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Climate change, associated with shifts in the geographical range of biological species, has
become increasingly important in emergence and re-emergence of disease. Vibrio spp., native to
aquatic ecosystems, are commonly associated with aquatic invertebrates, notably crustaceans and
zooplankton. Some species of the genus Vibrio cause infection in humans, of which Vibrio
cholerae, the etiological agent of pandemic cholera, is the most documented. Pathogenic non-
cholera Vibrio spp., namely Vibrio parahaemolyticus and Vibrio vulnificus, cause gastroenteritis
and also septicemia and extra-intestinal infections. They are responsible for a large number of
public health emergencies in developed countries, including the United States. As sea temperatures
rise and salinity profiles are altered, a pattern of poleward spreading of non-cholera Vibrio spp.
has been observed globally, demonstrating significant geographic expansion of these bacterial
populations, corroborated by an associated increase in the number of reported vibriosis cases.

Since Vibrio spp., including pathogenic vibrios, play an important role in the degradation of



polymeric substances, such as chitin, and in biogeochemical processes, they cannot be eradicated.
Hence, routine monitoring and an early warning system are needed for public health preparedness.
Since the 1960’s, ongoing research has focused on environmental factors linked with occurrence
and distribution of clinically relevant Vibrio spp. and their role in disease transmission. We have
reported that lack of, or damage to, water, sanitation, and hygiene (WASH) infrastructure, coupled
with elevated air temperatures, and followed by above average rainfall promotes exposure of a
population to contaminated water, hence increases the risk of an outbreak of cholera. Global
predictive intelligence models applicable to diseases caused by non-cholera Vibrio spp. are in
development. The research reported here describes results of intensive sampling to detect and
characterize Vibrio spp. in the Chesapeake Bay, Maryland, and the Florida Gulf Coast, the latter
an area significantly impacted by Hurricane Ian, September 2022, with a spike in confirmed
vibriosis cases and deaths during weeks following the storm. Results of this study provide
confirmation of environmental predictors for Vibrio spp. and document long-term increase and
extended seasonality of Vibrio populations in the Chesapeake Bay. Using satellite remote sensing
data, we demonstrate the impact of extreme heat, precipitation, and other key environmental and
geophysical factors (e.g., temperature, salinity, and chlorophyll) on prevalence of pathogenic
Vibrio spp. in aquatic systems. This study lays the groundwork for a predictive intelligence system

for Vibrio spp. and other pathogens under varying climatic scenarios.
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Abstract

Vibrio spp. thrive in warm water and moderate salinity, and they are associated
with aquatic invertebrates, notably crustaceans and zooplankton. At least twelve
Vibrio spp. are known to cause infection in humans, and Vibrio cholerae is well
documented as the etiological agent of pandemic cholera. Pathogenic non-cholera
Vibrio spp., e.g., Vibrio parahaemolyticus and Vibrio vulnificus, cause gastroenteritis,
septicemia, and other extra-intestinal infections. Incidence of vibriosis is rising
globally, with evidence that anthropogenic factors, primarily emissions of carbon
dioxide associated with atmospheric warming and more frequent and intense
heatwaves, significantly influence environmental parameters, e.g., temperature,
salinity, and nutrients, all of which can enhance growth of Vibrio spp. in aquatic
ecosystems. It is not possible to eliminate Vibrio spp., as they are autochthonous to the
aquatic environment and many play a critical role in carbon and nitrogen cycling. Risk
prediction models provide an early warning that is essential for safeguarding public
health. This is especially important for regions of the world vulnerable to infrastructure
instability, including lack of ‘water, sanitation, and hygiene’ (WASH), and a less
resilient infrastructure that is vulnerable to natural calamity, e.g., hurricanes, floods,
and earthquakes, and/or social disruption and civil unrest, arising from war, coups,
political crisis, and economic recession. Incorporating environmental, social, and
behavioral parameters into such models allows improved prediction, particularly of
cholera epidemics. We have reported that damage to WASH infrastructure, coupled
with elevated air temperatures and followed by above average rainfall, promotes
exposure of a population to contaminated water and increases the risk of an outbreak
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of cholera. Interestingly, global predictive risk models successful for cholera have the
potential, with modification, to predict diseases caused by other clinically relevant
Vibrio spp. In the research reported here, the focus was on environmental parameters
associated with incidence and distribution of clinically relevant Vibrio spp. and their
role in disease transmission. In addition, molecular methods designed for detection and
enumeration proved useful for predictive modeling and are described, namely in the
context of prediction of environmental conditions favorable to Vibrio spp., hence

human health risk.

Introduction

Vibrio spp., ecologically significant aquatic bacteria comprising Gram-
negative, motile rods with a facultative anaerobic metabolism, are identified
taxonomically as members of the family Vibrionaceae in the Proteobacteria. Vibrio
spp. are autochthonous to riverine, estuarine, and coastal environments, and also can
be found in freshwater ecosystems globally, including Vibrio cholerae and Vibrio
mimicus, depending on the ionic content of the water (Singleton et al., 1983). Vibrio
spp. have evolved to occupy diverse niches in ecosystems and to develop complex
lifestyles (Reen et al., 2006), an example being V. cholerae which attaches to the
chitinous exoskeleton and the gut of crustaceans, from crabs to planktonic copepods—
the latter serving as a vector for this human pathogen (Hugq et al., 1983; Colwell, 1996;
Rawlings et al., 2007). Vibrio fischeri colonizes the light emitting organ of the
Hawaiian bobtail squid, Euprymna scolopes, establishing a bioluminescent symbiosis

(Visick and McFall-Ngai, 2000), and barotolerant Vibrio spp. have been isolated from
3



sediment and fish collected from deep sea hydrothermal vents (Hasan et al., 2015). The
ubiquity of Vibrio spp. in the aquatic environment has been confirmed by both culture
dependent and culture independent methods (Eilers et al., 2000; Heidelberg et al.,
2002). These bacteria have a high biomass (10° to 10* cells per ml of seawater), yet
generally comprise a few percent of the total bacteria (Yooseph et al., 2010; Takemura
et al., 2014). A recent molecular genetic analysis (culture independent) yielded data on
archived plankton collected in the North Sea (Vezzulli et al., 2012). The results
demonstrated a transition during the 1980s, namely Vibrio spp. become increasingly
numerous members of the bacterial community—a transition that was found to
correspond with sea surface warming (ca. 0.5°C) and increased incidence of marine-
borne Vibrio diseases, particularly at higher latitudes (Vezzulli et al., 2020). That is, as
water temperature increased, the increase was found to be correlated with human
exposure to specific pathogenic Vibrio spp., i.e., risk of infection, most notably for
vulnerable groups, e.g., elderly, low-income households, or immunocompromised
individuals.

Vibrio spp. occur in aquatic ecosystems as free-living single cells or in
aggregates, e.g., within biofilms in high numbers, attached to various abiotic substrates,
including sediment particles, marine snow, fecal material of marine animals, and silt
particles in the water column (Barbieri et al., 1999; Heidelberg et al., 2002; Reidl and
Klose, 2002; DeLoney-Marino et al., 2003). Biofilms, an assemblage of microbial cells
that often consists of multiple microbial species/strains enclosed in a polysaccharide-
like matrix, allow Vibrio spp. to persist under unfavorable conditions (McDougald and

Kjelleberg, 2006; Lutz et al., 2013; Sultana et al., 2018). This phenomenon comprises



a component of the annual life cycle of V. cholerae in the natural environment (Sultana
et al., 2018).

Vibrio spp. undergo horizontal gene transfer (HGT), by which genetic material
is transferred among strains and even species. For example, toxigenic strains of V.
cholerae acquired the ability to produce cholera toxin (CT, a primary virulence factor)
by HGT via lysogenic bacteriophage (CTX¢) (Faruque and Mekalanos, 2012).
Interestingly, the presence of CTX¢ has been detected in other Vibrio spp., e.g., V.
mimicus (Shah M. Faruque et al., 1999; Boyd et al., 2000). Emergence of multidrug-
resistant pathogens via HGT that has resulted in decreasing efficacy of antibiotics and
is now a serious global problem. HGT can be considered a primary cause of the global
rise in antibiotic resistance observed in many human pathogens (Redondo-Salvo et al.,
2020; Che et al., 2021). Vibrio spp. have been shown to evolve continuously by gaining
fitness traits through HGT, including genes encoding multidrug-resistance (Mohan Raj
et al., 2019; Verma et al., 2019). HGT contributes to the ability of Vibrio spp. to adapt
to specific niches, likely promoting speciation (Hunt et al., 2008). HGT and
recombination events may influence the emergence of pandemic clones, such as Vibrio
parahaemolyticus O3:K6 which appears to have acquired pathogenic characteristics
from various bacterial species (Boyd et al., 2008). Broad distribution of virulence genes
among environmental Vibrio spp. is well documented (Nishibuchi, 1996; Sechi et al.,
2000; Klein et al., 2014; Hasan et al., 2015). Studies suggest several virulence factors
can influence the pathogenicity of Vibrio spp. for humans, but the factors primarily are

of environmental relevance (Vezzulli et al., 2008), allowing basic metabolic processes,



establishing symbiosis (McFall-Ngai, 2014), and/or modulating prey/predator
relationships (Martinez, 2013) in a natural ecosystem.

