2, 3, and 4 cumulatively address some of the most pressing scientific gaps in the Vibrio
spp. -oyster-health paradigm. Chapter 2 will provide up-to-date information on the global
occurrence and spatial distribution of paired oysters and water samples. This work aims to
summarize the current knowledge of V. parahaemolyticus in paired oyster and water samples and
provide the basis for an open-access database using a systematic literature review. Chapter 3 will
provide an understanding of the prevalence of V. parahaemolyticus and V. vulnificus in Pacific
oysters to help inform health risks associated with the consumption of oysters in Southern
California. This chapter aimed to generate background information on concentrations of V.
parahaemolyticus and V. vulnificus in wild oysters and the overlying water column in a Southern
California bay. Finally, Chapter 4 evaluated the health risk of V. parahaemolyticus from
consumption of raw oysters. The objectives of this chapter are to quantify the risk of V.
parahaemolyticus illness from recreationally harvested Pacific oysters harvested in Southern

California and evaluate key places for public health interventions.

Taken together, this dissertation aims to evaluate and address critical knowledge gaps in the
Vibrio spp.-oyster-health arena to advance shellfish safety. Findings from this dissertation may
be utilized to understand V. parahaemolyticus distribution locally and globally to aid in decision
making to reduce health risks from V. parahaemolyticus during oyster consumption.
Additionally, this dissertation serves as the first study to address V. parahaemolyticus and V.
vulnificus in recreationally harvested Pacific oyster from a Southern Californian estuary. A
QMRA specific for V. parahaemolyticus in Pacific oysters harvested on the West Coast of the
United States will be developed and will support regional guidance for V. parahaemolyticus and

V. vulnificus oyster consumption.
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Chapter 2: A global perspective to understanding the distribution of V. parahaemolyticus in

oysters and water

Abstract

V. parahaemolyticus is frequently associated with human illness from consumption of raw oysters.
The global distribution of V. parahaemolyticus in paired oyster and water samples was assessed
by synthesizing 32 studies. The relationship of V. parahaemolyticus in water or oysters with
environmental co-variates is not fully elucidated. The current knowledge of V. parahaemolyticus
in water and oysters is limited by lack of accessible data, use of antiquated detection methodology,
and limited environmental co-variates assessed. This literature review may serve as a foundation
of knowledge of V. parahaemolyticus concentration and environmental parameters as future
studies are conducted. Collaboration and continued synthesis of V. parahaemolyticus
concentration in water and oysters may inform decision making abilities to mitigate V.

parahaemolyticus illness.
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Introduction

Between 1998 and 2018, global oyster exports increased from 244,713 to 708,688 tons as demand
increased.’™® During the same time, oyster related foodborne illnesses increased while other
foodborne illnesses decreased.®>?>°* Human pathogens are commonly detected in oysters as their
filter-feeding nature allows pathogens to be concentrated within the oyster at up to 100 times
higher than in the water.'>® Vibrio parahaemolyticus (V. parahaemolyticus), a naturally occurring
bacteria frequently isolated in coastal and estuarine environments, causes 34,000 infections per
year in the United States resulting in $168 million per year in medical costs.®?1:2%15¢ Typically, V.
parahaemolyticus presents as self-limiting gastroenteritis but has increasingly been associated
with wound infection and death from wound infection and ingestion.3%233110 There have been
devastating outbreaks related to the movement of V. parahaemolyticus around the globe.
Outbreaks in Peru, Alaska, Spain, Africa, and the United States highlight the global impact of

strain variants of pathogenic V. parahaemolyticus,*:68-71:157-160

Pathogenic V. parahaemolyticus are identified by the occurrence of either the thermostable direct
hemolysin (tdh) or tdh-related hemolysin (trh) genes.>"*® Historically throughout the world, less
than 5%, of environmental samples tend to have either the trh or tdh gene.%*°" Detection frequency
of virulent V. parahaemolyticus in the environment in South Carolina and Long Island has been
increasing in recent years.>*'®? However, there may be a disconnect between environmental
monitoring of trh and tdh genes and clinical cases as approximately 10% of clinical V.
parahaemolyticus isolates lacked the presence of either the tdh or trh gene.?”%% |t is hypothesized
that other factors, particularly type three secretion systems (T3SS), may be involved in inducing

pathogenesis.®*®” Though the presence of V. parahaemolyticus is often viewed as a regional

30



VP lit review 8.30.2020

concern, it is increasingly important to understand the fate and transport from a global perspective

to better protect human health.

V. parahaemolyticus is frequently monitored and modeled in water and oysters. However, the
relationship between the environment and concentrations of V. parahaemolyticus in water and
oysters is complex and not fully elucidated.®* Water temperature and salinity are often associated
with the concentrations of V. parahaemolyticus in the water, but this association is not
universal >3°456.155.163164 - Other environmental parameters, such as chlorophyll A, colored
dissolved organic matter, and zooplankton, may provide a key link between the concentration of
V. parahaemolyticus in the water and oysters.'%1%> Environmental monitoring and modeling aids
in understanding V. parahaemolyticus exposure potential but has not reliably related oyster

variability and human health risks.

This work aims to summarize the current state of knowledge of V. parahaemolyticus in paired
oyster and water samples and provide the basis for an open-access database using a systematic
literature review. This review will provide up-to-date information on the global occurrence and
spatial distribution of paired oysters and water samples. This synthesized data will highlight the
need for a unified approach to reporting and assessing the prevalence of V. parahaemolyticus in

oysters and water to better understand and mitigate human health risks.
Methods
Literature search

Utilizing methodology for scoping reviews set forth by Arksey et al. (2005), a wide net was cast
to capture the range of literature addressing concept areas of oysters, V. parahaemolyticus, and the

environment (Sl tables 1 — 5).2%¢ This methodology employed five steps: identify the research
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question, identify relevant studies, select the studies, chart the data, and finally, collate, summarize,
and report the results. The search strategy was developed in collaboration with a University of
Arizona public health librarian. Three databases were used to identify appropriate articles. The
database Elsevier/Embase (1947 - current) was searched using keywords and controlled
vocabulary (Emtree). Keyword searches in Clarivate/Web of Science (1898 - current) and the
ProQuest Agricultural & Environmental Science Collection (1960 - current) were conducted.
There were no limits placed on this search. On March 4, 2020, we identified 16,899 records and
after removing duplicates in EndNote, imported the resulting 13,862 articles into Rayyan for
screening.®” Upon importing into Rayyan, duplicates were removed again resulting in 12,573

articles to be included for screening.

During the initial title screening process, articles that discussed V. parahaemolyticus in water and
oysters from the same environment were included. Articles were excluded if: 1) studies were
review articles, or a benchtop or laboratory-based study; 2) did not include V. parahaemolyticus ;
3) did not collect both oyster and water samples in the environment; or 4) sampled oysters from a
market or post-harvest. Four authors participated as reviewers in the title screening process (Figure

1). Of the 12,573 titles reviewed, 12,509 were excluded.

Following the initial screening process, the inclusion and exclusion criteria became more stringent.
In addition to the initial inclusion criteria, aquaculture studies were included during the abstract
and full-text review if the farm harvested oysters from natural environments. In conjunction with
the previous exclusion criteria, articles were excluded if: 1) studies that harvested oysters from
manmade environments; 2) modeled, predicted, or forecasted Vibrio; 3) utilized sequence-based,
16S, or genomic methods to evaluate V. parahaemolyticus as V. parahaemolyticus was not

quantified; or 4) non-English language articles. The abstracts of the remaining 150 articles were
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screened, and a further 86 were excluded. The full text of the remaining 64 studies were reviewed,
resulting in the 29 studies included in this review. Ad-hoc screening of reference lists from
included articles resulted in six additional articles to be screened following the described process.
Of the articles screened post-hoc, three were added to be incorporated into the review. A total of

32 articles were included in the final full literature review step.

Figure 1. Scoping literature review flowchart.

Records identified through database
searching (16,889)

ProQuest: 9,023
Web of Science: 6,323
Embase: 1,553

» | Duplicate records removed (4,316)

v

Records screened after duplicates
removed (12,573)

Records excluded for non-relevant
titles and abstracts (12,509)

vy

v

Full-text articles accessed for
eligibility (64)

_ | Full-textarticles excluded with
reason (35)

k4

Articles included in synthesis (32%)
*3 articles added

Data extraction and visualization

Data were extracted from the 32 studies included in the full-text review in Microsoft Excel. Data
from figures were extracted with WebPlotDigitalizer.1%® Extracted data included (when provided):
location (e.g. country, city, latitude and longitude) and date of study; oyster species evaluated;
environmental parameters assessed; occurrence or concentration of microbes; occurrence or

concentration of V. parahaemolyticus; and described correlations from each article. Data tables
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were imported into R Studio.!®® Data sets of the environmental parameters, correlations,
concentration of microbes, concentration of V. parahaemolyticus , and a reproducible R archive of
data sets are available in the Supplemental Material and via GitHub
(https://github.com/emcooksey/Global_Vp). An online interactive map was developed

(https://emilycooksey.shinyapps.io/shiny/).

Results

The articles included in this review were published from 1970 to 2020. Of the final 32 articles, 24
(75%) were published after 2000. There were 22 studies in North America, five conducted in Asia,
three in South America, one in Europe, and one in Australia. Interestingly, of the included studies
conducted in North America, 21 (95%) were in the United States, seven studies were conducted
on the East Coast, seven in the Gulf of Mexico, four in the Pacific Northwest, and three evaluated
multiple coasts. On average, studies measured V. parahaemolyticus during 26 sampling events.
The number of sampling events ranged from 4 to 156 events (Table 1). Seven species of oysters
were assessed, with the Pacific Oyster (Magellan gigas, formerly Crassostrea gigas) being the

most prevalent (28%). Eleven studies did not report oyster species.

Table 1. Number of sites, samples, and oyster species utilized.

Country Year(s) '(\)I;_J rsnl?:sr Sampling Events Oyster Species Reference
. 2015 - a Saccostrea 65
Australia | 516 . 4 cullullata
. 1991 - : ; 170
Bahrain 1992 2 8 Pinctada radiata
. 2015 - b . Crassostrea 171
Brazil 2016 1 Does not specify rhizophorae

34


https://emilycooksey.shinyapps.io/shiny/

VP lit review 8.30.2020

Country Year(s) '(\#J Q?:Sr Sampling Events Oyster Species Reference
2008 - : 172
2009 6 10 Magallana gigas
1998 - 1 10 Crassostrea 19
1999 brasiliana
. 2001 - c ; 173
Mexico 2002 1 266 total samples Does not specify
Does not ; 174
Netherlands 1971 specify 6 Does not specify
2017 1¢ 12 M. gigas 175
H 176
South Korea 2017 %e 12 M. gigas
2004 - : - 177
2016 9 156 M. gigas
. 2008 - f ; 178
Taiwan 2010 3 120 M. gigas
20009 - ; 179
2012 2 51 Does not specify
112 oyster sampling
2013 - 4P events, 125 water Crassostrea 180
2015 . virginica
sampling events
2013 - 112 oyster sampling
4P events, 125 water C. virginica 61
2015 :
sampling events
2008 - . ; 53
USA 2010 3 Does not specify Does not specify
1989 16 10 M. gigas 181
2006 - N 182
2007 4 12 C. virginica
2011 3 4 C. virginica 183
1989 47 80 oyster samples, 91 | 1 oo ot specify 184
water samples
1984 - 18 4 C. virginica and 23
1985 M. gigas
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Country

Year(s) '(\#J Q?:sr Sampling Events Oyster Species Reference
1972 | Doesnot Does not specify C. virginica 185
specify P -ViIrg
2011 1 12 Does not specify 63
2002 - ; 56
2003 2 24 Does not specify
Dn%(is Does not 26 M. gigas and 186
specify specify Ostrea lurida
1972 - 54 oyster samples, 49 . 187
1974 24 water samples Does not specify
2006 - ; 163
2007 4 12 Does not specify
2004 - . 188
2008 3 12 C. virginica
2001 - . PR 189
2003 9 Site dependent C. virginica
2014 1P 9 C. virginica 190
2004 2 102 surface water, 32 | 1y o oy specify 164
oyster sampling
2009 4b 30 Does not specify 191
2007 - . 64
2008 26 39 M. gigas

212 sites did not have oysters; °1 site did not have oysters; ¢11 sites did not have oysters; 97 sites

did not have paired water and oyster samples; 9 sites did not have oysters; 2 sites did not have

oysters

Environmental parameters

There were 12 different physio-chemical parameters assessed within at least one of the 32 studies.

The most frequently reported physio-chemical parameters were water temperature (n = 26) and
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salinity (n = 21). Table 2 highlights the temperature and salinity descriptive parameters for all
studies. The measured temperature ranged from 0 to 34°C with a median of 19°C. Salinity ranged
from 0 to 48 ppt (parts per thousand), with a median of 24 ppt. All other measured physio-chemical

parameters are summarized in Sl Tables 6 - 10.
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Table 2. Temperature and Salinity profiles for sampling sites

. Temperature (°C) Salinity (ppt) Reference
Country | Year | Site Name Minimum | Mean | Maximum | Median | Minimum | Mean | Maximum | Median
2015 65
Australia - Site 7 - - - - - - - -
2016
1991 Site 1 20.0 25.2 28.9 - 40.0 46.6 48.0 - 170
Bahrain | - Site 2 194 | 200 | 293 . 400 | 41.0 | 470 -
1992 ' ' ' ' ' '
2015 171
- Cairu - 27.0 - - - 20.0 - -
2016
Site A - 22.9 - - - - - -
Site B - 23.3 - - - - - -
Brazil 20-08 Site C - 24.6 - - - - - - "
2009 Site D - 24.9 - - - - - -
Site E - 24.9 - - - - - -
Site F - 25.2 - - - - - -
1998 Ariri 19
- 19.2 22.7 28.0 21.8 16.0 18.5 21.0 18.0
Channel
1999
. 2001 Isleta 173
Mexico y Tomato ) ) ) ) ) ) ) )
2002
Netherland 1971 Oostemcheld ] ] ] ] ] ] ] ] 174
S e estuary
175
South 2017 Station 7 5.9 17.0 28.4 18.1 31.9 33.4 34.1 335
Korea . 176
2017 All Sites 9.0 18.0 27.0 18.5 29.0 32.0 34.0 325
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2004

177

- South Korea 9.0 - 27.7 - - 36.2 - -
2016
2008 Cigu - - - - 26.7 33.5 36.0 - 178
Taiwan - Dongshih - - - - 28.0 33.6 36.3 -
2010 Shengang - - - - 12.3 21.7 33.0 -
20_09 Tangier ] ] ] ] ] ] ] ) 179
2012 Sound
Hé‘[:a‘;"l‘(’e 4.4 20.0 28.9 21.1 8.0 24.8 37.0 24.8
2013 61,180
_~ | HoopPole 7.2 195 | 283 211 | 280 | 354 | 400 35.0
2015 Creek
North River 78 175 26.9 175 21.0 20.8 37.0 295
South River 78 20.3 20.4 21.1 10.0 16.6 22.0 15.0
Gulf of
2008 | Mexico 7.0 - 33.0 26.7 0.0 - 30.0 16.4 )
- Hood Canal 5.0 - 23.0 13.7 18.0 - 21.0 275
2010 Tangier
USA Sound 0.0 - 30.0 21.6 0.0 - 19.0 11.0
181
1989 | Grays Habor - - - - - - - -
2006 | Areas 17.8 178 178 17.8 24.0 24.0 24.0 24.0 o2
] Area 6 122 172 23.8 16.2 16.0 23.2 27.0 24.0
2007 | Area8 14.0 21.2 30.3 19.6 20.0 26.0 32.0 25.0
183
2011 Che%a;);ake 24.0 25.3 26.0 25.5 8.0 93 11.0 9.0
H 184
1989 | Crowing 155 ; 225 ; 23.6 - 30.5 ;
Areas
1984 | East Coast - 17.0 - - - - - - 23
- Gulf of
1985 Mexico i 22.0 ) i ) ) ) i
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West Coast - 15.0 - - - - - -
185
1972 Gag:;ton 12.0 23.0 30.0 - 7.0 18.2 26.0 -
H 63
2017 |  Dauphin 20.0 218 | 250 21.0 3.7 109 | 250 12.0
Island Bay
2002 | Tillamook 8.0 130 | 180 13.0 i i i i 56
- Bay
2003 | Yaquina Bay 7.0 12.0 18.0 11.0 - - - -
Does | Northwest
H 186
not | Shellfish 60 | 148 | 230 | 150 . . . :
speci | Sanitation
fy Lab
- Ga'E‘;’SStO” 116 i 13.1 i 1.0 i 16.9 i
1974 y
2006 o
- USA 9.0 - 34.0 21.0
2007
2004 Br?:z:]de;;(reek 3.6 17.4 29.4 - - 10.7 - - s
) . 2.8 17.1 29.2 - - 7.5 - -
2008 River
Eastern Bay 3.2 17.3 29.1 - - 10.4 - -
Breech Inlet 9.0 19.0 29.0 - 31.0 35.2 38.0 -
Bullyard 7.0 198 | 300 - 350 | 363 | 380 -
Sound
2001 |Copa Casino 14.0 20.7 28.0 - 8.0 220 | 29.0 - 169
i Crabbank 7.0 194 | 29.0 - 230 | 30.3 37.0 -
2003 | Middle Bay 7.0 212 | 310 - 9.0 22.8 34.0 -
North Inlet 6.0 20.3 29.0 - 210 | 336 38.0 -
Pascagoula
Harbor (Area | 26.0 284 | 310 - 3.0 16.2 25.0 -
6)
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Pass

Christian
Tonging 8.0 219 | 340 - 6.0 150 |  26.0 -
Reef (Area 2
- 12)
Sehooner 9.0 189 | 29.0 - 200 | 313 | 350 .
Bay
190
2014 | North Inlet 24.0 - 32.0 - - - - -
US FDA
Gulf Coast
Seafood 224 - 33.8 - 10.0 - 28.0 -
Laboratory
(GCSL)
University of 164
2004 Southern
Mississippi
Gulf Coast 224 - 33.8 - 4.0 - 13.0 -
Research
Laboratory
(GCRL)
2009 NB1 13.0 18.0 21.0 18.0 - - - -
2009 NB2 12.0 20.1 23.0 21.0 - - - - 101
] CP1 13.0 23.1 28.0 25.0 - - - -
2010 CP2 17.0 227 28.0 23.1 - - - -
Belfairpark, | 1,6 | 150 | 238 18.5 30 | 189 | 300 20.0
Hood canal
2007 | Case Inlet, 120 | 176 | 227 | 178 00 | 266 | 380 29.0 64
- North Bay
2008 C”;'er{‘(a” 13.3 17.7 22.9 17.3 100 | 242 30.0 26.5
Dabob Bay 10.5 16.8 27.3 16.9 6.0 17.2 28.0 16.5
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DNR Beach

48 148 16.9 195 16.8 280 | 298 33.0 29.0
Duckabush 94 16.4 265 155 50 211 35.0 22.0
Eld Inlet 8.9 174 215 177 0.0 26.2 35.0 27.0
Grays Habor 12.4 16.9 21.9 17.0 15.0 27.3 35.0 28.0
Hama Hama, 8.6 142 | 255 135 00 | 183 | 340 20.0
Hood canal
Ha”]mgs'ey 8.3 156 198 16.9 250 | 284 34.0 29.0
Hoodsport 5.9 13.6 19.8 13.9 10.0 24.1 33.0 25.0
Mike's beach, 11.4 16.9 21.2 172 5.0 26.9 32.0 28.0
Hood canal
Misery point 12.0 16.9 21.2 172 0.0 276 36.0 29.0
Mystery Bay 12.1 16.5 20.9 16.7 15.0 30.9 36.0 31.0
Nahcotta 12.0 172 195 175 180 | 283 36.0 295
Oakland Bay 14.0 194 236 194 170 | 260 32.0 26.0
Potlatch, 7.0 13.8 18.8 15.1 6.0 242 | 350 255
Hood canal
Quilcene Bay | 10.9 16.9 234 176 6.0 26.9 35.0 285
Rocky Bay 12.7 177 223 185 0.0 24.2 35.0 28.0
Samish Bay 115 168 215 165 55 225 34.0 24.0
Sister's point, | ¢ g 147 | 200 164 | 210 | 269 | 330 28.0
Hood canal
SOUT;nTe ‘t)“e” 73 154 | 209 15.9 250 | 308 | 37.0 30.0
Stackpole 18.7 18.7 18.7 18.7 280 | 280 28.0 28.0
Harbor
Thoéggyke 12.5 14.4 15.5 14.8 260 | 29.4 | 32,0 30.0
Totten Inlet 8.1 16.7 26.0 176 200 | 271 36.0 265
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Twanoh
park, Hood
canal

5.2

15.0

23.7

17.0

12.0

26.5

39.0

27.0
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Microorganisms

There was a total of 15 different microorganisms assessed in conjunction with V. parahaemolyticus
in either water or oysters (Figure 2). Sixteen studies (50%) assessed for more than V.
parahaemolyticus in oysters. There were 13 different microorganisms assessed in oysters. V.
vulnificus was assessed in oysters in 10 studies (31%). Eleven different microorganisms were
assessed in water by 15 studies (47%). V. vulnificus, the most frequently assessed microorganism

in water, was evaluated in nine studies (28%).