Vibrio spp. are associated with a variety of marine organisms, e.g., corals
(Kemp et al., 2018), fish (Halpern and Izhaki, 2017), mollusks (Silva et al., 2018),
seagrass, sponges, shrimp (Vandenberghe et al., 1999; Polz et al., 2004), and
zooplankton (Tamplin et al., 1990; Yang et al., 2017). Vibrio spp. interactions with
microbial and multicellular hosts, in general, are commensal or mutualistic. However,
at least twelve species of the genus Vibrio are pathogenic for humans (Baker-Austin et
al., 2018), with V. cholerae, V. parahaemolyticus, and Vibrio vulnificus the most
significant and well-studied of Vibrio spp. pathogenic for humans.

Vibrio infection (vibriosis) in humans historically has been recognized as either
cholera or non-cholera infection. Cholera, an acute diarrheal disease caused primarily
by consumption of water or food containing toxigenic V. cholerae (serogroups O1 and
0139), has essentially been eliminated in developed countries by treatment and
distribution of safe potable water. Non-cholera Vibrio infections typically result from
consumption of contaminated shellfish, commonly oysters, or from direct contact with
contaminated water through recreation and occupational activities. Non-cholera Vibrio
infections are characteristically gastroenteritis, wound or ear infection, and/or
septicemia.

Vibrio infections have a hallmark seasonal distribution with most cases
occurring during the warmer months when water temperatures and salinity profiles are
optimal for growth. When environmental conditions are unfavorable, some Vibrio spp.

demonstrably enter a protective state, namely viable but nonculturable (VBNC),



whereby the bacterial cells become metabolically dormant. That is, VBNC cells cannot
be cultured under standard laboratory conditions (Colwell, 2000). When environmental
conditions become favorable, usually triggered by elevated temperature and changes in
salinity, VBNC cells regain cultivability and virulence potential (Oliver, 2010). VBNC
V. parahaemolyticus and V. vulnificus have been shown to have increased resistance to
thermal, low salinity, and acidic inactivation, suggesting that this state comprises a
component of a survival strategy in adverse environments (Wong and Wang, 2004;
Nowakowska and Oliver, 2013). A key finding of Colwell and colleagues (1996) was
that resuscitation of VBNC V. cholerae to a culturable state occurred following
ingestion of VBNC V. cholerae by human volunteers, demonstrating non-culturable V.
cholerae regain the capacity to multiply when exposed to the environment of the human
intestine and retain virulence potential.

Little is known of the effect of climate change on marine prokaryotes, the
largest living aquatic biomass, important because these prokaryotes have many
essential roles in nutrient cycling and maintaining life on Earth. As the climate of the
planet continues to change, sea surface temperature and precipitation patterns are
altered, with mounting evidence of a rise in the incidence and distribution of Vibrio
spp. in the aquatic environment and increased incidence of vibriosis in the human
population (Jutla et al., 2011; Vezzulli et al., 2016; Froelich and Daines, 2020). In
summary, Vibrio spp. are ubiquitous in the aquatic environment and important in
carbon and nitrogen cycling (Li et al., 2017; Zhang et al., 2018). Hence, they cannot be
eradicated. With the seventh pandemic of cholera in progress and increasing incidence

of non-cholera Vibrio spp. infections, it is important to understand the ecology of Vibrio



spp. in context of a changing climate (Kaper et al., 1995; Colwell, 1996; Lobitz et al.,
2000; Mutreja et al., 2011).

Models, such as the National Centers for Coastal Ocean Science (NCCOS)
Probability Model for V. vulnificus Occurrence in Chesapeake Bay Water (Jacobs et
al., 2014), the Vibrio Map Viewer (Semenza et al., 2017) developed by the European
Centre for Disease Prevention and Control (ECDC), and the hydroclimatic risk models
for cholera prediction (Khan et al., 2017, 2018), have been developed to predict
increased incidence of Vibrio spp. in the environment. The design of future predictive
models for Vibrio spp. requires inclusion of sociological and behavioral factors,
especially those related to contact with the aquatic environment, e.g., bathing,
swimming, fishing, and other water-related recreational and occupational activities,
since these influence contact with pathogenic Vibrio spp. Providing advanced notice of
heightened risk, by cell phone or social media notifications (Akanda et al., 2018),
allows change in behavior patterns, notably those associated with water use, hygiene,
food preparation, consumption of raw or undercooked seafood, and other behaviors
associated with increased likelihood of contact with pathogenic Vibrio spp. It is
important to note that low income countries are affected more by Vibrio infection than
middle or high income countries, primarily because of lack of sanitation facilities and
access to clean drinking water (Igbinosa and Okoh, 2008). Behavior and hygiene
education, e.g., hand sanitation, adequate cooking procedures, and methods for
preventing cross contamination between food/water sources, is considered an effective
intervention strategy for preventing transmission of vibriosis. Targeting disadvantaged

populations, e.g., those with low income, transient workers, and individuals with



medical risk factors, is important (Einarsdottir et al., 2001; Liao et al., 2015). Studies
by Huq, Colwell, and colleagues (Hugq et al., 1996; Colwell et al., 2003) demonstrated
that modification of water collection, by employing simple sari-cloth filtration,
effectively removed zooplankton and particulate matter from drinking water and
significantly reduced the number of cholera cases in Bangladeshi villages. Clearly,
human ecology and behavior, with respect to incidence of Vibrio infections, are
complex and important for risk assessment, yet effective at the individual level as well.

Warning systems for cholera are important because they provide decision-
makers with time to deploy health personnel and resources in vulnerable areas. This
was demonstrated in Haiti (Khan et al., 2017), Zimbabwe (Jutla et al., 2015b), Nepal
(Khan et al., 2018), and Yemen (Camacho et al., 2018; Federspiel and Ali, 2018) where
both individual and large scale intervention early in outbreaks, i.e., early warning
systems, contributed to a reduction in the case fatality rate (Akanda et al., 2012). The
objective of this study was to investigate environmental factors related to clinically
relevant Vibrio spp., their interaction with the environment, and disease transmission.
Also discussed are recent advances in molecular methods and satellite sensor informed
hydroclimatic processes allowing significantly improved epidemiological surveillance
and prediction of conditions favorable for proliferation of Vibrio spp. and the diseases

they cause.

Vibrio ecology and epidemiology

Approximately twelve Vibrio spp. are known to cause infections in humans, of

which V. cholerae, V. parahaemolyticus, and V. vulnificus are considered most
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significant (Newton et al., 2012; CDC, 2016, 2019a). The World Health Organization
(WHO) estimates up to 4 million cases of cholera and more than 100,000 deaths each
year globally (Ali et al., 2015). Furthermore, non-cholera Vibrio spp. are among the
most common causes of foodborne infection in humans, primarily from consumption
of raw or undercooked seafood. The number of Vibrio bacteria in fresh caught seafood
is usually low, but improper storage during transportation to markets, restaurants, and
domestic kitchens can cause numbers to rise above the infectious load. Climate change
is increasingly associated with the rise in Vibrio infections as well (Vezzulli et al.,
2016). The Centers for Disease Control and Prevention (CDC) has developed improved
Vibrio surveillance programs for the U.S., e.g., Cholera and Other Vibrio Illness
Surveillance (CDC, 2019a) and Foodborne Diseases Active Surveillance Network
(FoodNet) (Tack et al., 2020). However, global Vibrio infection surveillance is limited,
especially for developing countries. Because of under-reporting or failure to report
infections, differences in reporting procedures, and lack of an international
epidemiology system, the actual number of global Vibrio infections is uncertain
(Baker-Austin et al., 2018). CDC estimates there are ca. 130 undiagnosed cases for
each reported incidence of vibriosis globally (Newton et al., 2012).

In the U.S., Vibrio spp. are estimated to cause 80,000 illnesses, 500
hospitalizations, and 100 deaths annually, of which about 65% are foodborne (Newton
et al., 2012), and foodborne-associated vibriosis essentially tripled in a short period of
time, between 1996 and 2010 (Newton et al., 2012). According to FoodNet, with sites
in 10 states and covering 15% of the U.S. population, there appears to have been a long-

term increase in the reported number of Vibrio infections between 1996 and 2019
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(Figure 1 A), with most Vibrio infections occurring in July and August (Figure 1 B).
V. parahaemolyticus accounts for nearly half of the Vibrio infections, but Vibrio
alginolyticus (ca. 9.8%), V. vulnificus (ca. 9.1%), V. cholerae (ca. 6.6%) are also
important (Figure 1 C). Interestingly, most Vibrio infections (ca. 55%) occur in males,
and roughly 75% in the elderly population over the age of 65 years (Figure 1 D). V.
parahaemolyticus is responsible for an estimated 34,000 cases, with ca. $40 million in
associated costs each year. Even though V. vulnificus infection is relatively rare
(estimated 100-200 cases in the U.S. annually), the bacterium is associated with an
increased mortality rate, greater than 50% for primary septicemia and ca. 15% for
wound infections. It also carries an associated yearly economic burden of ca. $320
million (Bross et al., 2007; Ralston et al., 2011; Scallan et al., 2011; Hoffman et al.,
2015; Muhling et al., 2017). Higher incidence of vibriosis in the U.S. occurs more
frequently during warmer years, with the expectation that, as global warming
continues, there will be a parallel increase in frequency and intensity of Vibrio
infections.

A key issue related to risk of Vibrio infection is that the location of some of the
largest population centers and geographic regions of economic activity in the U.S. is
along the coast. Currently, ca. 40% of the total U.S. population lives in coastal counties,
a number expected to rise in coming years (NOAA, 2021a). Furthermore, the nearly
half of Americans who live in coastal counties also account for an elevated risk
category, e.g., elderly and low-income households (NOAA, 2021a). According to the
United Nations, an older population is projected for most regions of the world

population in the next several decades. Globally, the share of the population aged 65
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years or over increased from ca. 6% to ca. 9% between 1990 and 2019. That proportion
is projected to rise further to ca. 16% by 2050 globally so that one in six individuals
will be over the age of 65 (United Nations, 2020).