Zimmerman et al. -
Yuetal. -
Williams et al. -
Vanderzant and Thompson -
Thompson and Vanderzant -
Shaw et al. -
Ristori et al. -l
Ramos et al. -
Parveen et al. -
Park et al. -
Padovan et al. - [ | [ | | [ |
Nilsson et al. -
M,\,?glzeefgﬁlb - Measured in oyster and water
Mok et al. a- . Measured in oyster
Mahasneh and Al-Sayed - M .
Klein and Lovell - easured in water
Kaysner et al. - Not measured
Kampelmacher et al.
Johnson et al. -
Givens et al. -
Froelich et al. - [ |
Duan and Su -
DePaola et a. -
Cox and Gomez-Chiarri -
Chen et al. -
Cardoso et al. -
Cabrera-Garcia et al. -
Baross and Liston -

Figure 2. Heatmap of microorganisms other than V. parahaemolyticus assessed in articles. All

studies included the measurement of V. parahaemolyticus in water and oysters.
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V. parahaemolyticus concentrations and methods

Methods and frequency or concentration of V. parahaemolyticus in oyster and water samples are
shown in tables 3 and 4, respectively. The concentration of V. parahaemolyticus in water ranged
from 0 (below the limit of detection) to 1.85 x 10° CFU or MPN/ml and the frequency of detection
ranged from 0 to 100%. The concentration of V. parahaemolyticus in oysters ranged from 0 to 1.71
x 10° CFU or MPN/g and the frequency of detection ranged from 4.7 to 100%. All studies assessed
paired oyster and water samples, however, either frequency or concentration of V.
parahaemolyticus was not reported for oysters or water in three (9.4%) and six (18.8%) studies,
respectively. When reported, the limit of detection for MPN and CFU quantification methods

ranged from 1 to 30, however, limit of detection is methodology specific.
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Table 3. Concentration and frequency of V. parahaemolyticus in oyster samples as reported in original literature.

Country Year Site Name Mean 'V"”“T““m / Frequency Units Method Reference
Maximum (%)
. 2015 - . 65
Australia 2016 Site 7 - -/ - 10 - PCR
; Site 1 70 -/- -
Bahrain 1]?9%[2 CFU/g TCBS 170
Site 2 1.4 X10* -/- -
2015 - : 5.6 X10% 5.6 171
2016 Cairu - X104 - MPN/g MPN, PCR
Site A 2.5 -/ - -
Site B 6.3 -/- -
} Site C 7.9 -/- - MPN*
Brazil 220(%39 _ MPN/g 172
Site D 2.5 -/ - - PCR
Site E 5.0 -/- -
Site F 6.3 -/- -
1998 - Acriri i 19
1999 Channel 18 3.6/44 MPN/g MPN, TCBS
. 2001 - 173
Mexico 2002 Isle Tomato - -/- - - TCBS*
Netherlands | 1974 | Oostemeheld | - 47 : BTB, TOBS, 174
e estuary PTSS
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Minimum /

Frequency

Country Year Site Name Mean Maximum (%) Units Method Reference

2017 All Sites 3.6 X102 30/2.1 X10* 39.5 MPN/100 g MPN* 175
All Sites 1.5 0.3/46 41
Station 1 - -/- 67
Station 10 - -/- 42
Station 12 - -/- 42

South Korea 2017 Station 2 - -/- 25 MPM/g MPN* 176
Station 5 - -/- 33
Station 6 - -/- 18
Station 7 - -/- 25
Station 9 - -/- 58

2208146' NA - -/- - - MPN-PCR* 1
Cigu 1.6 0.04 /2.5 X103 -

Taiwan ngfo' Dongshih 2.0 0.04 /2.0 X10* - CFU/ml MPN-PCR* 178
Shengang | 1.3 X10% | 3.2/3.2 X10® -

_ CAV and
UsA | Do | samd | - o1 : rees
PCR
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Minimum /

Frequency

Country Year Site Name Mean Maximum (%) Units Method Reference
NA - -/ - - -
Harlowe | 5 4 102 | 0.0/25 x10° - CFU/g
Creek -
2013 - Hoop Pole CAV and
2015 Crrt)aek 2.3X10% | 0.0/2.5 X10? - CFU/g TCBS; PCR 61
North River | 1.5 X10? | 0.0/9.1 X102 - CFU/g
South River | 2.7 X10? | 0.0/1.8 X10° - CFU/g
All sites 16 10/ 2.2 X10* 82
Gulf of
2008 - Mexico 14 -l i DP/CH*
53
2010 CFU /g
Hood Canal 0.6 -/- - MPN-PCR*
Tangier
Sound 4.2 /- )
MPN
1989 Grays - 0.0/0.15 1.0X10%2 | MPN/g 181
Harbor DP/CH
2006 - ) e ) ; * 182
2007 NA / DP/CH
Cheéa;’;ake 8.2 X10* - :
2011 oh ” MPN/g MPN-qPCR* 183
esapeake 4 o )
Bay, Bottom 7.9 X10 /
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Country Year Site Name Mean I\I\/l/llgiml:?n/ Fre((q(;gncy Units Method Reference
Chesapeake | o o 104 _/- i
Bay, Top '
Willapa Bay,
1989 Growing - 32 /1.0 X10* 71 MPN/g MPN* 184
areas
1984 - .
1985 Atlantic 30 -/ - - cells/100g
1984 - Gulf of 2 . i * 23
1085 Mexico 1.1 X10 / HGFM
1984 - -
1985 Pacific 21 -/ - -
1972 | Galveston 25 /- . MPNI/g MPN>* 185
Bay
2011 Dauphin | 5 o yeos | L1X10°/17 ] Gene DP/CH* 63
Island ' X10° copies/g PCR
Tillamook
) - 3.0/27 5.6
220853 Bay MPN/g | MPN-PCR* %
Yaquina Bay - 3.0/43 23
Northwest Sal;;;?rch
i Shellfish i e 1.0 X102 i ’ 186
Sanitation ' Vibrio
Lab maintenance
medium,
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Minimum /

Frequency

Country Year Site Name Mean Maximum (%) Units Method Reference
Human blood
agar
MPN,
1972 - Galveston ] 3 TCBS 187
1974 Bay 0.0/1.1X10 59 CFU/g
Isolate
confirmation
2006 - : MPN-gPCR"
All Sites 1.0 X10? 10/ 2.8X10° 87 CFU/g 163
2007 DP/CH*
Broad Creek | 1.4 X10? | -/6.0 X102 - CFU/g
) DP/CH*
2004 Chester 1 4 ) %102 | -74.3 x10? i CFU/g 168
2008 River MPN-PCR*
Eastern Bay | 1.3 X10% | -/4.1 X10? - CFU/g
Bullyard | ¢ 4 102 | 5.0/6.3 X10° i
Sound
Pass
Christian 2 3
2001 - Tonging | 26X10° | 5.0/17X10 - DP/CH* .
CFU/g
2003 Reef MPN-PCR*
Breech Inlet | 1.9 X10% | 10/8.4 X102 -
Copa Casino | 2.2 X10® | 10/1.3 X10* -
Crabbank | 1.2 X10%® | 10/2.2 X10* -
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Minimum /

Frequency

Country Year Site Name Mean Maximum (%) Units Method Reference
Middle Bay | 3.0 X102 | 10/1.3 X10°® -
North Inlet | 2.9 X10? | 10/3.3 X10® -
Pascagoula | 5 75102 | 30/6.0 X107 i
Harbor
Schooner 82 10/1.7 X102 i
Bay
2014 North Inlet - -/ - 72 - TCBS, PCR 190
US FDA
Gulf Coast , | 3.8X10%2/3.0 )
Seafood | 81 X10 X108 1.0 X10
Laboratory
erc DP/CH*
2004 University of Gene 164
Southern copies/g | MPN/PCR*
Mississippi 3 )
Gulf Coast 79 0.2/1.6 X10 1.0 X10
Research
Laboratory
2009 CP1 1.0 X10% | 1.0/4.3 X10? -
CP2 2.1X10% | 1.0/2.3 X103 -
20009 - MPN/g MPN-gPCR* 101
NB1 9.4 X10% | 1.0/9.7 X10® -
2010
NB2 53 2.0/2.5X10? -
2007 - Belfair park, 3 3 i i - 64
2008 Hood canal 1.0 X10 0.3/4.6 X10 MPN-gPCR
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Country Year Site Name Mean 'V“”“.m“m ! Frequency Units Method Reference
Maximum (%)
Case Inlet, 2 i
North Bay 66 0.0/3.8 X10
Cushman
Park 24 0.0/75 -
Dabob Bay 27 0.0/93 -
DNR Beach | 43 2.3/43 -
48
Duckabush | 1.4 X10? 0.0/93 -
Eld Inlet | 3.3 X10% | 0.0/2.3 X10° -
Grays 2 i
Harbor 52 0.0/9.3 X10 Gene
equivalent/
Hama Hama, | 4 1 102 | 0.0/9.3 X107 i 9
Hood canal
Hammersley | , 5 v102 | 0.0/4.5 x10° i
Inlet
Hoodsport | 2.7 X10% | 0.0/4.6 X10* -
Mike's
beach, Hood | 3.8 X10%? | 0.0/2.4 X10° -
canal
Misery point | 2.3 X10? | 0.0/1.5 X10° -
Mystery Bay 0.5 0.0/43 -
Nahcotta 65 0.0/1.5X10° -
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Minimum / Frequency

Country Year Site Name Mean Maximum (%) Units Method Reference
Oakland Bay | 3.0 X10? | 0.0/4.3 X10® -
Potlatch, 14 2 w102 | 0.0/2.3 X108 i
Hood canal
Quilcene | 5 5108 | 0.0/2.4 X10* i
Bay
Rocky Bay 15 0.0/93 -
Samish Bay 3.1 0.0/43 -
Sister's point, |, 5 w103 | 0.0/4.6 X10* i
Hood canal ' ' '
South Totten | , 5 w902 | 0.0/2.3 X10° i
Inlet
Stackpole |} oy 92 15715 i
Harbor '
Thorndyke 0.7 00/23 i
Bay ) ) .
Totten Inlet | 1.9 X10%? | 0.0/1.2 X10° -
Twanoh
park, Hood | 5.6 X108 0.0/1.1 X10° -
canal

*US FDA Bacteriological Analytical Manual
DP/CH: Direct plating/colony hybridization
HGFM: Hydrophobic grid membrane filtration
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Table 4. Concentration and frequency of V. parahaemolyticus in water.

Country Year Site Name Mean I\I\/I/Ilgimjl:rr]n/ Fret(q(;)e)ncy Units Method Reference
Australia | 2015 - 2016 Site 7 - -/ - - - PCR 65
Site 1 6.8 -/- -
Bahrain 1991 - 1992 CFU/ml TCBS 170
Site 2 94 -/- -
2
2015-2016 |  Cairu . |56 );11004/ 18 i MPN, PCR 171
Site A 3.0 X102 -/- -
Site B 3.0 X102 -/- -
SiteC | 4.0 X102 - i MPN/ml
Brazil 2008 - 2009 MPN* PCR 12
Site D 3.0 X102 -/- -
Site E 6.0 X102 -/- -
Site F 3.0 X102 -/- -
i i e ) ) MPN, 19
1998 - 1999 NA / TCBS
Mexico | 2001 - 2002 | Isle Tomato - -/- - - TCBS* 173
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Minimum /

Frequency

Country Year Site Name Mean Maximum (%) Units Method Reference
BTB,
Netherlands | 1971 Oosgset'l’}g:]e'de i _l- 1.2 ; TCBS, 174
y PTSS
2017 All Sites 3.2 29/9.1 18.8 MPN/ 100 ml MPN* 175
-2
All Sites | 5.0 x102 | 30 ;(io / 224 MPM/ml
Station 1 - -/- 41.7
Station 10 - -/- 8.3
Station 12 - -/- 25.0
_ 176
South Korea 2017 Station 2 - -/- 21.3 MPN*
Station 5 - -/- 0.0 -
Station 6 - -/- 25.0
Station 7 - -/ - 25.0
Station 8 - -/ - 8.3
Station 9 - -/ - 16.7
2004 - 2016 NA - -/- - - MPN-PCR* L
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Minimum /

Frequency

Country Year Site Name Mean Maximum (%) Units Method Reference
2.0 X102/ He
Taiwan 2008 - 2010 All Sites 1.0 ; 2 - CFU/mL MPN-PCR*
2.6 X10
) CAV and
2009-2012 |  langier i /- 83.2 i TCBS 179
Sound
PCR
180
2013 - 2015 NA - -/ - - NA
Hgg&‘;‘a’e 1.6 X10' | 0.0/8.8 X10t - CAV and
TCBS
Hoop Pole 61
USA
North River 4.2 0.0/2.2 X10* -
South River 3.9 0.0/4.0 X10* -
All sites 0.4 1.0/ 2.0 X10? 69.5
Gulf of
Mexico 0.8 -/- B CP/CH* 53
2008 - 2010 CFU/ml
Hood Canal | 8.0 X107 -/- - MPN-PCR
Tangier
Sound 0.3 - )
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Minimum /

Frequency

Country Year Site Name Mean Maximum (%) Units Method Reference
MPN
1989 Grays Harbor - 0.0/0.4 100.0 MPN/ml 181
DP/CH
2006 - 2007 NA - -/- - - DP/CH* 182
Chesapeake 1 1 i MPN- 183
2011 Bay 1.8 X10* | 0.0/4.9 X10 CFU/ml qPCR*
Willapa Bay, 184
1989 Growing - 3.2/1.0 X10° 53.8 MPN MPN*
areas
Atlantic 1.9 X101 -/- -
1984-1985 | CUTOM |44 %10t /- i Cells/ml HGFM
Mexico 23
Pacific 2.0 X107 -/- -
1972 NA - -/- - - MPN* 185
. 1 DP/CH*
2011 Dauphin 70x10° | 11 X10 4/ 28 - Gene copies/ml 63
Island X10 PCR
T'”gmo‘)k . 30/15X10t | 111
2002 - 2003 ay MPN/mlI MPN-PCR 56
Yaquina Bay - 3.0/1.5 X10! 27.3
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Minimum /

Frequency

Country Year Site Name Mean Maximum (%) Units Method Reference
Salt-starch
agar,
Northwest Vibri
Shellfish ibrio
) Sanitation ) -l 78.0 - maintenance 10
Lab medium,
Human
blood agar
MPN,
1972 - 1974 Ga'E‘B’SStO” i 0/9.3 49.0 CFU/mI TCBS 187
y Isolate
confirmation
MPN-
2006 - 2007 |  All Sites 1.4 1.0/4.0 49.0 CFU/ml qPCR 163
DP/CH*
DP/CH*
2004 - 2008 NA - -/- - - 188
MPN-PCR*
Bullyard 1
Sound 9.3 5.0/3.1 X10 DP/CH*
- 1 1 - *
2001 - 2003 | Pass (_Shrlstlan 55 50/1.0 X10t i CFU/mlI MPN-PCR 180
Tonging Reef
Breech Inlet | 1.1 X10* | 1.0/3.0 X10! -
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Minimum /

Frequency

Country Year Site Name Mean Maximum (%) Units Method Reference
. 1 | 1.0X10'/1.6 i
Copa Casino | 3.6 X10 X102
1
Crabbank | 2.0 x10t | 10 %10 2/ 15 -
x10
. 1 | 1.0 X10'/3.0 )
Middle Bay | 1.3 X10 X101
; | 1.0X10'/8.0 ]
North Inlet | 2.3 X10 X10%
Pascagoula 6.0 1.0 X10'/1.0 )
Harbor ' X10t
; | 1.0X10'/3.0 ]
Schooner Bay | 1.3 X10 X101
2014 North Inlet - -/- 58.0 - TCBS, PCR 190
US FDA Gulf
Coast 1
Seafood 1.5 X10 -105 98.0
Laboratory DP/CH* o
2004 UngerﬁiW of Gene copies /ml | MPN/PCR*
outhern
“C’;'lefc'scsc')ggt' 45 0.1/0.8 100.0
Research
Laboratory
2009 CP1 2.0 1.0/1.0 X10? - MPN/ml 101
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Country Year Site Name Mean I\I\/l/llgiml:?n/ Frec(JouA)e)ncy Units Method Reference
CP2 4.2 X10' | 1.0/ 4.5 X102 -
2009-2010 | NBL 19 | 1.0/10X10! i q“gg';;
NB2 2.5 1.0/ 1.6 X10t -
Belfair park, | \ v 103 | 0.0/ 1.9 X10* -
Hood canal
Case Inlet, 3 4
North Bay 6.8 X1-% | 0.0/7.8 X10 -
Cushman 4 | 5.1 X10'/6.9
Park 1.8 X10 X10* )
Dabob Bay | 9.4 X10° | 0.0/1.3 X10° -
DNR Beach s | 1.3 X10%/4.1
18 1.0 X10 X108 -
i Duckabush | 1.6 X10* | 0.0/ 4.3 X10° - Gene MPN- 64
2007 - 2008 equivalent/100g gPCR*
Eld Inlet 4.9 X10* | 0.0/7.6 X10° -
Grays Habor | 1.6 X10* | 0.0/1.3 X10° -
Hama Hama, | 4 5904 | 99/1.4 X105 ]
Hood canal
Hammersley | /) v103 | 0.0/5.0 X10° ]
Inlet
Hoodsport | 8.6 X10® | 1.5/1.5 X10° -
Mike's beach, | g 7 X102 | 0.0/7.7 X103 -
Hood canal
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Hood canal

Country Year Site Name Mean 'V“”“.m“m /| Frequency Units Method Reference
Maximum (%)
Misery point | 9.6 X10® | 0.0/2.0 X10° -
Mystery Bay | 3.8 X10° | 0.0/ 4.1 X10* -
Nahcotta 1.6 X10* | 0.0/ 2.9 X10° -
Oakland Bay | 9.8 X10® | 0.0/2.3 X10° -
Potlatch, | 1 4 x10°% | 0.0/1.5 X10* i
Hood canal
Quilcene Bay | 1.1 X10* | 0.0/1.0 X10° -
4| 14X10%/ 1.1 ]
Rocky Bay | 1.4 X10 X105
Samish Bay | 1.3 X10° | 0.0/1.9 X108 -
Sister's point, | g 5 w103 | 0.0/6.7 X10° i
Hood canal
South Totten | 5 104 | 0.0 /6.6 X10° i
Inlet
Stackpole 1| 5.4X101/
Harbor | >4%X07 | 54 %107 ]
Thorndyke 6.3 X101/
Bay 6.2X10 1 5 3x108 ]
Totten Inlet | 2.5 X10* | 0.0/6.7 X10° -
Twanoh park, |, 4 103 | 0.0/3.9 X10* i

*US FDA Bacteriological Analytical Manual
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DP/CH: Direct plating/colony hybridization
HGFM: Hydrophobic grid membrane filtration
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Correlations

Of the 32 studies, 12 (38%) did not assess for correlations or relationships between V.
parahaemolyticus in oyster or water samples with environmental or biological covariates. The
correlations and relationships between covariates and V. parahaemolyticus in water and oyster is
shown in table 5. Temperature and salinity were most frequently assessed to determine a
relationship of V. parahaemolyticus concentrations in water or oysters. Temperature was
significantly associated or correlated with V. parahaemolyticus concentrations in water (n = 6) and
oysters (n = 11). Temperature was evaluated for a relationship with V. parahaemolyticus in water
and oyster samples in 17 and 19 studies, respectively. Salinity was associated with V.
parahaemolyticus concentrations in oysters and water in six studies. However, some studies
reported no significant associations with V. parahaemolyticus and temperature in water (n = 11)
or in oysters (n = 5). There were 10 studies with no significant relationship between salinity and
V. parahaemolyticus in either water or oysters. Of note, turbidity was associated with V.
parahaemolyticus in oysters (n = 3) and water (n = 3), though it was infrequently assessed. Of
these studies, 100% and 75% of these studies found turbidity to be correlated with V.
parahaemolyticus in water and oysters, respectively. V. parahaemolyticus in water was associated
with biological covariates in four studies, but there was infrequent association of V.

parahaemolyticus in oysters and biological covariates (n = 8).

Table 5. Number of studies that reported V. parahaemolyticus correlations with environmental and

biological covariates.

. Water, not Water, Oyster, not Oyster,
Covariate . - T A
significant significant | significant | significant
Chlorophyll A 2 - 3 -
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Dissolved oxygen 1 1 4 1
Month 1 - - 1
pH - - 3 -
Precipitation - 1 1 -
Salinity 12 6 15 6
Sediment 1 - - -
Suspended i 1 i 1
Particulate Matter
Temperature 11 6 8 11
Tidal height - 1 1 -
Total Suspended 2 i 1 i
Solids
Turbidity - 3 1 3
Water Depth - 1 2 -
Wet or Dry season - - - 1
Wind - - 1 -
E. coli - 1 - -
Fecal coliform 1 1 4 1
Surface water, V. i 1 i i
vulnificus
Total aer_oblc 1 1 9 1
bacteria
Total coliform - 1 2 1
Total Vibrio spp. - 2 1 -

Database

An interactive database and map were developed to show the concentrations of V.

parahaemolyticus in water and oysters (Figure 2). In this database, users will be able to access and

search the synthesized data from this literature review. Additionally, users will be able to submit

their data to be added to the map.
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V. parahaemolyticus around the globe  Map ~ Plols  Scoping Literature Review  Collaboration

Site Name: Ocstemcheide estuary

Authors: Kampeimacher, £ H and Jarsen, Lavn and
Mossel. D A A and Groen, F J

Titlo: A survey of the occurrence of Vibiio
perahaemalyticas and V., alginolyticas on mussels and
oysters and in estuarne walirs in e Netherands
Year Published: 1972

V. parahaemolyticus around the globe.  Map ~ Dala  Scoping Literature Review  About this site

NAVTEQ, USGS, Informap, iPC. NRCAN. Esr Japan, METL Esri China (Hong Kong). Esn (Thakand). TomTom, 2012

Figure 2. A screenshot of the interactive database providing searchable spatial distribution of V.
parahaemolyticus concentrations in water and oyster samples from the synthesized data identified

in the current review at a global (A) and United States (B) perspective

Discussion

This study assessed the spatial distribution of V. parahaemolyticus in oyster and water samples
throughout the world utilizing a scoping literature review. It synthesized critical environmental co-
variate and statistical relationships of V. parahaemolyticus in oysters and water from 32 articles.
Additionally, it developed a framework for an open access database for V. parahaemolyticus

related data. There is a disproportionate number of studies conducted in the USA. Additionally,
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environmental co-variates were not consistently associated or correlated with concentration of V.

parahaemolyticus in the water.

There are numerous detection methods for V. parahaemolyticus in oysters and water. However,
the most common detection methods utilized for V. parahaemolyticus in oysters and water are
antiquated as it detects V. parahaemolyticus from culture-based samples with molecular
confirmation. The Bacteriological Analytical Manual enumeration method approved by the US
FDA for detection of V. parahaemolyticus involves a multi-day culture-based method followed by
a confirmation step.%2 While this method must be followed for commercially distributed oysters
in the United States, advanced detection methods may be employed for research purposes.'4
Innovative approaches, such as digital droplet PCR or matrix-assisted laser desorption ionization
time-of-flight (MALDI TOF), may allow for a better understanding of V. parahaemolyticus

concentration in the environment due to lower sensitivity and absolute quantification purposes.

A key limitation of this review was exclusion of previous literature reviews, post-harvest
processing, method development, or genetic sequencing. Additionally, this literature review
focused only on studies assessing V. parahaemolyticus in paired environmental oysters and water
samples. Moving forward, these studies should be assessed and integrated as V. parahaemolyticus
prevalence and concentrations is location dependent. Additionally, the inclusion of sediment or
other environmental reservoirs may play a critical role in understanding the movement of V.

parahaemolyticus in an ecosystem.

Additionally, an outbreak in Alaska and studies conducted in the Gulf of Mexico and United States
Atlantic coast highlight the importance of a single oyster in V. parahaemolyticus exposure
risk.4:61.621%0 The US FDA requires pooled oyster homogenate for V. parahaemolyticus

assessment. However, there is a need to understand the role of oyster-to-oyster variability by

66



individual samples to understand V. parahaemolyticus health risks.'®?> The “hot oyster”
phenomenon, a single oyster with up to 100 times higher concentration of V. parahaemolyticus
compared to oysters harvested in the same location, shows the potential extreme variability of V.
parahaemolyticus.'® “Hot oysters” have been detected in the Gulf of Mexico, South Carolina, and
North Carolina.52%21% \Variability in the oysters may play a role in differences in V.
parahaemolyticus concentrations, and therefore, human exposure. Particularly as V.
parahaemolyticus exposure risk in oysters and estuarine water will only continue to increase with
climate change, it is imperative to identify and embrace alternative detection methods to best

protect pub“C health.42'49’193*195

There is a need for a unified approach to holistically understanding environmental co-variates
associated with V. parahaemolyticus in water and oysters to mitigate human health risks,
particularly as cases of vibriosis continue to increase. Previous literature reviews have assessed V.
parahaemolyticus in water and oysters.'°¢1%" Of note, there were inconsistent environmental
covariates with V. parahaemolyticus in the environment in each review. Of note, the relationship
of V. parahaemolyticus and turbidity has been supported by other studies and should continue to
be explored as V. parahaemolyticus can attach to sediment and suspended particulates in the
environment.*®1%® Additionally, V. parahaemolyticus has been associated or correlated with
copepods, dinoflagellate blooms, and plankton.1%19:200 The jnconsistent associations or
correlations with V. parahaemolyticus and environmental co-variates highlight a disconnect in
current monitoring approach. Moving forward, environmental and ecology studies of V.
parahaemolyticus should include turbidity and other understudied environmental co-variates.
Further work is needed to elucidate the relationship of V. parahaemolyticus and the environment

to allow for better monitoring and predictive models.
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The lack of unity in reported V. parahaemolyticus results coupled with limited access to data limits
efficient synthesis of data. Guidelines should be developed to provide a basis for the minimum
information necessary for reporting V. parahaemolyticus concentrations and minimum
environmental parameters measured. It is recommended to report geographical locations,
environmental parameters for each site, and V. parahaemolyticus concentration in water and
oysters for each site. Ideally, it is recommended to provide concentration and environmental data
in supplemental information. It is imperative to have a collaborative network of academic,
government, and oyster harvesters monitor coastal communities to protect human health from V.

parahaemolyticus illness.

The open access database developed provides equitable access to V. parahaemolyticus and
environmental data allowing for a greater synthesis of information to tease apart complex
environmental relationships.?®* Printed summaries of findings and links to publications from the
findings will be provided to shellfish farmers, government agencies, and academics to aid in the
use of this tool. Equitable access to environmental parameters will allow for increased capacity to
utilize hindcasting models following an outbreak to assess critical events. It is imperative to
collaboratively utilize to mitigate emerging global health issues. For example, the Vibrio
Sustainability tool developed by the European Centre for Disease Prevent and Control

(https://www.ecdc.europa.eu/en/publications-data/vibrio-suitability-tool) allows Vibrio species to

be forecasted with remotely sensed sea surface temperature and salinity following increased
vibriosis cases.!®® The database developed will act as a central location for researchers to utilize
data to develop predictive models and to serve as a living document as more research is identified

and conducted.
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Conclusion

This literature review summarized the global distribution of V. parahaemolyticus in paired oysters
and water samples. Continued efforts to identify critical environmental covariates in addition to
temperature and salinity will help further explain the prevalence of V. parahaemolyticus in oysters
and water. Additionally, a unified reporting system or database may allow for additional
collaborations develop models to better under V. parahaemolyticus concentrations in water and
oysters. Findings from this literature review will improve our understanding of how V.
parahaemolyticus is distributed around the world and will inform decision on how to reduce health

risks form V. parahaemolyticus.
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Chapter 3: Prevalence of total and pathogenic V. parahaemolyticus and V. vulnificus in water

and wild pacific oysters from a southern Californian estuary

Abstract

V. parahaemolyticus and V. vulnificus are naturally occurring bacteria associated with illness
from the consumption of raw oysters. The objectives of this study were to investigate the
distribution of total and pathogenic V. parahaemolyticus and V. vulnificus in water and
recreationally harvested oysters from a Southern California estuary. Concentrations of V.
parahaemolyticus and V. vulnificus were assessed from 12 sites in Newport Bay, California in
August and September 2019 in water and transplanted wild Pacific oysters. Culture-based
enumeration followed by molecular confirmation was utilized to detect total and pathogenic V.
parahaemolyticus and V. vulnificus in water and oyster samples. Pathogenic V. parahaemolyticus
(trh+) was detected in 12.8% of water and 0% of oyster samples. Pathogenic V. vulnificus
(pilF+) was detected in 57.3% of water and 17.6% of oysters. Total V. parahaemolyticus and V.
vulnificus concentrations in water were correlated with chlorophyll A concentration, water
temperature, salinity, and fecal coliforms levels, however co-variants were co-correlated which
potentially masked true relationships. Total V. parahaemolyticus concentrations in oysters were
associated with chlorophyll A concentration and salinity. V. vulnificus concentration in oysters
was not correlated with any co-variates. There was a greater concentration of V.
parahaemolyticus and V. vulnificus in water compared to oyster samples. There have been
limited studies to date evaluating V. parahaemolyticus and V. vulnificus prevalence in California.

These findings support the need for increased studies of V. parahaemolyticus and V. vulnificus to
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assess trends and environmental covariates of V. parahaemolyticus and V. vulnificus in

California bays.
Introduction

Vibrio spp., a naturally occurring bacteria, is frequently isolated in estuarine water and shellfish.5!
While there are over 100 identified species of Vibrio, 12 are primarily responsible for human
illness.?"? Of these 12, V. parahaemolyticus and V. vulnificus are most often identified as causing
illness from seafood consumption. Annually in the U.S., vibriosis associated with the consumption
of seafood accounts for an estimated $250M in health-related costs, with consumption of raw
oysters responsible for approximately 90% of V. parahaemolyticus and V. vulnificus
illnesses.?1222931 As other foodborne illness rates in the U.S. have decreased in recent decades,
vibriosis rates have been increasing.?%3° V. parahaemolyticus risk from oyster consumption is also
expected to increase further with increasing sea surface temperatures under various climate change

scenarios.202:203

V. parahaemolyticus has become an increasingly significant emerging infectious organism over
the last two decades.®?24° It has been the primary agent in multiple outbreaks in shellfish and it is
responsible for the majority of seafood-borne illness.384147:157204 Often V. parahaemolyticus is the
culprit of self-limiting gastroenteritis, but can result in wound infections and death.*°3® Pathogenic
V. parahaemolyticus is traditionally identified by the presence of thermostable direct hemolysin
(tdh) or tdh related hemolysin (trh) gene.>"%® However, approximately 10% of clinical cases have
been reported without detection of either the tdh or trh gene, suggesting the mechanism of
pathogenicity is not completely understood for V. parahaemolyticus, and that measurement should

not be focused only on detection of the pathogenic genes.*®6%% Studies have highlighted the
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potential role of type 111 secretion systems in pathogenicity for V. parahaemolyticus illness but the

exact mechanism of pathogenicity has yet to be elucidated.5%¢’

V. vulnificus, an opportunistic pathogen, causes 95% of seafood-related deaths as it has an
approximately 50% mortality rate in those infected with V. vulnificus. .”® Often the V. vulnificus
deaths are men over the age of 60 with at least one chronic illness, such as diabetes or liver
cirrhosis.3*"-8 Often V. vulnificus causes septicemia and wound infection, commonly resulting
in death or amputation of the infected area, but it can also cause gastroenteritis.”’* Pathogenic V.
vulnificus is identified by the presence of pilus-type 1V assembly protein gene (pilF), virulence

correlated clinical gene (vcgC), and the virulence correlated clinical gene (vcgE).8> 87205

Expanding shellfish aquaculture coupled with rising seawater temperatures creates a need to
understand Vibrio spp. concentrations in the environment and shellfish in previously understudied
areas. While there have been studies assessing V. parahaemolyticus and V. wvulnificus
concentrations in Washington and Oregon oysters, few studies have assessed the prevalence along
the California Coast, and even fewer studies have evaluated Vibrio spp. levels in wild oysters
associated with recreational harvesting. In one study at southern California beaches, low

concentrations of pathogenic V. parahaemolyticus and no V. vulnificus were detected.?%

Generally, higher concentrations of V. parahaemolyticus are reported in the Gulf of Mexico,
however, several studies have found high concentrations of pathogenic V. parahaemolyticus in
water from the Pacific Northwest.>> In contrast, limited detection of V. vulnificus in shellfish and
water in the Pacific Northwest has been reported.5*2%” The relationship of environmental covariates
and V. parahaemolyticus is not fully elucidated on the West Coast. Several Pacific Northwest
studies have found no relationships between V. parahaemolyticus and environmental parameters

such as harmful algal blooms (HABS), salinity, and temperature.>*-° Other studies in the Pacific
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Northwest found temperature to be a strong predictor of V. parahaemolyticus presence.>>°® The
relationship between pathogenic V. parahaemolyticus and V. vulnificus with environmental factors
is not always similar to total V. parahaemolyticus or V. vulnificus. For example, pathogenic V.
parahaemolyticus was correlated with turbidity but not temperature though total V.
parahaemolyticus was associated with temperature and not turbidity in the Gulf of Mexico.63164

Additionally, concentration of pathogenic V. parahaemolyticus was not related to total V.

parahaemolyticus in France and the Gulf of Mexico, 183164208

The dynamics of V. parahaemolyticus and V. vulnificus in water and oysters have shown to be
regionally specific, with limited information regarding prevalence in Southern California. This
study aimed to generate background information on levels of total V. parahaemolyticus and V.
vulnificus and pathogenic V. parahaemolyticus and V. vulnificus in wild oysters and the overlaying
water column in a Southern California bay during the summer, when water temperatures are the
warmest, however oysters can be harvested year round. This study aimed to provide a better
understanding of the prevalence of V. parahaemolyticus and V. vulnificus in wild Pacific oysters,
assess how those levels may vary across a single bay, and inform potential environmental co-

variates of V. parahaemolyticus and V. vulnificus levels.
Methods
Study location and approach

Newport Bay, an urbanized estuarine water body located in Southern California, was selected for
this study.® Lower Newport Bay is highly urbanized, has several working harbors, and is tidally
influenced. Upper Newport Bay has a 3.9 km? wildlife refuge characterized by open water,

mudflats, and saltwater and freshwater marshes.?%® Upper Newport Bay is heavily influenced by
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stormwater and freshwater inputs from two creeks: San Diego Creek and Santa Ana Delhi

Channel 299210

Wild oysters (Magallana gigas, formerly Crassostrea gigas) were collected, held in disinfected
seawater, and then transplanted to 12 sites throughout Newport Bay, California (Figure 1) for a 6-
week period.?!! Sites were selected that were geographically representative of the Bay: Newport
Bay was divided into three regions based on location and salinity. The Front bay encompasses
sites 1 — 6, Middle bay sites 7 — 9, and the Back bay sites 11 - 13. Pacific oysters are naturally

occurring at sites 1 — 8, while at sites 9, 11, 12, and 13 oysters are not naturally found but were

transplanted to these locations for this study.

Leaflet | Tiles © Esri— Source: Esti, i-cubed, USDA, USGS, AEX, GeoEye, Getmapping,
Aerogrid, IGN, IGP, UPR-EGP, and the GIS User Community ¢

Figure 1. Locations of shellfish harvest sites.

Oyster harvesting

In July 2019, oysters (n=1000) were harvested over a three-day period (July 31 — August 2)

throughout the Newport Bay, California. Oysters were transported to tanks containing disinfected,
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flow-through seawater located at Kerckhoff Marine Laboratory, Newport Bay, California (33.60,

-117.88) within four hours of harvesting.

Oysters were arranged on perforated stacked trays in four 0.283 m?® tanks for 14 days. Flow-
through seawater from Newport Bay, California was filtered through a sand filter at 15 — 20 gallons
per minute and further disinfected with Classic UV 80-Watt Series light (Aqua Ultraviolet,
Temecula, California, USA) before entering the tanks. 200 pL of Kent Marine Aqueon PhytoMax

was added to each tank every 48 hours.
Oyster deployment

Following the two-week hold period, a total of 1000 oysters were deployed across the 12 sites in
23 mm mesh bags (Ketcham Supply) one week before the first sample collection day. At the time
of oyster deployment, a 1 L grab sample of water was collected at each site. In addition, oysters
were taken and processed on selective and nonselective media as described below to enumerate

background levels of V. parahaemolyticus and V. vulnificus in the deployed oysters.
Oyster sample collection and processing

Paired oyster and water samples were collected at 4-time points between August 8", 2019, and
September 25", 2019 at each site. During each sampling event, oysters were collected and
transported on ice and processed within four hours of collection from each site at the Southern

California Coastal Water Research Project (SCCWRP) laboratory.

Shellfish were scrubbed with water and a brush then sprayed with ethanol prior to being shucked,
and the meats of 10 shellfish were pooled and blended in a sterile stand blender (Warring,
Torrington, CT) for 60 seconds. 25 g of shellfish homogenate was then weighed out and diluted
with sterile phosphate-buffered saline (PBS) at a 1:1 w:v ratio and blended for another 60 seconds.
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Oyster homogenate was used for Vibrio spp. enumeration (described below). Fecal coliforms in
oyster homogenate was assessed utilizing a five-tube most probable number (MPN) method,

following standard methods.?'?