Seafood remains the single source of high-quality protein for many populations,
and there has been more than a fivefold rise in global aquaculture production since
1990 (FAO, 2020). Hence, protein derived from seafood (especially aquaculture) is
becoming increasingly important for both human health and the global economy.
Concurrently, an increased number of environmental Vibrio spp. have been identified
as causative agents of vibriosis in the aquaculture industry and are responsible for large-
scale economic losses (Kim and Lee, 2017). A dramatic example is early mortality
syndrome in shrimp, caused by V. parahaemolyticus, a disease responsible for annual
losses estimated to be more than one billion USD (Zorriehzahra and Banaederakhshan,
2015).

Changes in climate, natural host, and/or habitat are linked to changes in size
and composition of marine prokaryotic populations, including pathogenic Vibrio spp.
(Figure 2). Many Vibrio spp. are known to be associated with crustaceans, shellfish,
arthropods, chironomids, vertebrate fishes, waterfowl, protozoans, phytoplankton, and
aquatic plants (Broza et al., 2008; Almagro-Moreno and Taylor, 2013). Vibrio spp. are
exposed in antagonistic relationships with other procaryotes in the environment, such
as phages that are capable of reducing Vibrio populations (Silva-Valenzuela and
Camilli, 2019). It has been suggested that Vibrio phages can modulate outbreaks,
influencing seasonality of cholera, and may play a role in emergence of new serogroups

or clones (Faruque et al., 2005), but this hypothesis has been challenged (Alam et al.,
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2006a). In addition to phages, Vibrio spp. interact with other organisms that can serve
as a replication niche (Espinoza-Vergara et al., 2020), such as the heterotrophic protists
that feed on Vibrio spp. (Berk et al., 1976). Protozoa engulf bacteria and package them
into phagosomes, thereby exposing them to low pH, antimicrobial peptides, and metal
ions which may promote virulence or resistance factors (Espinoza-Vergara et al.,
2020). Environmental parameters influencing seasonal epidemics of vibriosis and
specific factors shown in laboratory experiments to promote HGT, contribute to the
emergence of pathogenic strains, as reported by Oberbeckmann and colleagues (2012)
and Le Roux and Blokesh (2018). Clearly, the importance of the environment in the
transmission and disease causation by Vibrio spp. is increasingly being documented.
Because of the affinity of Vibrio spp., in general, for warm water of low salinity, a
capability to grow in and on appropriate hosts, and broad pathogenicity profile, they
have been proposed as a useful environmental barometer for climate change (Vezzulli
et al., 2016, 2020; Baker-Austin et al., 2017), a rational conclusion based on currently

available evidence.

Vibrio cholerae

Detection and identification of Vibrio cholerae, the etiological agent of cholera,
in environmental samples, especially water and food, were for many years successful
only after the disease was diagnosed in patients during an outbreak (Pollitzer, 1954;
Pollitzer et al., 1959; Barua, 1992; Azarian et al., 2016). Direct detection in water was
made possible with the developments of epifluorescent microscopy (Xu et al., 1984;

Hugq et al., 1990; Hasan et al., 1994; Lowenhaupt et al., 1998) and molecular probes
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(Hoshino et al., 1998; Bauer and Rervik, 2007; Fykse et al., 2007; Nandi et al., 2012).
Between outbreaks and during unfavorable environmental conditions, V. cholerae cells
can enter the VNBC state and/or switch between motile and biofilm lifestyles,
enhancing survival and allowing persistence in the environment, notably forming
environmental reservoirs in and on copepods, bivalves, aquatic plants, protozoa, and
abiotic substrates (Conner et al., 2016). It is now recognized that V. cholerae is
naturally occurring in coastal and estuarine microbial ecosystems globally, including
northern countries like Iceland (Haley et al., 2013). Copepods, a zooplankton
comprising a significant component of the aquatic fauna of rivers, bays, estuaries, and
the open ocean, are a major host, sufficiently significant to be concluded a vector. That
is, V. cholerae attaches to the gut and carapace of copepods, comprising a significant
component of the commensal flora and thereby serving as a vector of the causative
agent of cholera. A single copepod can harbor up to 10* V. cholerae cells (Colwell and
Spira, 1992), hence ingestion of untreated water containing a small number of copepods
can promote disease (Cash et al., 1974; Huq et al., 1996; Colwell et al., 2003).
Conditions favorable for multiplication of copepods and other chitinous zooplankton
are associated with increase in number of V. cholerae cells, thereby promoting greater
potential for disease (Huq et al., 1983; Colwell, 1996; Vezzulli et al., 2010; Islam et
al., 2020).

Based on its surface lipopolysaccharide O-antigen structure, V. cholerae is
identified according to serogroup (Chowdhury et al., 2017). Historically, only
serogroup O1 was associated with epidemic or pandemic cholera, until strains of

serogroup O139 were isolated from cholera patients in major outbreaks and
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environmental samples. However, to date, V. cholerae O139 has been isolated only in
South East Asia (Albert, 1994; Waldor et al., 1994; Alam et al., 2006a), whereas
serogroup O1 occurs worldwide, including U.S. waters, e.g., Maryland and Louisiana
estuaries (Colwell et al., 1981). V. cholerae O1 is responsible for the current seventh
pandemic and for all previously reported cholera pandemics since 1817. V. cholerae
non-O1/non-0139 (NOVC, i.e., non-agglutinating V. cholerae) is the causative agent
of sporadic, yet significant infections that may range in severity from mild, e.g., acute
gastroenteritis and otitis, to life-threatening, e.g., necrotizing fasciitis (Deshayes et al.,
2015). However, compared to V. cholerae O1/0139 isolates, NOVC strains are a
neglected group of human pathogens (Baker-Austin et al., 2018). It is worth noting that
conversion of NOVC to O1 has been reported (Colwell et al., 1995), and NOVC is
believed to contribute to emergence of new pathogenic strains with epidemic potential
as a direct consequence of genetic recombination and HGT (Vezzulli et al., 2020).
Hence, presence of NOVC should not be ignored in this era of global climate change.
The toxin-coregulated pilus (TCP, encoded by tcpA) and CT (encoded by ctx)
are two main virulence factors of V. cholerae and allow the bacterium to colonize and
establish infection. Isolates of V. cholerae serogroup O1 are categorized into two
biotypes, classical and El Tor, each of which displays unique genotypic and phenotypic
characteristics (Brumfield et al., 2018a). Purified V. cholerae isolates are available for
modern scientific study only from the sixth (1899-1923) and seventh (1961-present)
cholera pandemics but not from any of the earlier pandemics (Hu et al., 2016). The
classical biotype is responsible for the sixth cholera pandemic. Selective sweeps,

suggested to result from environmental pressures and natural selection, promoted
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emergence of new V. cholerae variants (Stine and Morris Jr, 2014). For example, V.
cholerae acquired mobile elements, namely Vibrio seventh pandemic islands I and II,
and the El Tor pandemic, the seventh, began thereafter (Stine and Morris Jr, 2014).
Seventh pandemic isolates were first described in Indonesia and have displaced
classical biotype strains in the environment (Barua, 1992). Subsequently, emergence
of 0139 encoding genes prompted the rapid spread of cholera outbreaks throughout the
Indian subcontinent (Faruque et al., 2003). The integrative conjugative element SXT,
a mobile genetic element that is strongly correlated with antibiotic resistance, is
reported to have led to a third major selective sweep. A fourth selective sweep
prompted exchange of El Tor c#x allele for classical ctx in V. cholerae El Tor biotype
strains (Mutreja et al., 2011) that produce higher levels of CT than previously reported
(Koley et al., 2010; Carignan et al., 2016). Furthermore, NOVC strains inhabit
estuarine and coastal waters globally and carry multiple virulence factors characteristic
of V. cholerae, e.g., CT (Hasan et al., 2013), RTX toxins, hemolysins, and type III
secretion system (Ceccarelli et al., 2015), as well as toxins exclusive to these strains,
e.g., cholix toxin (Schwartz et al., 2019). Hence, it is necessary to enumerate the total

number of V. cholerae, regardless of serotype, in the context of public health.

Cholera

The disease, cholera, occurs predominantly in two forms: epidemic,
characterized by sporadic or rampant occurrence of cases in an outbreak or endemic,

associated with cases occurring annually at a continuous level, often with distinct
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seasonal peaks in the number of cases. WHO defines a cholera endemic area as a
particular geographic region where confirmed cholera cases have been detected
consecutively during the past three years with evidence of local transmission—
indicating the etiological agent of the disease had not been imported from a different
geographic region (WHO, 2019). Cholera reemerges persistently in epidemic form,
particularly along the coast in tropical areas (Colwell, 1996; Lipp et al., 2002; Camacho
et al.,, 2018). Epidemiological surveillance has shown cholera outbreaks emerge,
usually, in coastal regions before reaching inland (Nair et al., 1994; Kierek and
Watnick, 2003; Alam et al., 2006a). However, cholera epidemics or outbreaks can
occur in both endemic areas and in geographic locations where cholera does not occur
regularly (CDC, 2012; WHO, 2019), i.e., epidemic areas (Jutla et al., 2013a, 2013b,
2015b; Khan et al., 2017, 2018), with the majority of the burden in Sub-Saharan Africa
(Ali et al., 2015). However, there continue to be sporadic and erratic occurrences of
apparently indigenous cholera occurring mostly around the coastal regions, namely the

Gulf Coast of the U.S. and most recently in Hawaii (Maniam et al., 2020).