Water sample collection and processing

Water grab samples were collected in sterile 2L Nalgene containers and transported on ice from
each site to the SCCWRP laboratory for enumeration of Vibrio spp. An additional water grab
sample was collected and transported to Orange County Public Health Laboratory for fecal

coliform enumeration. All water samples were processed within six hours of collection.

Water samples were vacuum-filtered through a 47 mm diameter, 0.45 um pore sized mixed
cellulose ester filter which was then used for Vibrio enumeration (described below). Filters
intended for fecal coliform enumeration were placed on mFC, and incubated for 22 — 24 hours at

44.5 °C, following standard methods (APHA Method 9221).213
Measurement of environmental parameters

Water temperature and salinity were measured with a YSI Model Pro30 at the time of collection.
To evaluate total chlorophyll A in water, 100 mL was filtered through a glass fiber filter (Whatman
It Maidstone UK) for each site and sampling event. The filter was stored in aluminum foil at -80°C
until further analysis. The filter was extracted in 100% acetone in the dark for 24 hours. Total
chlorophyll A was measured in all water samples using a non-acidification method and a Trilogy

Turner Design Fluorometer, as previously described.?*

Vibrio enumeration
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TCBS and CHROMagar Vibrio were used to enumerate total Vibrio spp. and potentially
pathogenic Vibrio spp., respectively. Oyster homogenate was plated on Thiosulfate Citrate Bile
Salts Sucrose (TCBS) (BD Difco) and CHROMagar Vibrio (CHROMagar, Paris, France) and
incubated for 18 - 24 hours at 37 °C. V. parahaemolyticus and V. vulnificus concentrations were
determined by counting visible pink and blue colonies, respectfully, and adjusting for
dilution.?*>21® The total number of colonies on TCBS and the number of presumptive V.
parahaemolyticus and V. vulnificus colonies on CHROMagar Vibrio were recorded. Data were
reported as CFU/mL and CFU/g for water and oysters, respectively. The concentration of
confirmed and pathogenic V. parahaemolyticus and V. vulnificus were multiplied by the

percentage of molecularly confirmed (by PCR) isolates.
Molecular analysis

Up to 10 presumptive V. parahaemolyticus and V. vulnificus isolates per site per sampling event
were stored in ultrapure water. To extract DNA, colonies were boiled for 10 minutes at 100 °C
then centrifuged for 10 minutes at 10,000 g.%* DNA was stored at -20 °C until molecular analysis
was performed. Presumptive V. parahaemolyticus and V. vulnificus isolates were first confirmed
for speciation then assessed for the presence of virulence-associated genes. Presumptive V.
parahaemolyticus was assessed for the toxR gene to confirm V. parahaemolyticus.?’ Following,
all toxR positive isolates were assessed for pathogenicity by presence of the tdh and trh genes. 218219
All presumptive V. vulnificus isolates were assessed for the vwhA gene to confirm species, then
assessed for pilF to confirm pathogenicity.8>22° Following the identification of vwhA, the presence
of the vcgE or vegC gene was assessed.??% V. parahaemolyticus DNA (F113A), V. vulnificus DNA

(JY 1301), and synthetic DNA (IDT, Coralville, lowa, USA) were used as positive controls for V.

77



parahaemolyticus , V. vulnificus, and the toxin genes, respectively. Molecular grade water was

used as a negative control.

The gPCR reaction mixtures for all genes contained 6 pl template DNA or control, 10 pL of
PerfeCTa® SYBR® Green FastMix® Reaction Mix (Quanta bio, USA), 0.024 pL (0.1 uM) of
forward primer, 0.024 uL (0.1 uM) of reverse primer, and 7.95 ulL of nuclease-free water for a
24 uL qPCR reaction. Details for thermal cycling conditions for each gene are provided in table 1.

All gPCR analysis was completed using a CFX96 Real-Time PCR Detection System (Bio-Rad).

Table 1. Primer and reaction conditions used for the PCR amplification of V. parahaemolyticus

and V. vulnificus.

Gene Forward / Sequence (5' - 3") Annealing Annealing | Citation
Reverse temperature (°C) time (s)
toxR Forward gtc ttc tga cgc aat cgt tg 60.2 30 217
Reverse ata cga gtg gtt gct gtc atg
trh Forward ttg gct tcg ata ttt tca gta tct 59.7 90 221
Reverse cat aac aaa cat atg ccc att tcc g
tdh Forward gta aag gtc tct gac ttt tgg ac 60.0 30
Reverse tgg atat aga acc ttc atc ttc acc
whA Forward agc gt gat ttc aac g 56.5 30 220
Reverse ggc cgt ctt tgt tca ct
vcgE Forward ctc aga aag gct caa ttg ac 56.5 30
Reverse gat taa cgc tgt aag gcc g
vcgC Forward agc tgc cga tag cga tct 61.8 30
Reverse tga gct aac gcg agt agt gag
pilF Forward cga ttg gta ggc aat aga ¢ 60.0 30 8
Reverse gca act caa cct caa gac g

Statistical analysis

All statistics and data visualization were performed in R (R Core Team, 2020). Microbial data
were assessed for normality then log-transformed. Following, Spearman rank correlations were

performed to evaluate relationships between V. parahaemolyticus and V. vulnificus levels in
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oysters versus water and when compared to other parameters (water temperature, salinity,

chlorophyll A, fecal coliform concentrations).

Results

Environmental parameters

Average temperature, salinity, and chlorophyll A concentration at each site during the study are
shown in figure 2 and Sl table 1. The Back Bay had significantly lower salinity (p < 0.01) and
significantly higher chlorophyll A concentration (p <0.01) than the Front- and Middle- Bay.
Though there were no significant differences in water temperatures in Newport Bay (p = 0.9),

although water temperatures were overall higher in the Back bay.
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Figure 2. Spatial representation of the average temperature (° C), salinity (ppt), and chlorophyll A
(ng/L) levels measured in the Newport Bay during this study.

Vibrio spp. in Newport Bay oysters

Confirmed V. parahaemolyticus was detected in 72.5% of the oyster samples (n = 58), with
concentrations that ranged from 99 to 3400 CFU/g (Figure 3 and 4). Overall, trh was only detected

in 1 sample, at site 6, but was not positive for toxR. No tdh was detected in any oyster samples for
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the duration of the study (SI table 2). The concentration of V. parahaemolyticus was significantly
higher in oysters deployed in the Back Bay compared to the Front Bay (p = 0.02). There was no
significant difference in the concentration of V. parahaemolyticus in the Front and Middle bays (p
> 0.05) or Back and Middle Bays (p > 0.05). V. parahaemolyticus levels in oysters were also
consistent over the duration of the study; concentrations did not vary significantly by sampling

week (p > 0.05).

V. vulnificus was detected in 19.6% of the oyster samples (n = 16), with concentrations of V.
vulnificus in oysters that ranged from 13.2 to 1775 CFU/g (Figure 3 and 4). Of the V. vulnificus
confirmed isolates in oysters (n = 16), 12.5% (n = 2) were positive for the pathogenic pilF gene
(Sl table 3). Pathogenic V. vulnificus was detected in the Front bay (n = 1), Back bay (n = 1). The
concentration of V. vulnificus in oysters across all sites in week 1 was significantly different than
concentrations in week 2 (p = 0.029) and week 6 (p = 0.02) (SI Figure 1). There was no significant

difference in V. vulnificus concentrations by Newport Bay region (p > 0.05) or site (p > 0.05).
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Figure 3. Concentrations of V. parahaemolyticus and V. vulnificus in oysters by region.
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Figure 4. Percent detection of virulence-associated V. parahaemolyticus and V. vulnificus genes in

oysters and water by region.

Vibrio spp. in Newport Bay water

Confirmed V. parahaemolyticus was detected in 50% of water samples collected, with average
concentrations that ranged from 8.35 x 10* to 3.65 x 108 CFU/mL (Figure 4 and 5) by site. Of the
confirmed V. parahaemolyticus isolates, 12.8% (n = 10) contained the pathogenic trh gene, tdh
was not detected in any water sample (Figure 4 and Sl table 2). Pathogenic V. parahaemolyticus

(trh +) concentrations ranged from 1.21 x 10° t0 9.16 x 10’ CFU/mL.

Confirmed V. vulnificus was detected in 54.2% of the water samples collected, with average
concentrations ranging from 1 x 10° to 1.17 x 10° CFU/mL by site (Figure 4 and 5). Significantly
higher concentrations of V. vulnificus were observed in the Back bay compared to the Front (p =
0.009) and Middle bays (p = 0.02), but no significant difference in samples from Front and Middle
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bays (p > 0.05). The pilF, vcgE, and vcgC genes were detected in 57.3% (n = 47), 35.4% (n = 35),

and 15.2% (n = 15) of confirmed V. vulnificus isolates, respectively (Figure 4).

The concentration of pathogenic V. vulnificus (pilf+) ranged from 2.75 x 10° to 1.02 x 10° CFU/mL
(Figure 5). There was a significantly higher concentration of pathogenic V. vulnificus detected in
the Back bay compared to the Front Bay (p = 0.04), but no significant difference in the Front and
Middle bays (p > 0.05) or Middle and Back bays (p > 0.05). Of note, the pilF gene was more
frequently detected in isolates from Back bay water (63.8%) than the Middle (8.5%) and Front

bays (26.7%) (Sl table 3).
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Figure 5. Concentration of V. parahaemolyticus and V. vulnificus in water by region.

Environmental and biological co-variates with V. parahaemolyticus and V. vulnificus

Pathogenic and non-pathogenic V. parahaemolyticus and V. vulnificus were isolated more

frequently in the water column versus oyster tissues. V. parahaemolyticus concentrations in the
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oyster tissues and water column were significantly correlated (r = 0.57, p < 0.05), while
concentrations of V. vulnificus were not correlated between oyster tissue and water column (p >
0.05) (Figure 6). V. vulnificus and V. parahaemolyticus concentrations in the water columns were
significantly correlated with salinity, chlorophyll A, and water column fecal coliform
concentrations (Figure 6). V. parahaemolyticus in oyster tissues were significantly correlated with
salinity, chlorophyll A, and water column fecal coliform concentrations, while V. vulnificus in
oysters was not associated with any of the environmental covariates measured (Figure 6).
Concentration of the vcgC and vcgE genes were significantly correlated with pilF gene in water (r

=0.85 and 0.98, respectively, p < 0.05).
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Figure 6. Spearman rank correlation coefficient of V. parahaemolyticus (Vp) and V. vulnificus

(Vv) in water and oysters. Insignificant p-values (p > 0.05) are crossed out.
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Discussion

This study aimed to further elucidate Vibrio spp. dynamics by quantifying total and potentially
pathogenic V. parahaemolyticus and V. vulnificus and assessing environmental co-variates in
Pacific oysters and water from high spatial resolution sampling of a Southern California bay.
Overall, levels varied depending on site and differences were observed in the different
environmental co-variates associated with V. parahaemolyticus and V. vulnificus levels in the
water column and oyster tissues. Results from this study support the notion that regionalized
studies are needed to understand Vibrio dynamics, with significant differences observed in

concentration even within one bay.

Higher concentrations of both V. parahaemolyticus and V. vulnificus were detected in the water
column, when compared to the oyster tissues. Higher concentrations of V. parahaemolyticus in the
water column when compared to shellfish tissues is supported by a recent study in the Pacific
Northwest but contrasts with studies conducted in the Gulf of Mexico and on the East Coast that
show oysters can harbor Vibrio concentrations up to 100 x more than the water.5:62641% Gijyen
this was a six-week study, further studies should be conducted to evaluate concentrations of Vibrio
spp. in parallel in the water column and shellfish tissues, to better understand accumulation

potential and if sampling one matrix can be predictive of the other.

V. parahaemolyticus isolates were recovered from water and oysters at all sites within Newport
Bay. The concentrations of V. parahaemolyticus isolated from oysters was less than the US FDA
recommended risk threshold of 10,000 CFU/g.*'° Pathogenic V. parahaemolyticus was not
detected in oysters, and met the State of California Vibrio control plan recommended level of 10
CFU/qg for pathogenic V. parahaemolyticus in oyster meat, with no tdh detected in any of the oyster

or water samples collected.'*® The infrequent detection of tdh during the current study is surprising
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as prior studies along the Washington Coast have detected tdh in up to 85% of V. parahaemolyticus
in water samples, with tdh detected in oyster meats at concentrations up to 430 MPN/g and 15
ge/g.>>°564 The detection of trh+ but toxR- may be indicative of Vibrio alginolyticus as it can
harbor the trh gene.??2 The percentage of pathogenic V. parahaemolyticus isolated from Newport
Bay water (12.8%) falls within levels observed in other regions (e.g. 2.4% in North Carolina, 78%
in Mississippi, and 30% in Alabama) and the lack of detection of pathogenic V. parahaemolyticus
in oysters is unsurprising as it can vary significantly by region (e.g. 0.7% in North Carolina, 3.7%
in Australia, 3% in Chesapeake Bay, 50% in South Carolina, 57% in Long Island Sound, and
31.9% in Rhode Island).5961.65.161.164188.191 The nresence of V. parahaemolyticus in shellfish on the
West Coast is of particular public health concern, as the attack rate in an outbreak in Alaska with
V. parahaemolyticus was 29%, higher than predicted by the US FDA.*>!1% The higher attack rate
could be indicative of increased pathogenesis of V. parahaemolyticus or related to health of
consumers. Together, these results indicate the need for local assessments of oyster harvesting

environments.

V. vulnificus was detected in both oyster and water samples throughout Newport Bay. This species
has not previously been reported in Southern California and has been reported infrequently in the
Pacific Northwest.>*642% The sporadic detection of V. vulnificus in oysters was not explained
directly by the environmental parameters assessed, however, the low frequency of detection may
have limited the ability to assess correlation with environmental and microbial parameters in this
study. Even though there are no naturally occurring Pacific oysters in the Back bay portion of
Newport Bay (where V. vulnificus was detected most frequently and at the highest concentrations
in water), the high detection frequency of pathogenic V. vulnificus (57.3%) in water is a public

health concern as this bacteria is commonly associated with wound infections from water
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exposures.”® Additionally, detection of V. vulnificus in this study was in close proximity to sites
where no V. vulnificus was previously detected.?% Infections associated with V. vulnificus are rare
but increasing, with detection in the current study highlighting the need to better understand

exposure potentials and more thorough evaluations for V. vulnificus in water and oysters.?>"’

Current California recreational shellfish harvesting policy utilizes the presence of fecal coliform
in the water column to determine shellfish safety, while commercial oyster harvesters assess both
V. parahaemolyticus levels in oyster tissues and fecal coliform levels in the water column.!8 In
this study, there was a disconnect in concentrations of fecal coliforms in the water and
concentrations of Vibrio spp. in oysters. Although the commercial shellfish industry is widely
aware of the risks associated with V. parahaemolyticus and follows strict collection and handling
guidelines to reduce the likelihood of illness associated with V. parahaemolyticus exposure, these
same practices aren’t required, with guidance varying regionally, for recreationally harvested
shellfish. Fecal coliforms have historically been used as a proxy for fecal contamination but have
shown a limited relationship with Vibrio spp. concentration.1822224 This is unsurprising as V.
parahaemolyticus and V. vulnificus are naturally occurring rather than associated with human or
animal waste and points to the importance of an integrated approach for evaluating recreationally

harvested shellfish safety that includes guidance surrounding Vibrio spp.

Conclusion

The present study was one of the first to evaluate V. parahaemolyticus and V. vulnificus levels in
Southern California in paired water and oyster samples, with detection of both species in water
and oysters in varying concentrations throughout Newport Bay, CA. This study highlights the
importance of regional studies as Vibrio spp. dynamics in the water column and in shellfish tissues

vary dramatically by region, and in this study varied significantly even within the single Bay
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targeted. In addition, this study focused on Vibrio spp. levels in wild, transplanted oysters (as
opposed to commercially grown oysters) and the surrounding water column, highlighting the need

for guidance surrounding Vibrio spp. in recreational settings.
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Chapter 4: A quantitative microbial risk assessment model estimating the V. parahaemolyticus

illness risk from wild oysters harvested in southern California along the “sea-to-fork” pathway

Abstract

Consumption of raw oysters poses a health risk to consumers. This study estimated the risk of V.
parahaemolyticus illness from the consumption of recreationally harvested oysters in Southern
California with a quantitative microbial risk assessment (QMRA) framework pre- and post- “sea-
to-fork” pathway. A sensitivity analysis was utilized to understand influential input parameters on
illness risk from consumption of raw oysters following the “sea-to-fork” pathway. The mean
probability of illness per serving of oysters was 6.20 x 10 (95% confidence interval 5.65 x 107 —
1.92x 10#) from consumption of raw oysters harvested in Southern California following the “sea-
to- fork”. The mean V. parahaemolyticus illness risk per serving of oysters immediately following
harvest was 5.61 x 10”° (95% confidence interval 4.84 x 108 — 1.83 x 10™*). The sensitivity analysis
highlighted the importance of the initial concentration of V. parahaemolyticus in the oysters,
number of oysters consumed, and concentration of pathogenic V. parahaemolyticus following
transport in vibriosis risk. This study highlights mitigation strategies for V. parahaemolyticus

illness risk from consumption of raw oysters along the “sea-to-fork™ pathway.
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Introduction

The United States produced 36 million pounds of oysters worth approximately $186 million in
2017.2% Given the filter feeding nature of oysters, human pathogens are frequently detected.'®
Consumption of raw oysters has historically been connected with illness and death.??® One oyster-
related pathogen of particular concern is Vibrio parahaemolyticus (V. parahaemolyticus) which
causes approximately 34,000 infections a year, with $168 million per year in medical associated
costs, lost wages, and premature death in the USA.?%?° Cases have continued to increase since
1996.22 V. parahaemolyticus primarily leads to self-limiting gastroenteritis but infrequently causes
severe wound infections and sepsis.3>* It has been implicated in five seafood outbreaks since 2006
and causes the majority of seafood-borne illness in the United States.31:39°1.227 There is a growing
concern about the increasing rates of V. parahaemolyticus associated illnesses from the United

States oysters and aquaculture industry.32?

The US Food and Drug Administration (US FDA) and the Interstate Shellfish Sanitation
Conference (ISSC) collaborate to deliver safe shellfish to the consumer.''* The ISSC offers
guidance for shellfish harvesting, processing, and shipping in the National Shellfish Sanitation
Plan (NSSP) Guide for Control of Molluscan Shellfish.}* The NSSP has set minimum
requirements to ensure safe and sanitary shellfish during the “sea to fork™ pathway. The NSSP has
extensive guidelines for harvesting, handling, shipping, and distribution of shellfish such as water
quality assessments in shellfish harvesting areas, shellfish tag requirements for commercial retail,
and temperature controls to mitigate illness from shellfish.1*# In addition, Vibrio Control Plans are
implemented in 20 states with: (1) two or more V. parahaemolyticus cases in the past three years;

(2) an outbreak within five years; (3) average water temperature greater than 27.2°C in the Gulf of
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Mexico and the Atlantic Ocean south of New Jersey, or greater than 15.6 °C along the Pacific
Ocean or the Atlantic Ocean north of New York as required by the NSSP.1** The Vibrio control
plans establish time to temperature controls, the duration from harvest to placement of oysters into
temperature control or wet storage/depuration tanks, for each harvesting area within each state to
reduce the potential re-growth of V. parahaemolyticus in harvested oysters. Post-harvest time to
consumption and storage temperatures are critical in controlling Vibrio parahaemolyticus in post-
harvested oysters. Temperature control with cold chain implementation has been shown to reduce
V. parahaemolyticus growth in post-harvest oysters '*":14° and the risk of illness from oyster
consumption.*%148 However, Vibrio related illness rates have increased from consumption of

oysters in recent decades despite the implementation of Vibrio control plans.

Quantitative microbial risk assessment (QMRA) uses a mathematical approach to allow for an
understanding of health risk and can be used to inform best management practices. The QMRA
framework utilizes a four-step process involving hazard identification, exposure assessment, dose-
response, and risk assessment to quantify the likeliness of a health outcome.** QMRA models
have been used to evaluate the human health risk from V. parahaemolyticus in Atlantic oysters in
the USA%149 and Brazil'*’; Pacific oysters harvested in Taiwan482% and Australia®?®; shrimp in

229 and Taiwan®?; and short Mackerels in Malaysia®3".

Malaysia'®®; blood clams in Malaysia
However, there are limited existing QMRA models informed by regional pathogen occurrence in

oysters in the United States.

The occurrence of human pathogens in oysters, oyster safety policies, and oyster risk models
applied throughout the US are largely built on data collected outside of Southern California. Wild
Pacific oyster are accessible throughout Southern California estuaries for recreational harvesting.

Recreationally harvesting of oysters include oysters harvested from public water. The current Total
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Maximum Daily Load (TMDL) for Newport Bay, California requires Newport Bay water with
recreational shellfish to have fecal coliform levels less than 14 most probable number (MPN)/ml .
However, fecal coliform and other fecal indicator bacteria concentrations in water do not account
for V. parahaemolyticus illness risk.1’8223224 Additional information specific to Southern
California V. parahaemolyticus and associated risks is necessary. Therefore, this study aimed to
fill critical Pacific oyster data gaps necessary to advance shellfish safety. The objectives of this
study were to quantify the risk of illness from recreationally harvested Pacific oysters harvested in

Southern California and to evaluate key public health interventions designed to reduce risks.

Methods
Overview and model structure

The risk of illness from V. parahaemolyticus with oyster consumption in Southern California was
estimated. The risk assessment model was constructed with harvest, post-harvest, and consumption
parameters from experimental studies in Southern California on Pacific oysters and the literature
(Figure 1 and Table 1).247148.202 The V. parahaemolyticus illness risk was estimated for oyster
consumption pre- and post- “sea-to-fork” pathway. The pre- “sea-to-fork” pathway scenario
assessed risk from oyster consumption with the initial concentrations of V. parahaemolyticus at
harvest. The post- “sea-to-fork” pathway was assessed with the harvest, post-harvest, and
consumption modules. The harvesting module assessed concentration of total and pathogenic V.
parahaemolyticus at the time of harvest, air temperature of Newport Bay, and growth rate of V.
parahaemolyticus when exposed to air temperatures greater than 7.2°C. Following, the distribution
module included distributions for the duration and temperature of shipping, amount of time oyster
shipments was exposed to temperature abuse scenarios with air temperature greater than 7.2°C,

and the growth rate of V. parahaemolyticus. The consumption module accounts for time and
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temperature oysters are stored before consumption, the weight of wild Pacific oysters, and oyster

consumption. The concentration of pathogenic V. parahaemolyticus was calculated to estimate the

probability of V. parahaemolyticus illness.
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Figure 1.

Model of the QMRA of V. parahaemolyticus in Southern California Pacific oysters.
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Table 1. Parameters and calculations for estimated V. parahaemolyticus (Vp) illness risk from oyster consumption.

Parameter Units Distribution Values / Equations Citation
. Log mean: 1.29 Cooksey et
Vp concentration CFU/g Lognormal Standard deviation: 2.25 al., in prep
Harvest duration Hr Uniform Mlnl_mum:. 0 118
Maximum: 5
Mean: 17.0
Southern California air o Normal. truncated Standa_rd_dewa.tlon: 241 232
temperature Minimum: 12.6
Maximum: 20.5
. Vp Concentration 149
Harvest Vp concentration | CFU/ g + 0.00372 (Air temperature during harvest — 5.4)
Mean: 81.3
Distribution duration Hr Normal, truncated Standard Deviation: 51.1 17
Minimum: 0
Loanormal Log mean: 3.65
Distribution temperature °C g ’ Standard deviation: 0.143 17
truncated . _
Minimum: 1.439
Shape: 0.327
Percent temperature abuse % Gamma, truncated Scale: 0.0408 17
Minimum: 0.001Maximum: 50.83
Temperature abuse duration Calculated Percent temperature abuse * Distribution time
Vp distribution Harvest growth 149
concentration CFU/g Calculated + 0.00372(Temperature during distribution — 5.4)
Mean: 11.3
Consumption storage °c Normal, truncated Standarq o!ewatpn: 5.10 -
temperature Minimum: 5
Maximum: 17
Consumption storage time Hr Pert Minimum.: 0

Maximum:; 106.8
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Parameter Units Distribution Values / Equations Citation
Mode: 168
Vp concentr_atlon CFU/g Calculated Distribution growth + 0.00372(Temp, consumption
consumption —5.4)
Shape: 2.305
. Scale: 21.785 .
Oyster mass g Weibull, truncated Minimum: 3.88 This study
Maximum: 45.31
. . Minimum: 0.00
0

Pathogenic Vp % Uniform Maximum: 0.055

Minimum: 1
Oyster per serving g Pert Maximum: 12 41,147,148
Mode: 6
. « — <
Dose CEU Calculated Percent pathogenic Vp * Vp con(_:entratlon in oyster
Oyster per serving
1-(1+(dose/B)) * (-a)
IlIness risk Point a: 0.6 110
B: 1310000
e . . Minimum: 12,476,412 118
California oyster production | Oyster Uniform Maximum: 13,455 628
California oyster production
Annual oyster serving Calculated Serving
/Oyster mass
California attributable risk Calculated Annual oyster servings * Risk * 1075

a and f are likelihood factors used to define the dose-response curve

94




Harvest

The concentration of V. parahaemolyticus and pathogenic V. parahaemolyticus in oysters and
water from Southern California were enumerated as previously described in Cooksey et al. (In
prep). Briefly, oysters obtained from Newport Bay, California during August and September of
2019 were assessed using culture and molecular methods to determine the concentration of total
and pathogenic V. parahaemolyticus. V. parahaemolyticus concentration was only assessed at sites
where Pacific oysters are naturally occurring. The probability distribution for the concentration of
V. parahaemolyticus in oysters was estimated with a truncated lognormal distribution. The best fit
model was developed using prior knowledge and comparing goodness of fit criteria. The Akaike
information criteria (AIC) for V. parahaemolyticus concentration was 229.27. A uniform
distribution assumed to estimate a low percent of pathogenic V. parahaemolyticus (trh+) detected
in oysters in Southern California oysters. Though no pathogenic V. parahaemolyticus was detected
in oysters from Newport Bay, pathogenic V. parahaemolyticus is detected in low prevalence,
between 0 — 5%, from Southern California and in Newport Bay water.(Personal communication,
California Department of Public Health) To be protective of public health, the minimum percent
of pathogenic V. parahaemolyticus was 0% and the maximum was 5.5% as this is similar to what
is seen in commercial harvesting areas in Southern California. (Personal communication,

California Department of Public Health)

The time-to-temperature control in Southern California, established by the California Vibrio
Control Plan, allows a maximum of 5 hours from harvest to temperature control between March
and December and 18 hours between January and February.*® A uniform distribution was assumed
estimate the time until placed in temperature control. Daily average air temperatures in Newport

Bay from 1981 to 2020 were used to estimate the air temperature at time of harvest in the current
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study as this was the location of recreationally harvested oysters (Sl table 1).22 A normal
distribution for air temperature was assumed. Temperature ranged from 12.6 to 20.5 °C, with an

average temperature of 17.0 °C.

The impact of duration until oysters were stored at or below 7.2 °C in temperature control, as
assessed to estimate potential regrowth of V. parahaemolyticus in oysters. The growth rate of V.
parahaemolyticus in Atlantic oysters was obtained from previous studies (Eq 1).2*° An inactivation
rate was not included in the model as studies conducted in the Pacific Northwest and Southern
California (SI Table 2) found no significant inactivation in culturable V. parahaemolyticus
concentration when holding oysters at 4 °C.%°2 It was assumed that V. parahaemolyticus growth
rates will be similar in Pacific and Atlantic oysters in storage environments with a temperature

greater than 7.2 °C to be protective of public health.
Growth rate = VpConc + 0.00372(Temp — 5.4) (1)
Post-harvest: Processing and distribution

The commercial distribution of oysters to consumers allows for more widely consumed products
and is important economically to oyster harvesters. It is recognized that V. parahaemolyticus
concentrations can increase during processing and distribution with improper storage
temperatures. The NSSP necessitates ambient storage temperatures to be below 7.22 °C and oyster
meat below 10 °C; higher storage temperatures is considered temperature abuse.''* Though
precautions and guidelines are in place to mitigate temperature abuse, a study conducted in the
Pacific Northwest and Mid-Atlantic showed 18% of shipments experienced temperature abuse.!’
This study utilized the time and temperature for the Pacific Northwest Pacific oyster from Love et

al. (2020) to estimate temperature and time during distribution.!'” Distribution time ranged from
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6.833 to 217.3 hours, with an average of 84.33 hours. The distribution for the time was
characterized by a truncated normal distribution. The normal distribution model used had an AIC
value of 539.23. The distribution temperatures ranged from -2.5 °C to 23.0 °C. The distribution
temperature was estimated with a truncate log normal distribution. The log normal model for

distribution temperature had an AIC goodness of fit value of 154195.6

When oyster shipments were exposed to temperatures over 7.22 °C, the average duration was for
4.84 hours.!’ The amount of time oyster shipments spent in temperature abuse scenarios ranged
from 0 hours to 79.8 hours.!*” The percent of time oyster shipments spent in temperature abuse
ranged from 0 to 50.8%. A truncated gamma distribution with a shape of 0.327 and scale of 0.041
was used to estimate percent of shipment time the oyster shipment was in temperature abuse. The
gamma distribution had an AIC value of 316.97. The amount of time an oyster shipment would
spend at temperatures greater than 7.22 °C was estimated to calculate the increase in V.

parahaemolyticus growth using the previously described growth rate (eq 1).
Time and temperature at retail

Retail distributers, such as restaurants, are a vital link in the supply chain. A 2007 study in the
United States evaluated oyster storage temperatures and time held at 258 retail distribution points
in nine states (n = 382 sampling events). Of the 258 establishments, 39% were restaurants or raw
bars, 59% were seafood markers, and 2% were wholesale distributers. The mean storage time was
8.9 days, though 10.7% (41/382) were stored for over 14 days.?*® Consumption storage duration
was estimated with a pert distribution. In the retail study, the average consumption storage
temperature was less than 5°C, but 15% of the consumption storage temperatures were above 10
°C. The maximum temperature reported was 17°C.?* From this study, it was estimated the mean

storage temperature was 11.3°C with a standard deviation of 5.1°C.??® A truncated normal
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distribution was used to estimate the consumption storage temperature at retail. Growth rate of V.
parahaemolyticus in oysters following consumption storage time and temperature at retail was

calculated (eq 1).
Oyster size and consumption

The weight of Pacific oysters was determined by individually weighing 144 recreationally
harvested Pacific oysters. The Pacific oysters were harvested from Newport Bay, California
(33.61, -117.91) on September 21, 2020. Oysters were transported on ice to the University of
Arizona for processing. The mean weight of wild oysters was 19.3 +/- 8.97 g, which is larger than
aquaculture Pacific oysters and Atlantic oysters (SI table 3).11° The distribution for oyster weight
was characterized by a Weibull distribution with a shape of 2.31 and a scale of 21.8. The gamma
distribution model was the best fit with an AIC of 1030.35. Oyster consumption was estimated
with a pert distribution, with a maximum of 12, most frequent as 6, and minimum 1.41:147.148 The
total weight of oysters consumed was determined by multiplying the oyster weight by
consumption. It was assumed all oysters were consumed raw to be most protective of human

health.
Dose-response

The risk of illness from consumption was calculated using the Beta-Poisson dose-response formula
for V. parahaemolyticus. The o and B are parameters of the Beta-Poisson dose-response model
developed by FDA (2005) with pooled exposure data from human feeding studies using a tdh
hemolysin positive strain of V. parahaemolyticus.*® The health endpoint was illness as defined as

diarrhea event.!? It was assumed the dose-response for trh positive strains was similar to tdh.
Risk characterization
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Monte Carlo methods in R Studio were used to calculate the risk of V. parahaemolyticus illness
from consumption of Pacific oysters harvested in Southern California.'®® The probability of illness
from consumption of an oyster infected with pathogenic V. parahaemolyticus was estimated with
a Monte Carlo simulation. There were 10,000 iterations performed sampling from the input and
distribution parameters. The seed was set to 15. The probability of illness was estimated with eq

2.

Pr(ill) =1— (1 + (D‘/’;e)_a) 2)

Sensitivity analysis

A sensitivity analysis was used to show the influential parameters in the model variability. The
Spearman rank correlation coefficient was utilized to identify influential input parameters on V.
parahaemolyticus illness risk. The input distributions were initial V. parahaemolyticus
concentration, harvest temperature, harvest duration, distribution temperature, distribution
duration, distribution temperature abuse, retail temperature, retail duration, serving size, and
percent of pathogenic V. parahaemolyticus. The input parameters were ranked based on the
strength of the correlation coefficient with V. parahaemolyticus illness risk, where -1 is a perfect

inverse relationship and 1 is a perfect positive correlation. All calculations were performed in R.
Dose response

For example, dose-response curve and QMRA models were estimated using data from the Alaska
oyster outbreak and information from the US FDA QMRA to highlight differences in estimated
health risks from consumption of raw oysters. To do this, an exponential dose-response model was

used to estimate the probability of V. parahaemolyticus illness under each scenario (Sl table 4)
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Three scenarios were used to calculate the concentration of V. parahaemolyticus consumed in raw
oysters. Scenario 1 and scenario 2 utilized the concentrations of V. parahaemolyticus in oysters
harvested in Alaska following several outbreaks. Scenario 3 is the concentration of V.
parahaemolyticus in oysters from the Gulf of Mexico in the summer from the US FDA QMRA

risk model. It was assumed Pacific and Atlantic oysters were similar in weight.

The number of oysters consumed in Alaska and the Gulf of Mexico (SI Table 5) was then utilized
to calculate the dose of V. parahaemolyticus a person would receive (Table 2). It was assumed 12
oysters were consumed in the Gulf of Mexico for the FDA scenarios and only one oyster consumed

for Alaska scenarios given the reported consumption frequency in each scenario

Results

The probability of illness from consumption of raw oysters harvested from Southern California
was estimated for oysters at before and after the “sea-to-fork” pathway (Figure 2). There was a
statistically significant difference between V. parahaemolyticus illness risk from consumption of
raw oysters before and after the “sea-to-fork” pathway (Wilcoxon rank sum test, p < 0.001).
Consuming an oysters at the time of harvest has a lower median risk compared to the median risk
following the “Sea-to-Fork™ pathway. The mean V. parahaemolyticus illness risk per serving of
raw oysters harvested in Southern California immediately following harvest was 5.61 x 10° (95%
confidence interval (Cl) 4.84 x 10® — 1.83 x 10™*). The mean probability of illness per serving of
raw oysters following the “sea-to-fork” pathway was 6.20 x 10 (95% C15.653 x 107" — 1.92x 10-
4).The mean V. parahaemolyticus illness risk per serving of raw oysters harvested in Southern
California immediately following harvest was 5.61 x 10 (95% confidence interval (CI) 4.84 x

108 — 1.83 x 10*). Consumption rates of recreational harvested oysters is unknown in Southern

100



California. The mean probability of illness per serving of raw oysters following the “sea-to-fork”

pathway was 6.20 x 10°° (95% CI 5.653 x 107 — 1.92 x 10°%).
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o
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lliness risk
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Pre transpurtationI Post transpurtationI
Figure 2. V. parahaemolyticus illness risk from consumption of raw recreationally harvested
oysters in Southern California pre- and post- “sea-to-fork” pathway the black dot represents the

median and the red cross represents the mean.

A sensitivity analysis of the “sea-to-fork” pathway for oysters highlighted the importance of
several parameters on the outcome variable (risk of illness) including the initial concentration of
V. parahaemolyticus in the oysters, number of oysters consumed, and concentration of pathogenic
V. parahaemolyticus following transport (Figure 3). The most influential input parameter was
initial concentration of V. parahaemolyticus, followed by the percent pathogenic V.
parahaemolyticus and serving size. Time and temperature at the retail point were also found to

heavily influence final illness risk.
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Figure 3. Sensitivity analysis highlighting influential variables on V. parahaemolyticus (Vp)

illness risk following the “sea-to-fork” pathway.

The mean illness risk from V. parahaemolyticus of 6.20 x 10®° (95% CI1 5.65 x 107 — 1.92 x 10%)
following the “sea to fork” pathway was compared to the mean estimated illness risks during the
summer from Brazil (3.6 x 103, 95% CI1 3.3 x 10* - 9.9 x 10°%), Taiwan (8.56 x 10°95% 0.0 — 4.5
x 107%), Japan (1 x 1019), Australia (5.97 x 108, 95% CI 3.04 x 10® — 2.04 x 107), Canada ( 1.08
x 105, 95% CI 3.04 x 10 — 4.00 x 10°°), New Zealand (1.40 x 10®, 95% CI 1.10 x 10° — 4.57 x
108), the Gulf of Mexico (3.75 x 10, 95% CI 2.86 x 10° — 1.21 x 10-®) and Chesapeake Bay (3.0
x 107, 95% CI1 1.0 x 10" — 7.0 x 107 (Figure 4).24715! The estimated mean risk per exposure
from this study was lower than Brazil and the Gulf of Mexico, similar to Taiwan, and higher than

Canada, Chesapeake Bay, Australia, New Zealand, and Japan.
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Figure 4. Mean V. parahaemolyticus (\Vp) illness risk per exposure and 95% confidence intervals

from previous QMRA. The red box is highlighting the estimated mean risk from the current study.

. The dose for total V. parahaemolyticus and pathogenic V. parahaemolyticus was calculated. The
dose from Scenario 1 was used to calculate k for the Alaska Cruises (Table 3). From this, the dose-
response curve was plotted to see the implication of different k values from the Alaska cruise

outbreaks compared to a scenario from the US FDA QMRA model (Figure 5 and 6).

Table 2. Dose of V. parahaemolyticus consumed per serving of oysters. Cells highlighted in

yellow were used to calculate the dose.

Total V. Pathogenic V.
Scenario parahaemolyticus parahaemolyticus
Median/mode Median/mode
Scenario 1 (Alaska consumption) 31.5 23.31
Scenario 2 (Alaska consumption) 52.5 38.85
US FDA 378000 648

Table3. Calculated k values for each scenario.
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Attack Total V. parahaemolyticus Pathogenic V. parahaemolyticus
rate Scenario 1.1 Kk Scenario 1.2 k
Cruise 1 0.21 0.00748 0.0101
Cruise 2 0.42 0.0173 0.0234
Cruise 3 0.27 0.00999 0.0135
FDA 0.5 1.834E-06 0.00107
1 [
0.9 L
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Figure 5. Calculated dose-response curves with total V. parahaemolyticus.
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Figure 6. Calculated dose-response curves with pathogenic V. parahaemolyticus
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Given the Alaska cruise scenarios had a smaller k, therefore increased illness risk, the QMRA
model developed in Chapter 3 was used to estimate the risk in each scenario. From this, the
estimated illness risk was evaluated (Figure 7). The differences in median illness risk from
consumption with the US FDA dose-response model compared to the dose-response model
modified from the Alaska cruise outbreak is important as it highlights that the current QMRA and
dose-response model may not be the most protective of public health from V. parahaemolyticus
risk. Moving forward, incorporating a ratio of the attack rates to develop a modified dose-response
relationship would allow a better understanding of illness risk from V. parahaemolyticus strains.
Additionally, it is recommended to assess other virulence factors, such as trh+ and type three

secretion systems and dose-response relationships.
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Figure 7. Estimated V. parahaemolyticus illness risk from each scenario. The black dot

represents the median illness risk for each scenario.