Vibrio parahaemolyticus

V. parahaemolyticus is a halophilic bacterium and like all Vibrio spp. is
autochthonous to the aquatic environment (Joseph et al., 1982). V. parahaemolyticus,
first named Pasteurella parahaemolytica until its taxonomy was updated to genus
Vibrio (Fujino, 1953), was isolated by Professor Fujino during a 1950 shirasu food
poisoning outbreak in Japan (Fujino, 1951). V. parahaemolyticus was first isolated in

U.S. waters from diseased crabs by Krantz and colleagues (1969), who suggested that
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the bacterium is part of the natural marine flora, with the ability to invade marine
animals and a potential human problem. Subsequently, the bacterium was isolated from
plankton (Kaneko and Colwell, 1973) and a variety of seafood including codfish,
sardine, mackerel, flounder, clam, octopus, shrimp, crab, lobster, crawfish, scallop, and
oyster (Liston, 1990). While most isolates from the environment or seafood are
nonpathogenic (Nishibuchi and Kaper, 1995), V. parahaemolyticus is recognized as an
opportunistic pathogen and one of the leading causes of seafood-derived food
poisoning throughout the world (CDC, 2016, 2019a). Acute gastroenteritis is the
primary symptom of an infection with virulent strains of the bacterium. However,
contact with water containing V. parahaemolyticus can lead to wound infection and
septicemia, with a life-threatening potential for individuals with preexisting medical
conditions (Su and Liu, 2007). Early studies estimated V. parahaemolyticus was
responsible for up to 30% of all food-poisoning cases in Japan (Jahangir Alam et al.,
2002), and similar claims have been made in other parts of Asia (Koralage et al., 2012;
Yu et al., 2013). Furthermore, V. parahaemolyticus has been identified as the leading
cause of seafood-associated gastroenteritis in the U.S. (Mead et al., 1999) and China
(Li et al., 2014) since the 1990s. CDC estimates over 45,000 illnesses each year in the
U.S. alone result from consumption of raw or undercooked seafood, particularly
shellfish (CDC, 2019b). The global distribution of V. parahaemolyticus underscores
the importance of understanding its many virulence characteristics and their effect on
the human host, as well as environmental factors, e.g., temperature and salinity, that

influence abundance and distribution.
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There is a strong correlation was observed between the ability to produce beta-
hemolysis on Wagatsuma agar, known as the Kanagawa phenomenon (KP), and
virulence of the bacterium. Most strains isolated from patients carry genes that encode
an amyloid toxin that disrupts lipid microdomains and promotes cytotoxicity in the cell
(Matsuda et al., 2010), i.e., thermostable direct hemolysin (TDH) or TDH-related genes
(TRH) (Honda et al., 1987, 1988). TDH and TRH are rarely observed in environmental
isolates, compared to clinical isolates (Joseph et al., 1982; Bej et al., 1999). However,
clinical strains have been isolated that are negative for thermostable hemolysin genes
suggesting other important virulence traits are carried by V. parahaemolyticus
(Nishibuchi et al., 1992). Thus, while the virulence potential of the two genes has been
accepted, not all clinical strains possess these genes. In fact, previous reports claim
roughly 10% of clinical V. parahaemolyticus isolates are TDH/TRH negative
(Miyamoto et al., 1969; Shirai et al., 1990; Okuda et al., 1997), suggesting full
pathogenic mechanism of the bacterium is unclear. An additional hemolysin, the
thermolabile hemolysin (TLH), which encodes phospholipase A2 (Zhang and Austin,
2005), has been characterized as not causing hemolysis on Wagatsuma agar, but has
been observed in nearly all strains of V. parahaemolyticus (Bej et al., 1999).
Accordingly, TLH has become the ‘Gold Standard’ for V. parahaemolyticus detection
and identification (Bej et al., 1999; Johnson et al., 2012; Gutierrez West et al., 2013;
De Silva et al., 2019).

The TLH/TDH/TRH gene profile typically determines the pathogenic load in
seafood and is used to characterize pathogenic strains. However, surveillance of the

bacterium by presence of hemolysin can be biased since these markers are present in
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other Vibrionaceae species (Yanez et al., 2015). Furthermore, studies indicate that
strains lacking the toxins and genomic regions associated with pandemic isolates may
still be pathogenic, evidence that other virulence factors are clinically relevant. The
type III secretion system (T3SS) has been proposed as an indicator of virulence and
two nonredundant T3SSs have been described in many V. parahaemolyticus strains
(Park et al., 2004; Broberg et al., 2011). T3SS1 is involved in cytotoxicity and lethality
in mice (Park et al., 2004; Hiyoshi et al., 2010; Broberg et al., 2011), while T3SS2 is
suspected to play a role in environmental fitness (Park et al., 2004; Matz et al., 2011).
However, Jones and colleagues (2012) described V. parahaemolyticus strains, collected
from patients suffering gastroenteritis, that were negative for TDR, TRH, and T3SS
genes, indicating these genes alone are not necessarily predictive of pathogenic
potential.

Based on somatic (O) and capsular (K) surface antigens, there are currently over
80 described serotypes of V. parahaemolyticus. Serovar O3:K6 was first described as
a pandemic isolate in 1996, during a major outbreak in India, and over 50% of strains
isolated from the patients proved to be O3:K6 (Matsumoto et al., 2000; Nair and
Hormazabal, 2005; Nair et al., 2007b). Soon after, V. parahaemolyticus O3:K6 was
isolated in other countries in Asia, South America, North America, Africa, and Europe
(Matsumoto et al., 2000; Nair and Hormazabal, 2005). Recently, other serovariants,
most notably O1:K68, O1:K25, and O1:KUT (un-typable), have emerged and appear
to have rapidly evolved from the original pandemic O3:K6 clone (Chowdhury et al.,

2004; Chen et al., 2011). From 1996 to 2007, 22 pandemic serovariants were identified
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from various regions of the world (Nair et al., 2007b), and at least five additional
serovariants have since been described (Han et al., 2017).

Since 2012, V. parahaemolyticus serovar O4:K12 has also shown
transcontinental epidemic expansion (Martinez-Urtaza et al., 2017), with 0O4:K12
isolates detected outside the region in which it was endemic, i.e., the U.S. Pacific
Northwest, with infections reported along the U.S. northeastern coast and Spain
(Martinez-Urtaza et al., 2013). Genome analysis of representative isolates from the
Pacific Northwest, northeastern U.S., and Spain showed this V. parahaemolyticus
population was highly dynamic and strains causing infection in the northeastern U.S.
likely had diverged from the original lineage in the Pacific Northwest by cross-
continent eastward expansion (Martinez-Urtaza et al., 2017). More recently, Abanto
and colleagues (2020) reported transcontinental expansion of O4:K12 into Lima, Peru
and showed long term persistence and presence of the isolates in the environment,
suggesting successful establishment in environmental reservoirs. Precise sources and
routes of pandemic clonal transmission of V. parahaemolyticus into Peru have yet to
be determined. The available evidence suggests a link existing between the epidemic
dynamics and spread of Vibrio infections in this region of South America and El Nifo
(Martinez-Urtaza et al., 2016), the latter providing ideal environmental conditions for
growth of Vibrio spp., namely heavy rains and heat waves. Subsequently, emergence
of cases in Peru associated with new clones of Vibrio was concurrent with the El Nifio
and the causative agent of the outbreaks were V. cholerae in 1991 and V.

parahaemolyticus in 1997 (Martinez-Urtaza et al., 2008a).
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Multilocus sequence typing, an unambiguous procedure for characterizing bacterial
isolates by genomic fingerprinting of essential house-keeping genes (Maiden et al.,
1998), is employed routinely to compare genomic relatedness of V. parahaemolyticus
clinical and environmental isolates (Turner et al., 2013; Baker-Austin et al., 2020a). V.
parahaemolyticus sequence type (ST) 3, encoding tdh™ and #h") virulence factors,
typically is associated with the O3:K6 pandemic group of V. parahaemolyticus that
emerged in Asia during the 1990’s and spread rapidly to nearly all continents (Nair et
al., 2007b; Han et al., 2019). V. parahaemolyticus isolates belonging to the second
transcontinental O4:K12 group are classified as ST36 (Han et al., 2019). Nasu and
colleagues (2000) identified a filamentous phage (f237) in a collection of O3:K6
isolates and suggested the eighth open reading frame (ORFS), located in the phage,
encodes a putative adherence protein specific to post-1995 pandemic isolates. It has
been suggested that, post-1995, 03:K6 pandemic isolates can be characterized using
pandemic group-specific PCR (PGS-PCR) (Okura et al., 2003) and a unique/new
sequence of ToxR, a virulence regulator of vibrios encoded by the toxRS operon, that
shows variation across pandemic and non-pandemic strains potentially involved in
overall virulence (Matsumoto et al., 2000). However, by themselves, these markers are
not reliable for identification of the pandemic group (Bhuiyan et al., 2002; Chowdhury
et al., 2004; Rahman et al., 2006; Jones et al., 2012). Genotyping of non-pandemic

strains containing virulence factors remains an open question.
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Vibrio vulnificus