Discussion

This is the first QMRA model specific to V. parahaemolyticus illness from consumption of Pacific
oysters harvested in Southern California. A QMRA was performed to assess the risk of illness
from V. parahaemolyticus in oysters harvested from Southern California along the “sea-to-fork”
pathway. The mean V. parahaemolyticus illness risk from Pacific oyster consumption pre- (5.61 x
107, 95% Cl1 4.84 x 108 — 1.83 x 10*) and post- (6.20 x 10°, 95% CI 5.653 x 107" — 1.92x 10%)
“sea-to-fork” pathway were lower than the estimated mean risk in the FDA model for the Gulf of
Mexico (3.75 x 10, 95% C1 2.86 x 10 — 1.21 x 10°%). There was a significant difference in mean
V. parahaemolyticus illness risk from oysters before and after the “sea-to-fork” pathway. The
differences in mean V. parahaemolyticus risk in different locations highlights regional differences
and supports more regional guidelines to reduce the risk of V. parahaemolyticus illness from raw

oyster consumption.

This QMRA model incorporates recreationally harvested and commercially harvested oysters. The
risk from recreationally harvested oysters in Newport Bay was lower compared to the “Sea-to-
Fork” pathway, however, there is limited information regarding temperature and time of storing
recreationally harvested oysters. Recreational oysters may be exposed to higher temperature
during transportation and consumption (i.e. no put on ice following harvest) that may increase the
health risks from V. parahaemolyticus exposure. Increased education of the importance of proper
storage conditions will be critical for recreationally harvested oysters. Additionally, given the

aquaculture oysters are smaller than recreational oysters, the exposure of V. parahaemolyticus may
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be over estimated. A QMRA model should be developed for West Coast oysters with V.
parahaemolyticus concentrations from aquaculture farms to better understand the V.
parahaemolyticus exposure risk. Though the QMRA model developed was not specific for either
commercial or recreational oysters, it provides a foundation of knowledge that can be incorporated
into best practice methods to reduce V. parahaemolyticus illness risk as the concentration of V.

parahaemolyticus at the time of harvest was most influential on V. parahaemolyticus health risk.

V. parahaemolyticus concentrations and illness rates are higher in the months of June-September
with warmer water temperatures, Pacific oysters harvested at other times of year may have a lower
concentration of V. parahaemolyticus , peak commercial harvesting is in the winter, but
recreationally harvested oysters may be consumed at any time of the year.® Further studies should
evaluate the quantities of V. parahaemolyticus present in Pacific oysters harvested in Southern
California in October through June to understand seasonal distribution to better estimate risk.
Additionally, it was assumed all Pacific oysters harvested in California were consumed raw. As
cooking oysters is effective at reducing V. parahaemolyticus quantities, consumption of cooked
oysters would also lower risk of V. parahaemolyticus illness.?** However, cooking oysters may
not inactivate preformed toxins and further work should look at the inactivation of pathogenic V.

parahaemolyticus in cooked oysters.?%

The sensitivity analysis highlighted the importance of the initial concentration of V.
parahaemolyticus, serving size, and concentration of pathogenic V. parahaemolyticus. Similarly,
sensitivity analysis for V. parahaemolyticus in Taiwan and Brazil with spearman rank correlation
test highlight the importance of initial concentration of V. parahaemolyticus illness risk.47148
Transportation temperature had a strong spearman rank correlation (0.42) with risk in Brazil and

Australia, however, it was less influential in Taiwan illness risk (0.21) and in the current study.
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The serving size in Taiwan was less influential on illness risk (spearman rank correlation co-
efficient: 0.07) compared to the current study’s QMRA and Brazil (spearman rank correlation co-
efficient: 0.18). Additionally, a QMRA conducted in Taiwan and Brazil highlighted the importance
of climate change in driving V. parahaemolyticus illness risk concentrations from increase of sea
surface temperatures.'*"2%2 Differences in sensitivity analysis taken with differences in risk
estimates across the globe supports the need for more region-specific QMRA to protect human

health.

As V. parahaemolyticus-related illness and oyster harvesting increase in Southern California
oysters during a six-week study were used to assess V. parahaemolyticus concentrations.
Additional studies should be conducted to better understand the relationship of V.
parahaemolyticus concentrations in oysters and environmental co-variates to allow for a predictive
risk model. Utilizing farmed aquaculture oysters and harvesting water would allow this model to
be more specific to aquaculture oysters. As Newport Bay represents only one water body, it will
be imperative to evaluate the prevalence of Vibrio spp. in other water bodies along the West coast
to better understand the impact of health risk in each location as V. parahaemolyticus prevalence

varies by location.

The V. parahaemolyticus growth rate used in this model has not been validated for Pacific oysters.
The Pacific oyster growth rate may be influenced by the oyster microbiome, growing environment,
and concentrations of V. parahaemolyticus in the oyster, therefore a growth rate specific to Pacific
oysters is necessary to better mitigate V. parahaemolyticus persistence during transportation®t/228
and aid in the development of needed regional models to address increasing V. parahaemolyticus
risk.3+2% The growth rate of Vibrio spp. in Pacific oysters has been estimated by oyster

homogenate, inoculated irradiated oysters, predictive modeling, and in alkaline peptone
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water, 148228231238 However, these studies may fail to accurately estimate V. parahaemolyticus
growth in live post-harvest Pacific oysters. Developing a growth rate specific to V.
parahaemolyticus in Pacific oysters will allow for a better understanding of potential re-growth
during the “sea-to-fork” pathway. Differences in growth rate between oyster species support the

need for regional guidelines for oyster safety.

This risk model assumes the concentrations of total and pathogenic V. parahaemolyticus in oysters
consumed does not vary oyster-to-oyster. However, “the hot oyster” phenomenon, an individual
oyster with an exponentially higher concentration of V. parahaemolyticus compared to
surrounding oysters, has highlighted that individual oysters can drive exposure risks with an
exponentially higher concentration of V. parahaemolyticus.®%621% V. parahaemolyticus
concentration in oysters is often as a composite sample of oysters, therefore a high concentration
of V. parahaemolyticus in a single oyster may not be taken into account.?® Future studies should
assess V. parahaemolyticus concentrations in both composite and single oysters to better
understand environmental or oyster physiological factors that may increase the likelihood of “hot”
oysters and increased exposure risk. Additionally, the concentration of pathogenic V.
parahaemolyticus in oysters was assumed to be similar to commercial harvesting grounds. Given
the concentration of total V. parahaemolyticus may not be reflective of pathogenic V.
parahaemolyticus, it is imperative to continue to evaluate and monitor the concentration of

pathogenic V. parahaemolyticus in recreational harvested oysters.?%

Another limitation is the lack of specific supply chain time and temperature data from California
oyster harvesters. The shipping time and temperature were from farmed oysters from Washington
State.!'” The shipping time and temperature were from farmed oysters from Washington State. !’

However, there may be differences in California and Washington cold chains. For example, there
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are 145 entities certified to partake in the shipping of shellfish in California, but only 91 in
Washington.?*® There may be differences in the number of participants in each cold chain and
duration of the cold chain which may increase frequency of temperature abuse. However, there
may be differences in the California and Washington cold chain. For example, there are 145
entities certified to ship shellfish in California, but only 91 in Washington.?*° The complexity of
the supply chain has the ability to increase temperature abuse or time of distribution but there is
limited information on exactly how the supply chains in the different West coast states compare to
each other and the rest of the US.17241.242 \While the time and temperature are more specific to the
West Coast in this QMRA, there are likely to be regional differences in air and water temperatures
between Washington State and Southern California which may influence post-harvest V.
parahaemolyticus growth. Incorporation of a more specific time and temperature for California

oyster transport would allow for a better understanding of specific scenarios that drive health risks.

The current dose-response, developed by the FDA, is limited for numerous reasons. The strain of
V. parahaemolyticus used in the current dose-response model is positive for the tdh gene, not trh,
as the pathogenic genes may have different dose response models. Additionally, the current
QMRA dose-response assessment is known to be derived from a less virulent bacterium than
serotypes associated with outbreaks and reported illnesses on the West Coast.**%%243 The tdh+ V.
parahaemolyticus strain from the West Coast had a mean infection dose as low as 10°— 10* cells
rather than the median infectious dose of 107 cells estimated in the dose-response model estimated
by the US FDA.1%1% This highlights the potential need to re-evaluate the current standards to
protect human health. The under reporting of V. parahaemolyticus illness as it generally causes
mild gastrointestinal illness limits the ability to quantity the prevalence of V. parahaemolyticus

illness, however, as the population ages there may be an increase vulnerability to V.
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parahaemolyticus illness.?!One of the limitations to address health risks is the incomplete
understanding of the mechanism of pathogenicity.*** As the mechanism of pathogenicity within
humans is not fully understood, it limits the ability to directly measure pathogenicity from the
consumption of naturally grown oysters. Further elucidation of the mechanism of pathogenicity

may allow for better environmental detection, in turn reducing vibriosis risk.
Conclusion

This study showed the median V. parahaemolyticus illness risk from consuming recreationally
harvested oysters in Southern California was less than the median illness risk estimated by the US
FDA. The risk from recreational harvested oysters in Southern California was higher during the
“sea-to-fork” pathway. Mitigation strategies during harvest and temperature storage before
consumption may help reduce V. parahaemolyticus illness risk from consumption of raw
aquaculture oysters. Finding from these studies may be applied to aquaculture oyster farms in

Southern California to help reduce V. parahaemolyticus illness
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Chapter 5: Conclusion

Main findings and implications for public health

There is a pressing need to better understand V. parahaemolyticus and V. vulnificus from a global
and local perspective as cases of vibriosis continue to increase.??> The overall goal of this
dissertation was to understand V. parahaemolyticus from a global and local perspective to inform
public health interventions. To achieve this goal, this dissertation evaluated the global distribution
of V. parahaemolyticus in paired oyster and water samples, quantified the prevalence of V.
parahaemolyticus and V. vulnificus in recreational oysters and water samples harvested from
Southern California, and integrated environmental occurrences in a “Sea-to-Fork™ process to
understand V. parahaemolyticus health risks from consumption of recreationally harvested oysters
from Southern California. In a collaborative effort, key gaps in the current understanding of the

Vibrio-oyster-health relationship were assessed.

Through a scoping literature review, 32 scientific manuscripts were synthesized to evaluate the
global distribution of V. parahaemolyticus in paired oyster and water samples. While other
literature reviews have assessed Vibrio spp. and V. parahaemolyticus concentrations in water and
oysters, this was the first to evaluate V. parahaemolyticus in paired oysters and water samples.
Most of the studies were conducted in the United States and focused on the Gulf of Mexico or the
Atlantic Coast of the United States. There was generally a higher concentration of V.
parahaemolyticus in oysters than water. Limited correlations or associations with environmental
covariates or microorganisms and V. parahaemolyticus were identified. Critical gaps in the current
understanding of the environmental covariates and concentration of V. parahaemolyticus in oyster

and water were identified because of the inconsistent availability of data. From this, an open-access

112



database was developed to promote equitable access and collaborative research. The information
provided from the current literature review in conjunction with future work will allow for meta-
analysis, forecast, or hindcast models to predict V. parahaemolyticus illness prevalence in absence
of water or oyster samples. As V. parahaemolyticus continues to be a pathogen of concern, the
literature review and database will aid in the ability to evaluate the spatial distribution of V.

parahaemolyticus.

As V. parahaemolyticus is an emerging pathogen of concern for many coastal communities, it will
be important to understand the dynamics between V. parahaemolyticus and the environment. This
dissertation was the first known study to assess and detect total and pathogenic V.
parahaemolyticus and V. vulnificus in wild Pacific oysters in Southern California. The utilization
of deployed oysters allowed for the assessment of microbial accumulation. There was a
significantly higher concentration of V. parahaemolyticus and V. vulnificus in water and oyster
samples in the Back bay compared to the Front bay and Middle bay oysters and water.
Additionally, there was higher detection of pathogenic V. parahaemolyticus and V. vulnificus in
the water column compared to oyster tissue. There were mixed associations with temperature,
salinity, and chlorophyll A with concentrations of V. parahaemolyticus in water and oysters and
V. vulnificus in water. Differences in Vibrio spp. dynamics in Southern California compared to the

East Coast and the Gulf of Mexico highlight the need for regional policies and guidance.

This study showed that there were differences in environmental covariates and concentrations of
V. parahaemolyticus and V. vulnificus in oysters and water, supporting the need for increased
regional monitoring of V. parahaemolyticus and V. vulnificus in recreational oysters to protect
human health. It is recommended, particularly in months with water temperature greater than 15.5

°C, as recommended by the ISSC Vibrio Control Plans on the West Coast, to integrate the
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evaluation of V. parahaemolyticus and V. vulnificus in oyster tissue and water into the state
monitoring plan currently used for assessing paralytic shellfish poisoning or recreational water
quality in areas with recreational oyster harvesting. It is important to assess for V.
parahaemolyticus and V. wvulnificus in both the oyster tissue and water column as the
concentrations may vary, representing different exposure potentials for different exposure routes.
Additionally, understanding the presence of V. vulnificus in recreational water may help provide
medical treatment for wound infections. Given the limited case numbers of V. vulnificus and V.
parahaemolyticus wound infections, it is not recommended to close recreational areas in estuary
environments due to the presence of either bacteria. Rather, increased education to at-risk
individuals (i.e. immunocompromised men who are more at risk than other oyster consumers due

to physiological differences) is recommended to be aware and observant of Vibrio spp. symptoms.

While the US FDA developed a QMRA model for V. parahaemolyticus in oysters, the model was
primarily focused on oysters harvested from the Gulf of Mexico. The QMRA developed for oysters
harvested in Southern California is the first specific to Pacific oysters harvested on the West Coast.
This QMRA model further evaluated the impact of storage time and temperature during
transportation for Pacific oysters harvested in the Pacific Northwest and at consumption locations.
The mean probability of illness per serving of oysters was 6.20 x 10 (95% confidence interval
5.653 x 107 — 1.92x 10™) from consumption of raw oysters harvested in Southern California
following the “sea-to-fork”. The mean V. parahaemolyticus illness risk per serving of oysters
immediately following harvest was 5.61 x 10 (95% confidence interval 4.84 x 10® —1.83 x 10°
). The sensitivity analysis highlighted the importance of including the initial concentration of V.
parahaemolyticus in the oysters, number of oysters consumed, and concentration of pathogenic V.

parahaemolyticus following transport in vibriosis risk.
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Beyond this work, the QMRA model sheds light on important drivers of V. parahaemolyticus
illness risks with the sensitivity analysis that can be utilized by recreational and commercial oyster
harvesters, scientists, and policymakers. Given pre-harvest conditions, such as concentrations of
total and pathogenic V. parahaemolyticus were influential in illness risk from raw oysters,
integration of post-harvest processing and more frequent V. parahaemolyticus monitoring in oyster
meat is warranted. Post-harvest processing, such as gamma-radiation and high-pressure
processing, may change the flavor profile and texture of the oyster, but offer effective mitigation
strategies to reduce V. parahaemolyticus concentrations in raw oysters between 2 and 7 logs.?*+
247 Incorporating either post-harvest processing method is a viable mitigation strategy to reduce V.
parahaemolyticus concentrations, and therefore illness risk. Alternatively, a more frequent
evaluation of V. parahaemolyticus in oysters during harvest would allow for a better understanding
of the concentration of V. parahaemolyticus. For recreationally harvested oysters, V.
parahaemolyticus and V. vulnificus should be evaluated from intertidal oysters harvested at low
tide to represent the worst case scenario of V. vulnificus and V. parahaemolyticus increase due to
air temperature above 7.2 °C for an extended period.''%* |t is recommended to assess the
concentrations of V. parahaemolyticus and V. vulnificus in oysters grown closest to the surface of
the water and on the bottom as harvest location can impact the concentrations of pathogenic V.
vulnificus concentrations.?*3.24 V. parahaemolyticus and V. vulnificus should be evaluated with a
MPN method followed by speciation and pathogenic gene PCR confirmation step. Additionally, it
is recommended to utilize the heat shock protein 60 (HSP60) amplicon to identify pathogenic
genes (tdh and trh) for V. parahaemolyticus specific for the sampling location to allow for the

optimization of PCR primers.?®® It is recommended to evaluate V. parahaemolyticus and V.
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vulnificus concentrations in six to 12 individual oysters as the “hot oyster”, significantly higher
concentration of V. parahaemolyticus, is not accounted for with a pooled homogenate
sample.516219 While post-harvest processing and increased monitoring reduce vibriosis risk, they
would also increase the cost of growing and harvesting oysters. Therefore, state and national
government would need to provide aid or subsidies to oyster harvesters to reduce the burden of
reducing health risks.

While the QMRA model developed is a useful decision tool, it is important to understand potential
differences in illness risks related to regional strain variations of V. parahaemolyticus. A V.
parahaemolyticus outbreak in Alaska from raw oyster consumption highlighted a difference in
illness risk from strain variations on the West Coast with an average attack rate of 29%,
significantly higher compared to the expected illness rate modeled by the current dose-response
model utilized by US FDA and this QMRA model.**° There is a need for an updated dose-
response model for V. parahaemolyticus to account for differences in strain pathogenicity and

other virulence factors.

Limitations and future direction

The literature review provided an up-to-date synthesis of the global distribution in V.
parahaemolyticus in paired water and oyster samples. Numerous studies have evaluated V.
parahaemolyticus concentrations in water, oysters, and other environmental samples (i.e.
sediment, aquatic plants, and other bivalves) that should be integrated into the database to more
broadly understand the global distribution and environmental covariates associated with V.
parahaemolyticus. While this dissertation was focused on recreationally harvested oysters, it will
be important to integrate knowledge about recreationally harvested oysters with aquaculture
oysters to best understand health risks from both recreational and aquaculture oysters. It is
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recommended to include studies that assess V. parahaemolyticus concentrations post-harvest or at
markets into the database to allow for a greater understanding of the “sea-to-fork” pathway.
Integrating the “sea-to-fork” pathway with environmental monitoring at a global scale will allow
for the development of a QMRA model to estimate illness risk from V. parahaemolyticus in
regional environments. An important next step is to conduct literature reviews assessing the
occurrence of V. parahaemolyticus in non-paired oyster and water samples, concentration post-
harvest, and in market studies to expand the impact of the database and global understanding of
the spatial distribution and health risks from V. parahaemolyticus in both recreational and

commercial oysters.

An interesting next step in understanding V. parahaemolyticus in oysters and water would be
incorporating the spatial distribution of oyster pathogens, such as the Oyster Herpes Virus (OsHV-
1), Perkinsus marinus (Dermo), and Haplosporidium nelsoni (MSX) into the V. parahaemolyticus
database. Given climate change is a critical factor in each disease, a further understanding of
pathogen movement will be critical for aquaculture and human health. This would allow for an
increase in knowledge of oyster health, environmental parameters, distribution of oyster and
human pathogens. Additionally, the collaboration of numerous experts may shed light on the
interconnection of human and oyster pathogens of concern. Moving forward, it will be imperative
to synthesize our understanding of human health-related and oyster health-related pathogens to
holistically understand microbial ecology interactions driving human health risks in the oyster

harvesting environment.

The oyster microbiome may play a key role in the relationship between Vibrio spp. concentrations
in the water and the environment as it impacts the immune response of the oyster.2>® While not

specific to recreationally harvested oysters, an important next step is understanding the role of
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oyster genetics in the concentration of V. parahaemolyticus and V. vulnificus in aquaculture oysters
as genetically modified triploid oysters account for over 30% of aquaculture Pacific oysters on the
West Coast of the USA and up to 80% of Atlantic oysters in Virginia.?>*?> Triploid oysters are
advantageous as they grow faster preventing mass oyster mortality from oyster parasites such as
Dermo and MSX, and are harvestable during the summer months.?3-2%¢ However, the development
of triploid oysters alter the genetics may allow the oyster to be more readily colonized by V.
parahaemolyticus and V. vulnificus. Additionally, the triploid oysters allow for summer harvesting
as V. parahaemolyticus and V. vulnificus concentrations are highest in the water column. Taken
together, there is a need to elucidate the role of modified genetics in V. parahaemolyticus and V.

vulnificus concentrations in oysters to understand health risks, particularly in the summer months.

The six-week study used in the current study to assess V. parahaemolyticus and V. vulnificus in
oysters and water accounted for the highest concentrations of V. parahaemolyticus and V.
vulnificus in oysters and water but failed to account for the seasonality. It is recommended a longer-
term study be undertaken to assess for seasonality in Southern California. Understanding the
seasonality of V. parahaemolyticus and V. vulnificus in the water column, oysters, and sediment
may allow for a better understanding of important reservoirs when water temperatures are lower
or critical environmental parameters are driving V. parahaemolyticus or V. vwvulnificus
concentrations. Additionally, it is recommended to use naturally occurring oysters rather than
deployed oysters to allow for a better understanding of Vibrio spp. concentrations within
harvestable oysters in Newport Bay. With additional sampling, a more robust regression analysis
may be developed to better assess the relationship of V. vulnificus and V. parahaemolyticus with
environmental covariates. Taken together, a long-term study will allow for a greater understanding

of Vibrio spp. dynamics with respect to environmental parameters and seasonality and harvesting
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to aid in the ability to inform decisions to be protect human health from V. parahaemolyticus and

V. vulnificus exposure in raw oysters harvested in Southern California.

The QMRA for V. parahaemolyticus developed in this dissertation was a combination of input
parameters from recreationally harvested oysters and commercial oysters. To improve the QMRA
for either recreationally harvested oysters or aquaculture oysters, more regionally specific
information is necessary. Increased regional monitoring of V. parahaemolyticus in recreational
oysters is necessary to understand the relationship with environmental co-variates. Additionally,
it is important to understand human consumption behavior with recreational harvested oysters.
This QMRA was the first to incorporate both the supply chain and restaurant storage time and
temperature. However, it is necessary to better understand the cold chain process, particularly at
end point consumption locations (i.e. restaurants or bars) as the sensitivity analysis from the V.
parahaemolyticus QMRA highlighted influence of the time and temperature of oyster storage at
the end consumption location. The supply chain in the USA is primarily understood by recent
studies conducted in Washington and Virginia, however, there was no information regarding
endpoint consumption time and temperature in these studies.*"4% Additionally, the endpoint time
and temperatures in the QMRA model were assumed comparable to a study conducted in 2007
from states other than California. There is a need for further understanding of the time and
temperature of oyster storage at the endpoint distributer. Additional information regarding
handling and storage of oysters would allow for mitigation efforts to aid in V. parahaemolyticus

risk reduction strategies.

A critical next step to further the understanding of Vibrio-oyster-health will be to identify the
mechanism of pathogenicity for V. parahaemolyticus as the mechanism of pathogenicity for V.

parahaemolyticus is not fully understood. This is crucial to understand the genes involved to better
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assess for pathogenic V. parahaemolyticus in the environment. One way to assess for the virulence
factors driving pathogenicity in V. parahaemolyticus is to utilize enteroid methods. Recent studies
have used humans and mouse enteroid models in combination with fluorescence microscopy to
understand the virulence factors of Salmonella enterica serovar Typhimurium.?®’ It is proposed
that scientists use enteroid models to assess the role of known virulence factors, such as trh, tdh,
and type 3 secretion systems, in human infection. It is understood there are limitations with
enteroid models, however, their use allows for the assessment of virulence factors in human
models without exposing humans. A greater understanding of the mechanism of pathogenicity
would allow for better detection of virulent V. parahaemolyticus in the environment. Currently,
there are about 10% of cases that would not be detected by current environmental monitoring
approaches as these cases do not have the traditionally monitored trh or tdh gene. Connecting the
bench top understanding of pathogenicity with environmental monitoring will provide a better
understanding of health risk from exposure to V. parahaemolyticus and will guide decision making

to best protect human health.

The study conducted in Southern California was the first to detect pathogenic V. vulnificus in the
water column in Newport Bay, California. Given V. vulnificus illnesses are rising as climate
change is altering the spatial distribution, particularly with recreational exposure, it is of public
health concern to better understand driver of health risk.*? It will be critical to evaluate a wound
infection dose response model for V. vulnificus to better understand exposure risks. As a majority
of V. vulnificus illness and death are associated with older or immunocompromised males with
elevated iron level in blood and liver disease, it will be important to utilize older or

immunocompromised mice to understand the dose-response.
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No V. vulnificus QMRA was developed from these studies for several reasons. For one, there are
only approximately 50 cases of V. vulnificus illness or death reported each year from seafood
consumption. Additionally, the dose-response model does not account for wound infection.
Particularly as climate change changes coastal community estuarine environments, it will be
critical to developing a dose-response for wound infection from V. vulnificus. A wound infection

QMRA for V. vulnificus may be critical in evaluating health risks from water exposure.

The limitations and next steps highlighted all come together to develop regionally specific QMRA
models. Key limitations in the QMRA developed for V. parahaemolyticus are assuming wild
oysters are transported and consumed similarly to aquaculture oysters, there is no difference in
pathogenicity in trh and tdh, and oyster consumption is similar on the East and West Coast. Though
our QMRA model provided a framework for West Coast specific V. parahaemolyticus risks, it
integrates regional and national data. Moving forward, studies should assess the national data
utilized in this model to make a more specific model for the West Coast. Given Carlsbad Aquafarm
has historical V. parahaemolyticus data, a logical next step is to develop a QMRA model specific
for aquaculture harvested oysters. This model could identify critical spots for public health
interventions to prevent additional V. parahaemolyticus illness associated with the aquaculture
farm. Moving forward, as QMRA models become more regional, a site specific application could
be developed for harvest locations to aid in decision making about oyster safety for the oyster
harvesters by integrating harvest concentration of V. parahaemolyticus with the “sea-to-fork”

pathway to understand if the oyster may cause illness in the consumer.

While the work presented in this dissertation has been disseminated to scientists, it is vital to
continue to disseminate the information to the government, oyster harvesters, the public, and other

stakeholder groups. One way to inform recreational oyster harvesters would be to provide a clear
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summary of the current state of science and knowledge gaps during the permitting process. The
knowledge gained from these studies supports the need for regional guidelines to account for
differences in V. parahaemolyticus and V. vulnificus concentrations, transport conditions, and
environmental covariates. Regional guidelines will allow for safer oyster consumption. Oysters
provide a sustainable protein source and have the potential to save humanity, again, but science
and policy need a collaborative plan from the sea up to protect oyster consumers from V.

parahaemolyticus and V. vulnificus illness.
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Appendix A. Chapter 2

Sl Table 1. Key word search terms for oysters utilized in the scoping literature review and number of results for
each data base.

Keywords \ Web of Science Embase ProQuest Ag&Env
Database
keywords TS= (oysters OR oysters OR shellfish OR | oysters OR shellfish OR clams
shellfish OR clams OR | clams OR seafood OR OR seafood OR bivalve OR
seafood OR bivalve OR | bivalve OR aquaculture aquaculture OR mariculture
aquaculture OR OR mariculture OR OR oestridae OR ostreidae
mariculture OR oestridae OR ostreidae | OR crassostrea OR magallana
oestridae OR ostreidae OR crassostrea OR OR ostrea OR saccostrea
OR crassostrea OR magallana OR ostrea
magallana OR ostrea OR saccostrea
OR saccostrea)
Results 346,162 64,405 325,888

Sl table 2. Key word search terms for Vibrio utilized in the scoping literature review and number of results for

each data base.

Keywords \ Web of Science Embase ProQuest Ag&Env
Database
keywords TS= (Vibrio OR vibrio OR 'v Vibrio OR
V. parahaemolyticus OR | parahaemolyticus' OR V. parahaemolyticus OR
Vibrio parahaemolyticus 'vibrio Vibrio parahaemolyticus OR
OR parahaemolyticus' OR vibrionaceae
vibrionaceae) vibrionaceae
Results 76,336 36,522 63,377

Sl table 3. Key word search terms for environment utilized in the scoping literature review and number of

results for each data base.

Keywords \ Web of Science Embase ProQuest Ag&Env
Database
keywords TS= (Ecology OR ecology OR

Environmental OR

environmental OR

Microbial Ecology OR
Aquatic Microbiology
OR Marine Water OR

'microbial ecology' OR
‘aquatic microbiology'

OR 'marine water' OR

Ecology OR Environmental
OR Microbial Ecology OR
Aguatic Microbiology OR
Marine Water OR Estuary OR
Ocean OR Fresh Water OR
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Estuary OR Ocean OR
Fresh Water OR
freshwater OR

estuary OR ocean OR
‘fresh water' OR
freshwater OR

freshwater OR Environment
OR Estuarine OR population
density OR surface water OR

Environment OR environment OR Bay OR Water OR
Estuarine OR population estuarine OR Embayment
density OR surface ‘population density' OR
water OR Bay OR 'surface water' OR bay
Water OR Embayment) OR water OR
embayment
Results 17,910,028 3,189,663 8,963,178

Sl table 4. Key word search terms for occurrence utilized in the scoping literature review and number of results

for each data base.

OR Pattern OR
Distribution OR
Prevalence OR
Identification OR
Classification OR
Incidence OR Density
OR Concentration OR
Season)

pattern OR
distribution OR
prevalence OR
identification OR
classification OR
incidence OR density
OR concentration OR
season

Keywords \ Web of Science Embase ProQuest Ag&Env
Database
keywords TS= (Characterization characterization OR Characterization OR Pattern

OR Distribution OR
Prevalence OR Identification
OR Classification OR
Incidence OR Density OR
Concentration OR Season

Results 24,101,931

8,576,545

8,782,552
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Sl Table 5. Combined key word search terms utilized in the scoping literature review and number of results for

each data base.

Keywords \ Web of Science Embase ProQuest Ag&Env
Database
TS= (oysters OR (oysters OR shellfish | (oysters OR shellfish OR clams
shellfish OR clams OR | OR clams OR seafood OR seafood OR bivalve OR
seafood OR bivalve OR OR bivalve OR aquaculture OR mariculture OR
aquaculture OR aquaculture OR oestridae OR ostreidae OR
mariculture OR oestridae mariculture OR crassostrea OR magallana OR
OR ostreidae OR oestridae OR ostrea OR saccostrea) AND
crassostrea OR ostreidae OR (Vibrio OR V.
magallana OR ostrea OR crassostrea OR parahaemolyticus OR
saccostrea) magallana OR ostrea | Vibrio parahaemolyticus OR
AND TS=(Vibrio OR OR saccostrea) AND | vibrionaceae) AND (Ecology
V. parahaemolyticus OR (vibrio OR 'v OR Environmental OR
Vibrio parahaemolyticus | parahaemolyticus' OR | Microbial Ecology OR Aquatic
OR 'vibrio Microbiology OR Marine Water
vibrionaceae) AND parahaemolyticus' OR OR Estuary OR Ocean OR
TS=(Ecology OR vibrionaceae) AND | Fresh Water OR freshwater OR
Environmental OR (ecology OR Environment OR Estuarine OR
Microbial Ecology OR environmental OR population density OR surface
Aquatic Microbiology 'microbial ecology’ water OR Bay OR Water OR
OR Marine Water OR OR "aquatic Embayment) AND
Estuary OR Ocean OR microbiology' OR (Characterization OR Pattern
Fresh Water OR 'marine water' OR OR Distribution OR Prevalence
freshwater OR estuary OR ocean OR OR Identification OR
Environment OR ‘fresh water' OR Classification OR Incidence OR
Estuarine OR population freshwater OR Density OR Concentration OR
density OR surface water environment OR Season)
OR Bay OR Water OR estuarine OR
Embayment) AND ‘population density'
TS=(Characterization OR | OR 'surface water' OR
Pattern OR Distribution bay OR water OR
OR Prevalence OR embayment) AND
Identification OR (characterization OR
Classification OR pattern OR
Incidence OR Density distribution OR
OR Concentration OR prevalence OR
Season) identification OR
classification OR
incidence OR density
OR concentration OR
season)
Results 6,323 1,553 9,023
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Sl table 7. Chlorophyll A, dissolved organic carbon, and suspended particulate matter report in studies.
absence of reported parameter and study data.

Empty cells represent the

Dissolved Organic Carbon Suspended Particulate Matter | Referenc
Chlorophyll A (ug/L) (mgg/L) P (malL) :
Country Site Name Mini Aver | Maximu . Minimu | Maximu | Media | Minimu Maximu | Media
mu Median
m age m m m n m m n
Australia All Sites 65
. Site 1 170
Bahrain Site 2
All Sites e
Brazil All Sites 172
Ariri Channel 19
Mexico | Isleta Tomate 173
Netherlan | Oostemcheld 174
ds e estuary
Station 7 175
Souh T Al Sites 175
All Sites L
Cigu
Taiwan Dongshih 178
Shengang
Tangier 179
Sound
180
All Sites
61
USA All Sites
All sites 53
Gulf of 2.0 316.2 13.8 2.8 11.2 5.1 3.2 3162 | 263
Mexico ) . ) . . . . . )
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Country

Site Name

Chlorophyll A (ug/L)

Dissolved Organic Carbon

(mg/L)

Suspended Particulate Matter

(mg/L)

Referenc
e

Mini
mu

Aver
age

Maximu
m

Median

Minimu
m

Maximu
m

Media
n

Minimu
m

Maximu
m

Media
n

Hood Canal

3.5

39.8

2.8

1.0

5.6

1.7

0.8

199.5

4.0

Tangier
Sound

2.8

125.9

12.9

2.5

25.1

3.7

0.5

25.1

7.4

Grays Harbor

181

All sites

182

Chesapeake
Bay

183

All Sites

184

All Sites

23

Galveston
Bay

185

Dauphin
Island Bay

63

Tillamook
Bay

56

Yaquina Bay

Northwest
Shellfish
Sanitation
Lab

186

Galveston
Bay

187

Oyster

Water

163

All sites

2.5

8.3

17.4

Broad Creek

6.7

Chester River

9.3

188
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Country

Chlorophyll A (ug/L)

Dissolved Organic Carbon

Suspended Particulate Matter

Referenc

(mg/L) (mg/L) e
Site Name Mini Aver | Maximu . Minimu | Maximu | Media | Minimu Maximu | Media
mu Median
m age m m m n m m n
Eastern Bay 8.9
All Sites 189
All Sites 190
US FDA Gulf
Coast
Seafood 79
Laboratory
(GCSL)
University of 164
Southern
Mississippi
Gulf Coast 135
Research
Laboratory
(GCRL)
All Sites 191
Belfair park, |, | 5 8.3 14
Hood canal
Case Inlet,
North Bay 1.0 6.8 24.3 43
Cushman | o6 | 50 | 146 | 31 o4
Park
Dabob Bay 0.3 2.6 24 1.1
DNR4§eaCh 19 | 36 5.3 3.5
Duckabush 0.3 3.2 20.4 2.2
Eld Inlet 0.8 7.6 31.2 5.7
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Country

Dissolved Organic Carbon Suspended Particulate Matter | Referenc
Chlorophyll A (ug/L) (mg/L) (mg/L) o
Site Name Mini Aver | Maximu . Minimu | Maximu | Media | Minimu Maximu | Media
mu Median
m age m m m n m m n
Grays Harbor | 0.1 3.5 9.8 3.2
Hama Hama, |, | 47 7.2 0.9
Hood canal
Hammersley | o | 4 8.4 3.0
Inlet
Hoodsport 0.4 3.8 27.4 2.1
Mike's beach, | 5 | 5 24.6 3.2
Hood canal
Misery point | 0.8 | 6.8 58.3 3.1
Mystery Bay | 0.9 | 13.9 62.9 8.1
Nahcotta 0.3 | 10.0 84.2 4.4
Oakland Bay | 0.4 8.5 118.4 3.6
Potlatch, | 5 | 39 | 179 2.4
Hood canal
Quilcene Bay | 0.2 | 4.7 34.2 1.6
Rocky Bay 1.9 5.4 15.3 3.7
SamishBay | 1.1 3.1 16.8 2.1
SISterspoint, | 55 | 35 | o4 2.4
Hood canal
South Totten | o | g3 | 704 3.2
Inlet
Stackpole | o021 207 | 207 | 207
Harbor
Thorndyke | o | 59 5.1 43
Bay
Totten Inlet 0.9 3.4 15.9 25
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Country

Chlorophyll A (ug/L)

Dissolved Organic Carbon

Suspended Particulate Matter

Referenc

(mg/L) (mg/L) €
Site Name | Mini Aver | Maximu . Minimu | Maximu | Media | Minimu | Maximu | Media
mu Median
m age m m m n m m n
Twanohpark, |4 | 57 | 168 15

Hood canal
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Sl table 8. Dissolved oxygen reported for each study. Empty cells represent the absence of parameter and study data.