V. vulnificus is a serious human pathogen common to estuarine waters globally.
It is present in large numbers in sediment and molluscan shellfish, especially during
warmer months of the year. V. vulnificus infections typically progress to septicemia
from a wound infection and are contracted more commonly by individuals participating
in recreational activities, such as swimming or fishing (Baker-Austin and Oliver, 2018).
An infection usually progresses from diarrhea after consumption of raw or under
cooked seafood, primarily oysters where it occurs in large numbers (10° ¢! or more).
V. vulnificus is readily isolated from shellfish harvested from the Atlantic and Pacific
coasts where ca. 75% of the retail oyster harvest has been reported to contain the
bacterium, with highest rate of detection in the Gulf of Mexico (Oliver, 2006; Bowers
et al., 2014). Furthermore, V. vulnificus can multiply rapidly in postharvest seafood
improperly stored and/or transported. The fatality rate for V. vulnificus infections in
humans is one of the highest of any water-borne pathogen, greater than 50% for primary
septicemia, and it is responsible for ca. 95% of all waterborne and seafood related
deaths in the United States (Bross et al., 2007; Jones and Oliver, 2009). V. vulnificus
severe wound infections are characterized by necrotizing fasciitis or soft tissue and
blood infection, with a case fatality rate of ca. 15% (Jones and Oliver, 2009). V.
vulnificus infections notoriously become acute rapidly, and symptoms usually present
within 24 h or less after exposure (Jones and Oliver, 2009). Unfortunately, even with
aggressive therapy, the case-fatality rate is ca. 30-40% (Bross et al., 2007; Baker-

Austin and Oliver, 2018).
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The genomic, biochemical, and serological characteristics and the host range of
V. vulnificus is categorized as comprising three biotypes. Biotypes 1 and 3 are
predominantly associated with human disease and Biotype 2 with zoonotic infection of
eels. Interestingly, wound infections in Israel caused by V. vulnificus Biotype 3 were
reported to represent a V. vulnificus population emerging as a component of the impact
of global warming on the eastern Mediterranean basin (Paz et al., 2007). More recently,
V. vulnificus Biotype 3 has been identified as the causative agent of infections in Japan
(Hori et al., 2017). Despite being characterized as an environmental pathogen, V.
vulnificus Biotype 1 strains are typically subtyped as clinical (C), or environmental (E),
based on genotypic differences correlated with the source of isolation (Rosche et al.,
2005; Baker-Austin and Oliver, 2018). Biotype 1C strains have been reported to be
responsible for nearly all cases of primary septicemia, whereas Biotype 1E strains
traditionally are associated with wound infections. Whole-genome sequencing results
reported by several investigators (Gulig et al., 2010; Morrison et al., 2012; Koton et al.,
2015) revealed that V. vulnificus encodes a wide array of putative virulence factors,
e.g., acid neutralization, capsular polysaccharide expression, iron acquisition,
cytotoxicity systems, and expression proteins associated with adhesins and attachment
(Jones and Oliver, 2009). V. vulnificus secreted cytolytic/hemolysin pore-forming toxin
coded for by vwhA and auto processing RTX toxin encoded by rtx4 7 have been linked
to increased virulence following intestinal colonization (Fan et al., 2001; Guo et al.,
2018). Despite elegant research reported to date, specific biomarkers directly
distinguishing pathogenic and non-pathogenic V. vulnificus strains have not yet been

identified.
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Other pathogenic Vibrio spp.

Vibrio spp. have been isolated from patients expressing mild to
moderate diarrhea and from extraintestinal sites, such as the respiratory tract, the ear, a
variety of wound infections, and from cerebrospinal fluid. Occasionally, CT and TCP
associated genes have been reported in NOVC isolates (Hasan et al., 2013), and the
presence of other virulence factors, such as Shiga-like cytotoxin, heat-stable
enterotoxin, and hemolysins have also been detected in non-cholera Vibrio spp. (Nair
et al., 1988; Ceccarelli et al., 2015). In the U.S., most cases of vibriosis have been
identified as infections caused by V. parahaemolyticus, V. alginolyticus, or V.
vulnificus (Figure 1 C), but up to 10% of the vibriosis reported yearly has been
attributed to NOVC (Jones et al., 2013), suggesting a long term continual increase of
such infections with time (Newton et al., 2012).

V. alginolyticus is a species representative of the marine microflora and has
been identified as a causative agent of food poisoning and also bloodstream and soft
tissue infections in humans. Ironically, V. alginolyticus is a significant pathogen of
marine animals (Xie et al., 2020). The pathogenicity of V. alginolyticus is highly
dynamic, with molecular surveillance showing virulence genes homologous to those of
V. cholerae and V. parahaemolyticus widely distributed amongst V. alginolyticus
strains isolated from the environment (Xie et al., 2005), including CT and pathogenicity
islands (Sechi et al., 2000). The frequency of occurrence of V. alginolyticus infections
has increased rather dramatically in recent years, very likely ascribable to a rising sea
temperature globally (Baker-Austin et al., 2018). Between 1998 and 2012, more than

1,300 V. alginolyticus infections in humans were reported in the U.S., mainly
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associated with exposure during participation in water related activities in the coastal
states (Newton et al., 2012). During the same period, V. alginolyticus was reported to
be a major cause of foodborne disease each year in America (Figure 1). In fact, the
incidence of vibriosis caused by V. alginolyticus has increased more than 12-fold in
recent years (Newton et al., 2012).

Vibrio fluvialis, an environmental bacterium, is considered an emerging human
pathogen (Igbinosa and Okoh, 2010). Other Vibrio spp., including Vibrio mimicus,
Grimontia (Vibrio) hollisae, Vibrio furnissii, Vibrio metschnikovii, Vibrio
cincinnatiensis, and Photobacterium (Vibrio) damsela, are opportunistic pathogens for
humans. No doubt as climate warming continues, those species will increasingly be

recognized as human pathogens.

Molecular methods for detection and genomic analysis of Vibrio spp.

Advances in molecular methods for microbial detection, identification, and
characterization, particularly high-throughput sequencing (HTS), have allowed
researchers to investigate more completely the mode of emergence and transmission,
and the dynamics of Vibrio diseases (Martinez-Urtaza et al., 2017; Weill et al., 2017,
2019). HTS provides useful insight into how Vibrio spp. spread in the environment and
the mechanisms by which they are able to cause diseases, thereby permitting
retrospective analysis of their evolution and the disease they cause (Mutreja et al., 2011;
Hasan et al., 2012). The ability to predict and monitor disease outbreaks in real time is
critical to managing risk associated with those caused by pathogenic Vibrio spp.

(Baker-Austin et al., 2020b). By incorporating molecular techniques in environmental
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studies of cholera, it has been found that climate change is playing a significant role in
the ecology of V. cholerae (Colwell, 1996; Lobitz et al., 2000; Vezzulli et al., 2016,
2020). Historically, detection of Vibrio spp. in the environment had been challenging
because these bacteria can enter the VBNC state, complicating detection if traditional
culture is relied upon for detection. Enumeration by culture underestimates the total
Vibrio population. This was shown for samples examined by fluorescent antibody,
revealing the presence of V. cholerae when culture was not successful (Hasan et al.,
1994; Nair et al., 2007a; Martinelli Filho et al., 2011; Kahler et al., 2015). Molecular
methods, namely PCR and DNA sequencing, have proved to be more useful in
circumventing lack of success when culture methods fail. In addition to detection,
identification, and characterization of microbial communities, whole genome
sequencing has been used to detect and identify virulence factors and antimicrobial
resistance genes (Kimes et al.,, 2012). For environmental samples where the low
abundance of Vibrio DNA, e.g., virulence genes and genetic markers of epidemic
strains, is a challenge and not detectable by conventional methods, whole genome
enrichment has proven valuable for direct genotyping and metagenomic analysis
(Vezzulli et al., 2017). Perhaps more useful than the short read HTS provided by
[llumina, e.g., NovaSeq, HiSeq, NexSeq, MiSeq, and Thermo Fisher (Ion Torrent),
which produce reads of up to ca. 600 base pairs, long read sequencing, provided by
PacBio and Oxford Nanopore instruments, have the potential to generate reads > 10 kb
(Pollard et al., 2018). Long read sequencing routinely has been employed to produce
high-quality reference genomes of Vibrio spp. isolates (Kanrar and Dhar, 2018;

Dorman et al., 2019).
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DNA metagenome sequencing (metagenomics) is a valuable technology for
detection of all Vibrio spp. in the environment, including VBNC Vibrio, and is
particularly useful because it simultaneously profiles virulence and antimicrobial
resistance associated genes (Roy et al., 2018; Acharya et al., 2020; Brumfield et al.,
2020c, 2021a). Most of the HTS studies reported to date have focused on clinical
isolates obtained by culture previously from patient samples. Metagenomic sequencing
allows generation of genome assemblies directly without culture, providing a more
accurate composition of the microbiome and making it possible to detect, identify,
characterize, and Vibrio spp. and their dynamics (Baker-Austin et al., 2020b). The
shortcoming of DNA metagenomics is that viability or infectious potential of the
microorganisms comprising the community cannot be determined without additional
analyses to determine gene function and activity. Nevertheless, profile composition of
all microorganisms present in a sample, e.g., bacteria, archaea, fungi, viruses, and
protozoa, is highly informative (Brumfield et al., 2020c), and metagenomics can
provided useful insight to disease outcome, as has been shown for the gut microbiome
during V. cholerae infection (Levade et al., 2021) and for patients with skin and soft
tissue infections caused by rare pathogens such as V. vulnificus (Wang et al., 2020).
Most valuable is the ability of HTS to identify multiple pathogens comprising a poly-
microbial infection (De et al., 2020), to estimate antimicrobial resistance (Zhelyazkova
et al., 2021), and to establish the quantitative microbial risk of Vibrio spp. of human
health significance in non-clinical environments (Singh et al., 2018; Noman et al.,
2021). Genome based tools will play an important role in the advancement of

predicative modeling because they provide an analysis of the composition and diversity
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of Vibrio spp. populations in clinical and environmental samples, along with all other
microorganisms present, including those in the VBNC state (Baker-Austin et al.,

2020b).