Surface Dissolved Oxygen

Bottom Dissolved Oxygen (ppm)

Dissolved Oxygen (ppm)

Reference

Tangier Sound

. m
Country Site Name Minimu (e Maximu | Minimu . Minimu Maximu
Mean Mean Maximum Mean
m m m m m
Australia All Sites 65
. Site 1 4.9 5.9 6.7 70
Bahrain Site 2 5.9 5.8 6.2
All Sites He
Brazil All Sites 172
Ariri Channel 19
Mexico Isleta Tomate 173
Netherland | Oostemchelde 174
S estuary
Station 7 175
Ii%?éz All Sites 176
All Sites Lot
Cigu 4.1 7.3 10.1 4.1 79 12.9
Taiwan Dongshih 4.2 7.6 9.3 4.1 9.9 25.8 178
Shengang 2.9 59 8.2 3.8 5.8 8.2
Tangier Sound 179
180
All Sites
61
All Sites
USA All sites
Gulf of 53
Mexico
Hood Canal

Grays Harbor

181

131




Country

Site Name

Surface Dissolved Oxygen

(ppm)

Bottom Dissolved Oxygen (ppm)

Dissolved Oxygen (ppm)

Reference

Minimu
m

Mean

Maximu
m

Minimu
m

Mean

Maximum

Minimu
m

Mean

Maximu
m

All sites

182

Chesapeake
Bay

5.0

183

All Sites

184

All Sites

23

Galveston Bay

185

Dauphin
Island Bay

63

Tillamook
Bay

56

Yaquina Bay

Northwest
Shellfish
Sanitation Lab

186

Galveston Bay

7.0

115

187

Oyster

Water

163

All sites

5.3

13.8

Broad Creek

8.3

Chester River

9.5

Eastern Bay

9.5

188

All Sites

189

All Sites

190

US FDA Gulf
Coast Seafood
Laboratory
(GCSL)
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Country

Site Name

Surface Dissolved Oxygen

(ppm)

Bottom Dissolved Oxygen (ppm)

Dissolved Oxygen (ppm)

Reference

Minimu
m

Mean

Maximu
m

Minimu
m

Mean

Maximum

Minimu
m

Mean

Maximu
m

University of
Southern
Mississippi
Gulf Coast
Research
Laboratory
(GCRL)

All Sites

191

Belfair park,
Hood canal

Case Inlet,
North Bay

Cushman Park

Dabob Bay

DNR Beach
48

Duckabush

Eld Inlet

Grays Harbor

Hama Hama,
Hood canal

Hammersley
Inlet

Hoodsport

Mike's beach,
Hood canal

Misery point

Mystery Bay

64
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Country

Site Name

Surface Dissolved Oxygen

(ppm)

Bottom Dissolved Oxygen (ppm)

Dissolved Oxygen (ppm)

Reference

Minimu
m

Mean

Maximu
m

Minimu
m

Mean

Maximum

Minimu
m

Mean

Maximu
m

Nahcotta

Oakland Bay

Potlatch,
Hood canal

Quilcene Bay

Rocky Bay

Samish Bay

Sister's point,
Hood canal

South Totten
Inlet

Stackpole
Harbor

Thorndyke
Bay

Totten Inlet

Twanoh park,
Hood canal
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Sl table 9. pH, wind velocity, and turbidity reported by each study. Empty cells represent the absence of parameter and study data.

pH Wind Velocity (MPH) Turbidity (NTU)
Country Site Name Minimum | Mean | Maximum err1r|lmu Maximum | Minimum | Mean Ma>r;:mu M?}d'a Reference
Australia All Sites 65
. Site 1 7.6 7.8 8.0 170
Bahrain Site 2 77 78 8.0
All Sites 7.5 171
Brazil All Sites 172
Ariri Channel 19
Mexico Isleta Tomate 173
Netherland | Oostemchelde 174
S estuary
Station 7 175
i%l;:}g All Sites 176
All Sites Loy
Cigu 6.9 7.6 8.0
Taiwan Dongshih 7.6 7.8 8.1 178
Shengang 7.3 7.7 8.5
Tangier Sound 179
180
All Sites
61
All Sites
All sites
USA Gulf of 53
Mexico
Hood Canal
Tangier Sound
Grays 181
Harbor
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Country

Site Name

pH

Wind Velocity (MPH)

Turbidity (NTU)

Minimum

Mean

Maximum

Minimu
m

Maximum

Minimum

Mean

Maximu
m

Media

Reference

All sites

182

Chesapeake
Bay

183

All Sites

184

All Sites

23

Galveston Bay

185

Dauphin
Island Bay

63

Tillamook
Bay

56

Yaquina Bay

Northwest
Shellfish
Sanitation Lab

186

Galveston Bay

8.0

8.8

3.0

25.0

187

Oyster

1.0

47.0

8.0

Water

0.0

47.0

7.0

163

All sites

7.3

8.5

0.5

2.5

Broad Creek

7.8

1.2

Chester River

7.7

0.9

Eastern Bay

7.9

1.1

188

All Sites

189

All Sites

190

US FDA Gulf
Coast Seafood
Laboratory
(GCSL)

6.1

University of
Southern

10.9

164
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Country

Site Name

pH

Wind Velocity (MPH)

Turbidity (NTU)

Minimum

Mean

Maximum

Minimu
m

Maximum

Minimum

Mean

Maximu
m

Media

Reference

Mississippi
Gulf Coast
Research
Laboratory
(GCRL)

All Sites

191

Belfair park,
Hood canal

Case Inlet,
North Bay
Cushman Park

Dabob Bay

DNR Beach
48

Duckabush
Eld Inlet

Grays Harbor

Hama Hama,
Hood canal

Hammersley
Inlet

Hoodsport

Mike's beach,
Hood canal

Misery point

Mystery Bay
Nahcotta

Oakland Bay

64
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Country Site Name

Potlatch,

pH

Wind Velocity (MPH)

Turbidity (NTU)

Minimum

Mean

Maximum

Minimu
m

Maximum

Minimum

Mean

Maximu

Media | Reference

Hood canal
Quilcene Bay

m

Rocky Bay
Samish Bay

Sister's point,

Hood canal
South Totten

Inlet
Stackpole

Harbor
Thorndyke

Bay
Totten Inlet

Twanoh park,

Hood canal
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Sl table 10. Total suspended solid, turbidity, and water depth reported by each study. Empty cells
represent the absence of parameter and study data.

. Total - Water Depth
Country Site Name Suspended Turbidity (m) (m) Reference
Solid (mg/L)
Australia All Sites 65
. Site 1 9.5 70
Bahrain Site 2 20.0
All Sites 17l
Brazil All Sites 172
Avriri Channel 19
Mexico Isleta Tomate 173
Netherlands Oostemchelde estuary 174
Station 7 175
South All Sites I76
All Sites 17
Cigu
Taiwan Dongshih 178
Shengang
Tangier Sound 17°
180
All Sites
61
All Sites
All sites
Gulf of Mexico 53
Hood Canal
Tangier Sound
Grays Harbor 181
All sites 182
USA Chesapeake Bay 25.0 20.0 183
All Sites 184
All Sites 23
Galveston Bay 185
Dauphin Island Bay 63
Tillamook Bay %
Yaquina Bay
Northwest Shellfish 186
Sanitation Lab
Galveston Bay 187
Oyster 163
Water
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Country

Site Name

Total
Suspended
Solid (mg/L)

Turbidity (m)

Water Depth
(m)

Reference

All sites

Broad Creek

Chester River

Eastern Bay

188

All Sites

189

All Sites

190

US FDA Gulf Coast

Seafood Laboratory (GCSL)

University of Southern
Mississippi Gulf Coast
Research Laboratory
(GCRL)

164

All Sites

191

Belfair park, Hood canal

Case Inlet, North Bay

Cushman Park

Dabob Bay

DNR Beach 48

Duckabush

Eld Inlet

Grays Harbor

Hama Hama, Hood canal

Hammersley Inlet

Hoodsport

Mike's beach, Hood canal

Misery point

Mystery Bay

Nahcotta

Oakland Bay

Potlatch, Hood canal

Quilcene Bay

Rocky Bay

Samish Bay

Sister's point, Hood canal

South Totten Inlet

Stackpole Harbor

Thorndyke Bay

Totten Inlet

Twanoh park, Hood canal
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Appendix B. Chapter 3

Sl Table 1. Summary data for environmental parameters measured by site.

Temperature (° C)

Salinity (ppt)

Chlorophyll A (ug/L)

. Minimum . ..

Site Mean (SD) / Mean (SD) I\I\/}llnlr_num / Mean (SD) Mlnlr_num/

. aximum Maximum

Maximum

NBS1 21.5(0.90) | 20.4/225| 33.8(0.33) | 33.3/34.0 1.87 (0.61) 1.08/2.37
NBS2 22.4(0.50) | 21.7/229 | 33.9(0.10) | 33.8/34.0 2.70 (0.15) 2.51/2.82
NBS3 23.1(0.22) | 22.8/23.3| 33.6(0.60) | 32.8/34.2 2.80 (0.64) 2.23/ 3.66
NBS4 22.8(0.13) | 22.6/22.9| 33.8(0.19) | 33.6/34.0 2.23 (0.83) 1.14/3.12
NBS5 23.0(0.36) | 225/23.3| 33.5(0.26) | 33.1/33.7 2.38 (0.67) 1.62/2.99
NBS6 23.0(0.50) | 22.4/23.6 | 33.3(0.56) | 32.5/33.7 2.28 (0.32) 2.06/2.76
NBS7 23.6 (0.27) |23.2/23.8 | 33.3(0.15) | 33.2/33.5 1.76 (0.46) 1.18/2.21
NBS8 23.2(0.29) |229/23.6| 33.6(0.17) | 33.4/33.8 1.76 (0.74) 0.72/2.44
NBS9 24.2 (1.07) |23.0/25.2 | 32.4(1.72) | 30.1/33.7 2.14 (0.84) 1.28/3.30
NBS11 23.8(0.74) |229/247 | 31.7(259) | 27.9/33.6 4.07 (1.32) 2.7715.27
NBS12 25.2(1.91) |225/26.8 | 14.2(7.76) | 7.00/23.1 | 16.15(10.61) | 3.76/25.18
NBS13 25.3(0.55) | 24.7/259 | 24.7(5.72) | 17.8/29.8 | 17.3(16.21) | 2.60/38.34

141




Sl table 2. Summary data of V. parahaemolyticus isolates by site
Site Presumptive V. parahaemolyticus isolates | Confirmed V. parahaemolyticus isolates (toxR) tdh trh
Oyster Water Total Oyster Water Total Oyster Water | Oyster | Water

1 6 20 26 3 1 4 0 0 0 0
2 0 23 23 0 4 4 0 0 0 0
3 5 14 19 3 2 4 0 0 0 1
4 3 16 19 3 0 3 0 0 0 1
5 3 16 19 1 2 3 0 0 0 1
6 10 17 27 1 3 4 0 0 1 2
7 3 15 18 3 2 5 0 0 0 0
8 2 17 19 0 4 4 0 0 0 0
9 3 19 22 2 17 19 0 0 0 0
11 11 14 25 10 10 20 0 0 0 2
12 11 20 31 11 14 25 0 0 0 2
13 22 21 43 21 19 40 0 0 0 1

Day 1 3 NA 3 0 NA 0 0 NA 0 NA

Day 2 5 NA 5 0 NA 0 0 NA 0 NA

Total 87 212 299 58 78 135 0 0 1 10

Limit of detection was 1 CFU per g or mL; NA was not sampled
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Sl Table 3. Summary data of V. vulnificus isolates by site

Site Presumptive V. vulnificus isolates | Confirmed V. vulnificus isolates (vwhA) pilF vcgE vcgC
Oyster Water Total Oyster Water Total Oyster | Water | Oyster | Water | Oyster | Water
1 4 13 17 1 0 1 0 0 0 0 0 0
2 25 24 49 6 3 9 1 1 0 0 0 1
3 1 21 22 0 10 10 0 1 0 2 0 6
4 23 3 26 0 3 3 0 3 0 0 0 3
5 5 19 24 0 2 2 0 2 0 1 0 1
6 3 23 26 0 7 7 0 6 0 6 0 0
7 2 23 25 0 4 4 0 2 0 0 0 1
8 16 26 42 2 3 5 0 0 0 0 0 0
9 9 19 28 1 5 6 0 2 0 2 0 0
11 19 27 46 2 16 18 0 8 0 7 0 1
12 10 37 47 1 18 19 0 14 0 12 0 2
13 28 24 52 2 11 13 1 8 0 5 0 0
Day 1 3 0 3 1 NA 1 0 NA 0 NA 1 NA
Day 2 8 0 8 1 NA 1 1 NA 0 NA 0 NA
Total 156 259 415 17 82 99 3 47 0 35 1 15

143




Week 1-

Week 2- o .
Region
Back
@® Front
Mid
Week 4- !
Week 6- @ @ ®
) 9 )
O oD &

Concentration (CFU/g)
Sl Figure 1. Concentrations of V. vulnificus in oyster by sampling week and region. Site number is displayed when concentrations of V.

vulnificus was greater than 100 CFU/g.
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Appendix C. Chapter 4

Table S2. Newport Bay air temperatures used to estimate average air temperature distribution.

Day | January | February | March | April | May | June July | August | September | October November December
1 54.3 54.8 56.6 574 | 604 62.5 66 68.7 68.7 66.4 61.9 57.8
2 54.7 55.7 56.2 57.6 60.9 62.8 66.2 68.6 68.2 66.2 62.3 57.2
3 54.5 55.6 56 57.6 61.1 63 66 68.5 68.5 65.7 62 57.5
4 54.6 56 56 58 61.2 63.2 66 68.3 68.3 65.9 61.4 57.3
5 54.9 55.8 56.3 58.6 61 63.2 66.1 68.2 68.4 65.9 61.2 57.2
6 55.1 55.9 56.6 58.4 | 61.2 63.3 66.1 68.5 68.4 65.8 61.5 56.8
7 55.5 55.9 56.6 58.5 60.9 63.3 66.5 68.6 68.3 65.6 61.4 56.9
8 55.1 56 56.7 58.7 61.1 63.3 66.4 68.4 68 65.2 61.1 56.8
9 55.4 55.9 56.7 58 61 63.4 | 66.8 68.7 68 65.4 61.1 56.8
10 55.1 55.9 56.3 58.3 61 63.7 67 68.9 67.6 64.8 60.6 56.8
11 55.3 56.1 56.5 58.7 61.1 63.9 67 68.8 67.7 64.5 60.1 56.6
12 55.6 56.3 57 58.7 61.3 64 67.1 68.5 67.4 64.4 60.1 56.7
13 55.5 56.3 56.9 59.1 61.5 64.1 67.5 68.8 67 64.6 60.3 56
14 55.6 55.9 56.7 58.9 61.8 64.1 67.4 68.5 67 65 60 55.9
15 55.3 56.1 56.9 58.8 61.8 64 67.6 68.5 67.1 64.8 59.6 55.9
16 55.9 56.2 57.3 59 62 64 67.5 68.4 67.3 64.5 59.6 55.9
17 55.7 56.2 57.5 58.9 61.9 64.2 67.7 68.6 67.5 64.4 59.5 56.1
18 55.5 55.9 57.1 58.9 61.9 64.4 | 67.7 68.5 67.1 64.2 58.9 55.8
19 55.2 55.8 57.4 59.3 61.8 64.5 67.9 68.6 66.7 64.1 59.1 55.7

20 55.1 55.8 57.8 59.3 61.8 65 67.9 68.2 66.9 64.3 59.2 55.7
21 54.7 56.1 57.4 59.3 61.8 65 67.9 68.1 66.6 63.9 58.9 55.6
22 54.8 56.1 57 59.3 61.8 64.9 67.7 68.3 66.7 63.6 58.9 55.3
23 55.1 56.4 57.1 59.9 62 65.1 68 68.4 66.8 64 58.7 55.3
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Day | January | February | March | April | May | June July | August | September | October November December
24 55.7 56.1 57.2 59.6 61.8 65 68 68.4 66.9 63.7 58.6 55.2
25 55.7 55.7 57.8 59.5 61.7 65.1 68.5 68.5 67 63.4 58.8 55.6
26 55.6 56.3 57.6 59.6 62.1 65.5 68.3 68.5 66.5 62.8 58.3 55
27 55.9 55.9 57.7 59.9 62.1 65.7 68.5 68.6 66.5 63.1 58.2 54.6
28 55.5 55.7 58.2 60.1 62.5 65.5 68.5 68.4 66.8 62.9 57.9 55.2
29 55.4 56.5 57.8 60 62.5 65.3 68.5 68.4 66.6 62.6 57.9 55.6
30 55.5 57.8 60 62.7 65.6 68.6 68.4 66.4 62.5 57.7 54.7
31 54.9 57.8 62.6 68.6 68.3 62.1 54.9
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1

Sl Table 2. Concentration and frequency of V. parahaemolyticus from Pacific oysters held at 4 and 10 °C for 7 days.

Temperature | Time | Presumptive | Confirmed Confirmed Presumptlye Conflrme'd
(°C) (Hn) colonies colonies frequency Concentration Concentration
(CFU/g) (CFU/g)
4 0 2 1 0.33 20 6.67
4 2 1 1 1.00 10 10.00
4 6 2 0 0.00 20 0.00
4 12 8 0 0.00 100 0.00
4 24 9 0 0.00 120 0.00
4 36 5 2 0.29 60 17.14
4 48 2 2 0.50 20 10.00
4 72 20 1 0.05 320 15.24
4 96 6 5 0.45 100 45.45
4 120 10 2 0.17 110 18.33
4 144 13 0 0.00 180 0.00
4 168 20 0 0.00 90 0.00
20 0 4 2 0.50 40 20.00
20 2 10 1 0.10 80 8.00
20 6 1 0 0.00 10 0.00
20 12 6 0 0.00 400 0.00
20 24 13 0 0.00 1000 0.00
20 36 2 2 1.00 20 20.00
20 48 12 8 0.67 200 133.33
20 72 0 0 0.00 0.1 0.00
20 96 13 5 0.38 750 288.46
20 120 2 1 0.50 50 25.00
20 144 20 0 0.00 600 0.00
20 168 20 1 0.05 800 40.00
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Sl Table 3. Weight of Pacific oysters harvested from Newport Bay.

Unique ID | Oyster mass (Q)
1 9.97
2 24.54
3 21.5
4 18.35
5 25.18
6 11.5
7 17.14
8 22.78
9 15.36

10 16.4
11 22.86
12 26.9
13 29.26
14 15.45
15 8.28
16 7.88
17 7.76
18 18.44
19 13.82
20 25.26
21 26.5
22 5.9

23 23.3
24 17.06
25 37.46
26 24.33
27 25.03
28 6.85
29 10.53
30 4.29
31 21.06
32 25.54
33 13.52
34 8.56
35 12.53
36 12.54
37 18.49
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Unique ID | Oyster mass (g)
38 9.46
39 8.49
40 24.83
41 5.93
42 38.81
43 10.83
44 21.52
45 13.19
46 11.19
a7 9.7
48 13.73
49 6.5
50 18.65
51 16.33
52 13.42
53 15.75
54 15.16
55 16.24
56 16.77
57 11.37
58 18.81
59 16.71
60 14.33
61 25.29
62 28.86
63 14.51
64 23.85
65 20.29
66 23.588
67 5.78
68 24
69 19.79
70 13.17
71 13.31
72 19.7
73 11.01
74 6.23
75 22.84
76 21.56
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Unique ID | Oyster mass (g)
77 8.13
78 19.44
79 31.17
80 7.07
81 8.69
82 11.63
83 27.37
84 13.81
85 8.33
86 17.73
87 35.46
88 17.64
89 16.86
90 33.77
91 29.17
92 3.88
93 24.78
94 11.28
95 24.42
96 22.45
97 28.02
98 6.57
99 11.36
100 31.81
101 16.52
102 45.31
103 23.77
104 9.22
105 21.86
106 18.75
107 16.73
108 32.25
109 17.48
110 19.53
111 16.48
112 24.24
113 24.24
114 15.4
115 32.24
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Unique ID | Oyster mass (g)
116 39.27
117 8.88
118 8.37
119 19.43
120 39.27
121 37.66
122 23.96
123 29
124 39.55
125 21.74
126 18.02
127 11.21
128 17.83
129 39.51
130 23.07
131 31.5
132 19.6
133 15.3
134 25.3
135 13.15
136 20.56
137 38.22
138 29.48
139 31.99
140 29.37
141 17.52
142 26.72
143 9.69
144 8.48
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Sl Table 4. Scenarios used to calculate concentration of V. parahaemolyticus in oysters

Scenario 1: Alaska

Scenario 2: Alaska

Scenario 3: US

FDA
V. parahaemolyticus 2.1 MPN/g | 3.5 MPN/g 2100.0 Iy
concentration, oyster
Pathogenic V. 74 % 74 %
parahaemolyticus 1.554 MPN/g 3 MPN/g 3.6 /g
Approximate oyster
weight 15 g 15 g 15 g

Sl Table 5. Oyster consumption frequency in the USA and Alaska

Minimum | Median/mode | Maximum
US FDA 6 24
Alaska
cruises 1 6
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