Impact of climate and environment on diseases caused by Vibrio spp.

Studies have shown that climate change is associated with an increased
frequency and intensity of extreme weather events, such as heatwaves and severe
precipitation, which can also result in warmer and less saline waters in coastal regions
(Ummenhofer and Meehl, 2017; Vezzulli et al., 2020). Marine heatwaves, analogous
episodes in the oceans, are caused by anomalous ocean heating at the surface and are
expected to exacerbate in a warming climate (Smale et al., 2019), with an irreversible
impact on marine ecosystems (Holbrook et al., 2019). Similarly, marine oxygen
concentrations have been declining globally during the past half century, and dead
zones near the coast have multiplied 10-fold causing suffocation of marine life and
severe ecological disruption (Breitburg et al., 2018). Hence, changes that occur in the
aquatic environment can have a significant impact on abundance and distribution of
marine microorganisms, and the impact of ocean warming on emergence and spread of
environmental microbial pathogens is rightfully a developing concern (Harvell et al.,
2002; Baker-Austin et al., 2013; Vezzulli et al., 2016).

Because of their high growth rate and rapid response to environmental signals,
Vibrio spp. have been proposed as a microbial indicator of a changing global climate
(Vezzulli et al., 2016; Baker-Austin et al., 2017). A number of studies have documented

a pattern of poleward spreading of Vibrio spp., demonstrating significant geographic
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expansion of Vibrio populations (Baker-Austin et al., 2013,2017; Vezzulli et al., 2016).
This geographic expansion of Vibrio populations is corroborated by impact on human
health (Watts et al., 2018), a prime example of which is the increase in NOVC related
infections, a striking linkage of human disease and climate change (Vezzulli et al.,
2020). Estuarine waters, typically warm and brackish, provide optimal environmental
conditions for growth of Vibrio spp. (Johnson et al., 2012; Vezzulli et al., 2013) and
have warmed faster than the open ocean, with climate change (Europen Environment
Agency, 2012). Open oceans are generally associated with high salinities, low
temperatures, and depleted nutrients that hinder growth of Vibrio spp. However, during
summer months, there are periods of increased temperature and low salinity in coastal
regions of the world, e.g., Chesapeake Bay in the eastern U.S., East China Sea
surrounding Shanghai, and the Baltic Sea in northern Europe, considered ‘Hot Spots’
for risk of Vibrio infection (Semenza et al., 2017; Vezzulli et al., 2020). In addition to
marine or coastal ecosystems, NOVC occurrence and infections have been reported in
human populations near inland waters in regions of the world where cholera is not
endemic (Vezzulli et al., 2020). As sea surface temperatures rise, the geographic range
of pathogenic Vibrio spp. is expected to expand poleward and their abundance to
increase in those regions where previously present in low or undetectable numbers.
While it is worth noting that certain Vibrio spp., e.g., Vibrio splendidus, express
virulence factors at low temperatures (Lattos et al., 2021), higher temperatures can
serve as a selective pressure for strains with higher virulence potential or elevated
expression of virulence factors that allow more effective host invasion (Vezzulli et al.,

2020). Since Vibrio spp. exhibit seasonal patterns of growth, a changing climate likely
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will induce extended seasonality of Vibrio spp., with serious economic and public
health implications (Baker-Austin et al., 2010).

Using a suite of Earth system model simulations and satellite remote sensing,
Frolicher and colleagues (2018) recorded a doubling of the number of marine heat wave
events globally between 1982 and 2016, with extreme warm sea surface temperatures
persisting for days to months. These events were projected to increase with added
global carbon emissions (Frolicher et al., 2018). Over the past 30 years, extreme heat
events in Northern Europe have been linked to increased reports of Vibrio infections
(Baker-Austin et al., 2013). In Finland and Sweden, a heatwave in 2014 was associated
with an increased number of infections caused by Vibrio spp. (Baker-Austin et al.,
2017). Similarly, a 60-year investigation of samples collected during a continuous
plankton recorder survey showed prevalence of Vibrio spp. increased in the coastal
North Sea, and the increase was correlated with warming sea temperatures and with
increased number of infections caused by pathogenic Vibrio spp. in Northern Europe
(Vezzulli et al., 2016). Extreme precipitation events have also been correlated with
spikes in Vibrio infections as occurred following Hurricane Katrina in the Gulf Coast
(CDC, 2005). Flash floods increase risk of infection and loss in aquaculture
productivity since an abrupt decrease in salinity following a heavy rainfall and major
flooding favors growth of pathogenic Vibrio spp. (Esteves et al., 2015). Intense rainfall
will not only alter the salinity profile, but also nutrient availability in coastal rivers,
with increasing inflow of freshwater. Stormwater runoff can also promote transmission
of antimicrobial resistance and virulence associated genes among bacteria (Brumfield

et al., 2021). The evidence is clear that Vibrio spp. persist under unfavorable
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environmental conditions by entering the VBNC state, but the effect with more

extensive climate change is not yet known.

Anthropogenic impact on Vibrio spp.

Urban development, coastal engineering, sediment dredging, pollution, fishing,
aquaculture, tourism, and mining are human activities that have a direct impact on
marine ecosystems, including the microbial populations (Nogales et al., 2011). Global
transport and discharge of ballast water by ocean going cargo vessels suggests a
mechanism for dispersal of Vibrio spp., evidenced by epidemiological surveys of
waterborne diseases (Ruiz et al., 2000). Improper holding and transport of shellfish is
another path by which Vibrio spp. can be dispersed (Love et al., 2020), providing a
separate route for long-range dispersal (Nair et al., 2007b). Not only Vibrio spp. but
also antibiotics released into the aquatic environment via wastewater discharge and
runoff amplify the problem by antibiotic resistance gene transfer amongst Vibrio spp.
in the aquatic environment (Vincent et al., 2019; Cuadrat et al., 2020). Phytoplankton
blooms in vulnerable areas of the ocean resulting from anthropogenic activity (Michael
Beman et al., 2005) are linked to increased zooplankton populations, notably the
copepods that feed on phytoplankton, with a significant correlation of increased
populations of copepods with phytoplankton blooms and Vibrio spp. (Huq et al., 1983).
An abundance of phytoplankton is followed by zooplankton blooms and, subsequently,
increase in Vibrio populations in nutrient-rich waters (Alam et al., 2006a; Vezzulli et

al., 2015).
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Environmental parameters and epidemiology

Remote sensing provides vast spatial coverage and near real-time observations
that can significantly improve the capacity to predict occurrence of Vibrio spp. in the
environment. By predicting when and where pathogenic Vibrio spp., namely V.
cholerae, proliferate, it is now possible to identify regions where increased interaction
between human populations and these bacteria can occur, thereby determining risk of
infection (Figure 2). These remote sensing capabilities have been leveraged
extensively to investigate how environmental conditions affect incidence and
distribution of Vibrio spp. and have only recently been incorporated into predictive
models—portending the future of early warning systems for pathogenic Vibrio spp. and
the diseases they cause, potentially for global public health in general. For example, by
using remote sensing data, cholera (V. cholerae) risk can be predicted at the scale of
available satellite observations (Khan et al., 2019a, 2019b). While there have been
major advances in the spatial resolution of remote sensing data in recent decades (Nasr-
Azadani et al., 2015, 2017; Khan et al., 2017, 2019a), data manipulation and system
model simulations are required for accurate interpretation of the data, adding
complexity to downstream analyses such as cholera risk prediction. Upon notice of
impending risk, informed individuals can take precautions, including changing water
collection and sanitation behavior, limiting consumption of raw seafood, or flushing
open wounds with antiseptic following exposure to contaminated water. Remote
sensing technology also enables prediction in regions disrupted by natural or
anthropogenic disaster, where satellite observation may be the only accurate source of
near real-time data (Voigt et al., 2007). While significant progress has been made in
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understanding the effect of environmental factors on cholera, additional data collection
will continue to improve remote sensing-based predictive models for pathogenic Vibrio
spp. in addition to V. cholerae, the causative agent of Asiatic cholera.

A few studies have examined correlations of V. cholerae and other pathogenic
Vibrio spp. with bulk environmental variables, e.g., temperature, salinity, nitrogen, and
phosphate, as well as association with potential host organisms (Eiler et al., 2006;
Turner et al., 2009; Vezzulli et al., 2009). However, the importance of environmental
correlation remains undefined because the data can be fragmented across study
locations and the sampling methods may vary. A meta-analysis conducted by
Takemura and colleagues (2014) determined trends with respect to bulk water
environmental variables and concluded that, while temperature and salinity are
generally strongly predictive correlates, other parameters are inconsistent and overall
patterns depend on taxonomic resolution. They provide evidence that Vibrio spp. can
attach to many different organisms and the dynamics of Vibrio spp. may correlate better
with narrowly defined niches. It is worth noting that while Vibrio spp. flourish when
attached to the surfaces, these bacteria also have an alternative free-living lifestyle
(Takemura et al., 2014).

Two leading models for Vibrio prediction are the NCCOS Probability Model
for V. vulnificus Occurrence in Chesapeake Bay Water (Jacobs et al., 2014) and the
Vibrio Map Viewer (Semenza et al., 2017) developed by the ECDC. Daily forecast
models for V. vulnificus occurrence in Chesapeake Bay Water (Figure 3 A) are created
from data gathered by large scale sampling in Chesapeake Bay between 2007-2010 and

forced with the Chesapeake Bay Operational Forecast System (NOAA, 2021b), a
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network of observed and model-generated hydrodynamic nowcast and forecast
predictions of pertinent parameters, e.g., water level, current, salinity, and temperature,
providing probability of incidence of V. vulnificus throughout the Chesapeake Bay.
However, this model does not predict abundance of pathogens or risk of illness. The
ECDC Vibrio Map Viewer (Figure 3 B) employs real-time remotely sensed data to
calculate a Daily Suitability Index for Vibrio risk. The NCCOS Probability Model for
V. vulnificus Occurrence can be visualized on the NOAA nowCoast (NOAA, 2021c¢)
for a given day and the following day, while the ECDC Vibrio map viewer provides
daily Vibrio risk indices for the current day and the forecast the next five days. Most
pathogenic Vibrio spp. thrive in warm water with moderate salinity. Hence,
temperature (thresholds of 15°C and 18°C) and salinity (thresholds of ~10-15 ppt and
<26 practical salinity units) are key input for the NCCOS Probability Model for V.
vulnificus occurrence and ECDC Vibrio map viewer, respectively. Figure 3 depicts
model output in the current version with maps of temperature (Figure 3 C) and salinity
(Figure 3 D), for archived daily Vibrio predictions throughout the Chesapeake Bay
during different seasons of the year. These models have been successful for short-term
prediction of high Vibrio spp. abundance on a regional scale, and public health officials
have been able to use the forecasts to target public safety messages and monitoring in
the Chesapeake Bay and Europe, respectively. However, additional calibration is
needed before they can be applied globally. As stated above, Vibrio spp. inhabit
different ecological niches and encode unique virulence factors that allow different
infection pathways that must be considered before treating all Vibrio spp. as a single

cohesive unit (Takemura et al., 2014).
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To reduce the complexity of risk prediction models, certain assumptions are
made, e.g, when pathogens are present, risk is increased, and all individuals of a given
region are at the same risk of infection. Age has also been shown to be important, as
children under the age of five and the elderly have the highest disease burden of
diarrheal disease (Faruque et al., 2004), but models typically assume that population
age is constant. However, immunocompromised individuals or those with underlying
conditions, e.g., diabetes, HIV, or liver disease, are more likely to face potentially fatal
systemic Vibrio infections (Janda et al., 2015). More specifically, infections with V.
vulnificus and NOVC septicemia show greatest risk for individuals with pre-existing
conditions, often linked to age (Jones and Oliver, 2009). Previous studies have
indicated that individuals with compromised immune systems or chronic liver disease,
such as cirrhosis are up to 80 times more likely than healthy individuals to develop V.
vulnificus primary septicemia (Jones and Oliver, 2009; Baker-Austin et al., 2017).
Recent epidemiological data, such as liver cirrhosis trends in the United States
(Scaglione et al., 2015), show similar correlation between gender and age as observed
in V. vulnificus cases, with a disproportionate rate of cirrhosis in males and in older age
groups (e.g. > 40 years old). Future research on Vibrio predictive modeling will need
to incorporate human ecology and census data, with other bulk environmental
variables, in addition to temperature and salinity, and association with potential host
organisms. Clearly, for successful environmental predictive modeling, additional
ground truth observations need to be included at fine genetic and environmental
sampling scales to describe Vibrio spp. dynamics more completely (Takemura et al.,

2014).
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Cholera risk prediction

Climate has been established as a driver of cholera (Colwell, 1996; Pascual et
al., 2000; Jutla et al., 2011), and seasonal outbreaks occur in regions of the world where
the disease is endemic. Cholera seasonality is mostly observed as a single annual peak
in human cases of the disease, but bi-annual peaks occur in the Bengal Delta region
(Akanda et al., 2009; Jutla et al., 2015a). Furthermore, cholera surveillance is useful
for aquatic ecosystems, with outbreaks occurring more often near river and coastal
regions. Use of satellite remote sensing for cholera prediction was first proposed in
1996 (Colwell, 1996), and a number of studies have employed satellite remote sensing
to identify relationships between V. cholerae epidemics and environmental parameters,
such as sea surface temperature and height (Lobitz et al., 2000; Emch et al., 2008; Xu
et al., 2016), chlorophyll (Constantin de Magny et al., 2008; Emch et al., 2008; Jutla et
al., 2013a), precipitation (Eisenberg et al., 2013; Jutla et al., 2015b; Kirpich et al.,
2015), and water storage (Jutla et al., 2015b). Insights from studies such as these
provide a foundation for environment based cholera risk modeling and prediction.

Jutla, Whitcombe, and colleagues (2013b) incorporated these insights into the
following hypothesis for prediction of epidemic cholera outbreaks: cholera epidemics
occur where warm temperatures, followed by heavy precipitation and in combination
with societal factors related to water insecurity, lead to an outbreak by increasing
contact of the population with unsafe water (Jutla et al., 2015b). This hypothesis is
based on conditions favorable for a cholera trigger and its transmission. Furthermore,

it incorporates environmental factors, including temperature and precipitation, readily

37



observed with satellite remote sensing. These factors make the hypothesis widely
applicable. The hypothesis has been supported by successful prediction of cholera
outbreaks in South Sudan, the Central African Republic, Rwanda, Cameroon,
Mozambique, and Zimbabwe (Jutla et al., 2015b). In fact, model simulations
demonstrated that the Zimbabwe 2008 cholera epidemic would not have occurred
without environmental forcing (Jutla et al., 2015b).

Models based on the epidemic cholera hypothesis demonstrate utility in
evaluating post-disaster (natural or anthropogenic) cholera risk and provide an essential
tool for public health officials. In January 2010, a catastrophic 7.0 Mw earthquake
struck Haiti, destroying infrastructure and causing an estimated 250,000 deaths (Hasan
etal., 2012). The earthquake was followed by an anomalously warm summer and heavy
rainfall in November from Hurricane Tomas. While these natural disasters in Haiti pre-
dated model development, the corresponding cholera epidemic was linked to above
average air temperatures, anomalously high rainfall in the month preceding the
outbreak, and damaged or lacking sanitation infrastructure (Jutla et al., 2013b). More
recently, the model was used to provide near-real-time cholera risk prediction in Haiti
after Hurricane Matthew (Khan et al., 2017). Predictions corresponded well with
observed cholera cases, and comparison of model output pre- and post-hurricane
demonstrated that damaged water and sanitation infrastructure, in conjunction with
favorable environmental conditions, increased the risk of a cholera outbreak (Khan et
al., 2017). In 2015, an earthquake struck Nepal, and application of the model
demonstrated that swift, water and sanitation related humanitarian intervention

prevented a cholera epidemic, despite favorable environmental conditions (Khan et al.,
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2018). The absence of time series data for vector abundance and cholera case reports
poses significant challenges for developing relationships with hydroclimatic processes
using traditional modeling techniques for many parts of the world. However, the use of
time series-independent algorithms (Jutlaetal., 2011, 2013b; Khan et al., 2017, 2019b),
that employ similarity principles to determine conditions of favorability for both
hydroclimatic processes and sociological factors across geographic locations have
proven useful in circumventing these issues. The underlying theory of the algorithms
is: if a pathogen is present under certain hydroclimatic conditions in a given region,
then under the same hydroclimatic scenarios, the risk of presence of the pathogen will
be increased in other locations, given other societal conditions remain constant.
Collectively, these studies suggest a cholera risk prediction model, especially one that
utilizes near-real-time satellite observations of temperature and precipitation, could be
used as a post-disaster rapid response tool to inform location and extent of

interventions.

Non-cholera Vibrio spp. risk prediction

Several investigators have identified a positive correlation between temperature
and abundance of pathogenic Vibrio spp. Environmental microbiology surveillance of
the Chesapeake Bay found the incidence of V. parahaemolyticus correlated with water
temperature. Water column temperatures between 14-19 °C were observed to be critical
in the annual cycle of Vibrio spp. (Kaneko and Colwell, 1973). These observations
have since been confirmed elsewhere in the U.S. (Duan and Su, 2005; Blackwell and

Oliver, 2008; Johnson et al., 2012), Japan (Fukushima and Seki, 2004), India
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(Rehnstam-Holm et al., 2014), and Europe (Deter et al., 2010; Boer et al., 2013;
Vezzulli et al., 2016), among other locations. Climate anomalies, such as El Nifio, can
expand the geographic extent of V. parahaemolyticus outbreaks by transporting
abnormally warm water to otherwise unfavorable regions (Martinez-Urtaza et al.,
2010). Temperature has also been positively correlated with presence and abundance
of V. vulnificus, as observed for multiple sample types, i.e., water, oyster, and
sediments, and across multiple sampling regimes (Lipp et al., 2001; Fukushima and
Seki, 2004; Johnson et al., 2012; Boer et al., 2013).

Temperature and salinity appear to be primary environmental drivers of non-
cholera Vibrio spp. abundance. As mentioned previously, V. vulnificus displays distinct
temperature and salinity tolerances, and the incidence of infection with V. vulnificus is
related to environmental distribution of the bacterium (Baker-Austin et al., 2018).
Seasonal geographic expansions of V. vulnificus have been observed in areas where
temperatures have increased and saline water extends further into the coastal fresh
water system (Blackwell and Oliver, 2008; Deeb et al., 2018). In addition, a field study
carried out in Galicia, Spain demonstrated salinity to be the primary driver of V.
parahaemolyticus distribution, with temperature serving as a secondary, modulating
factor (Martinez-Urtaza et al., 2008b). Field studies have also examined the
relationship between non-cholera Vibrio spp. and environmental variables, such as
turbidity, chlorophyll, pH, dissolved oxygen, and other microorganisms (Blackwell and
Oliver, 2008; Johnson et al., 2012; Wetz et al., 2014; Davis et al., 2017). The strength

of these relationships differ among investigations (Johnson et al., 2012; Imamura et al.,
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2017), making further study necessary to determine more accurately how the variables
affect non-cholera Vibrio spp. occurrence and abundance.

While efforts to develop predictive models and to implement them are ongoing,
several models are currently in operation. Models for several regions of the U.S.
employ water temperature to predict V. parahaemolyticus concentrations and doubling
times related to harvested oysters (FDA, 2005; NCCOS, 2018). The V. vulnificus model
for Chesapeake Bay uses temperature and salinity to predict probability of occurrence
(NCCQOS, 2019). The European Centre for Disease Prevention and Control (ECDC)
employs remotely sensed temperature and salinity to estimate risk of infection with
non-cholera Vibrio spp. in the Baltic Sea (Semenza et al., 2017).

Satellite remote sensing provides additional useful information that can
improve existing models. DeLuca and colleagues (2020) recently demonstrated models
for V. parahaemolyticus that incorporate remotely sensed salinity, total suspended
solids, and chlorophyll-a performed better than those that relied solely on sea surface
temperature. Satellite observations likely will spur development of increasingly
accurate Vibrio predictive models by providing data on additional environmental
variables, notably those other than temperature and salinity that would otherwise be
unavailable or of poor resolution. As the spatial and temporal resolution of satellite
observations continue to improve, models may also be able to provide predictions that
will be accurate, more frequently updated, and better able to resolve finer scale
differences in risk of infection with Vibrio spp. The global coverage of satellite remote
sensing clearly provides opportunities for modeling efforts to be expanded beyond

current reach within the U.S. and Northern Europe.
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It should be pointed out that predictive modeling relies on ground truth
observations that can be used to train algorithms. Because of inconsistencies in
reporting of infections caused by pathogenic Vibrio spp. globally and difficulties in
detecting Vibrio spp. when traditional culturing methods are used, the predictive
modeling for all Vibrio spp. is at present not uniform. Global interest and impact on
health and the economy currently drive cholera prediction, hence it has been at the
forefront of predictive risk assessment. More precisely stated, prediction of V. cholerae
is driven by pathogenicity, thus modeling the virulence potential of other Vibrio spp.
has been limited to predicting presence of the given Vibrio spp. Ground observations
of non-cholera Vibrio spp. have been limited essentially to only a few locations, with
most studies carried out in developed countries. Therefore, the existing models will
need to be challenged by ground truth validation. Urquhart and colleagues (2014)
showed that two models (Jacobs et al., 2014) have the potential to produce
systematically different V. vulnificus probabilities when evaluated with the same
environmental data input (Urquhart et al., 2014). Relationships that have been
calculated between environmental variables and Vibrio spp. occurrence have also been
found to be inconsistent among studies, demonstrating the necessity to develop a better
understanding of those environmental factors driving infections caused by the various
pathogenic Vibrio spp. As satellite remote sensing expands the domain within which
models can be developed, additional ground observation studies to evaluate both
presence and pathogenicity of Vibrio spp., including V. cholerae, will allow assessment
of regional variation in environmental factors that influence Vibrio spp. incidence and

distribution.
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Conclusion

There is strong evidence that suggests the global ocean heat content of the world
oceans is increasing and salinity profiles are changing in certain regions (Figure 4) and
that warming temperatures are associated with both spread of pathogenic Vibrio spp.
and emergence of human disease globally (Vezzulli et al., 2016; Baker-Austin et al.,
2017). Because Vibrio spp. are predominantly autochthonous to the aquatic
environment and have a role in cycling carbon and nitrogen, the diseases they cause
cannot be eradicated from the environment. Therefore, early warning systems are
essential to public health and for informing decision makers and those individuals
whose risk of infection is high (Figure 5). Molecular methods for ground truth
observation coupled with satellite remote sensing for prediction of the risk of infection
with a pathogen is spurring progress towards such warning systems. Information gained
using molecular methods increase the likelihood of detecting pathogenic Vibrio spp.,
including those in a viable but nonculturable state. Developments in satellite
technology and the increasing number of advanced satellites orbiting the Earth provide
modelers with access to near real-time environmental data. In turn, predictive models
are being developed that improve the representation of pathogenic Vibrio spp. response
to environmental conditions within the context of their autochthonous aquatic habitat
and bounded by the framework of a changing climate driven increased potential of

emerging infectious disease.
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Figures

Figure 1: Pathogen surveillance of infections caused by pathogenic Vibrio spp.,

1999-2019.

Graphs were created using the Foodborne Diseases Active Surveillance Network
(FoodNet) Fast to display data for Vibrio infections (CDC, 2021). Where indicated,
data are presented as number of infections per 100,000 population at FoodNet sites,
which cover 10 states and ca. 15% of the United States population. (A) Vibrio
infections by year. Shown is the incidence of infections caused by pathogenic Vibrio
spp. Teal, all test methods; gold, culture confirmed, including those infections
confirmed by culture only or by culture following a positive culture-independent
diagnostic test (CIDT); purple, CIDT only. (B) Infections caused by pathogenic Vibrio
spp. presented by month. Shown are monthly percentage of infections across all
reported cases. (C) Distribution of infections caused by pathogenic Vibrio spp. Shown
are percentage of infections caused by pathogenic Vibrio spp. across all reported cases.
CIDT, culture-independent diagnostic test. (D) Demographics of infections caused by
pathogenic Vibrio spp. The annual average incidence of infections is shown by age

(left) and sex (right).
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Figure 2: Interactions of Vibrio spp. and their natural environment.

Shown are biotic and abiotic factors influencing incidence and distribution of Vibrio
spp. in the natural environment, adapted from (Sakib et al., 2018). Black arrows
indicate potential reservoirs, e.g., zooplankton (primarily copepods), crustaceans,
bivalves, fish, aquatic plants, phytoplankton, chironomids, waterfowl, and sediment;
red indicates environmental Vibrio spp. antagonists, e.g., Vibriophages, protozoa, and
predatory/competing bacteria. Abiotic factors, including temperature, sea surface
height, precipitation, and extreme weather events, have the potential to alter the size
and metabolic activity of populations of Vibrio spp. It is essential to determine the
impact of abiotic factors on occurrence and distribution of pathogenic Vibrio spp. to
safeguard public health. Image was created using the University of Maryland Center
for Environmental Science Integration and Application Network Image Library

(UMCES, 2021).
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Figure 3: Seasonal prediction of occurrence of Vibrio spp. in the environment

for year 2020.

Shown are predicted daily occurrences of Vibrio spp. for the last day of each season
(Winter, 29 Feb; Spring, 21 May; Summer, 31 Aug; and Fall, 30 Nov). (A)
Occurrence of V. vulnificus. Incidence and distribution of V. vulnificus are based on
the National Centers for Coastal Ocean Science (NCCOS) Probability Model for V.
vulnificus Occurrence in Chesapeake Bay Water (Jacobs et al., 2014). (B) Daily risk
of infection with pathogenic Vibrio spp. Shown are daily suitability indices using the
European Centre for Disease Prevention and Control (ECDC) Vibrio Map Viewer
(Semenza et al., 2017). (C) Temperature profiles. Time series of the area averaged
sea surface temperature for each day as reported by Goddard Earth Services Data and
Information Services Center Interactive Online Visualization and Analysis
Infrastructure (Acker and Leptoukh, 2007). (D) Salinity profiles. Salinity averaged
over top 1 m and corrected using Chesapeake Bay Interpretive Buoy System (CBIBS)
was provided by NOAA Chesapeake Bay Operational Forecast System (CBOFS)

(NOAA, 2021b) and visualized using NASA Panoply Data Viewer (NASA, 2021).

48



A) NCCOS Probability Model: Vibrio vulnificus occurrence

B) ECDC Vibrio Map Viewer: Daily suitability index
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Figure 3: Seasonal prediction of occurrence of Vibrio spp. in the environment

for year 2020.
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Figure 4: Global Ocean Heat and Salt Content (1955-2020).

Data distribution for temperature and salinity observations are provided elsewhere
(NOAA, 2021d). Pentadal averages are shown through 2016-2020; blue, 0-100 m; red
0-700 m; grey, 0-2000 m. (A) Mean temperature anomaly. Mean temperature
anomalies have previously been detailed by Levitus and colleagues (2012). (B) Mean
salt anomaly. Temperature calculations are extended to keep the fields current and

include salinity anomalies.
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Figure 5: Environmental and sociological aspects of Vibrio spp. transmission.

Pathways of transmission of pathogenic Vibrio spp. to humans with respect to
environmental (blue) and sociological (red) factors. Disruption of these pathways—
informed by early warning—present opportunities for public health intervention.
Double slashes represent opportunities for public health intervention to disrupt

pathways and reduce likelihood of infection.
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Chapter 2: Predictive risk assessment for Vibrio spp.
infections during climate change
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Abstract

Vibrio spp. are autochthonous to the aquatic environment globally, and notably
associated with zooplankton. Historically, some species/strains are known to cause
disease in humans, with Vibrio cholerae O1/0139 and Vibrio parahaemolyticus O3:K6
having pandemic potential. Changing climatic conditions influence environmental
factors associated with growth and reproduction of vibrios in the environment, hence
are linked to increased incidence of Vibrio infections. Because Vibrio spp. play an
ecologically significant role in biogeochemical cycles, their eradication is not possible,
but prevention of Vibrio infections can be avoided by providing access to safe water
and sanitary infrastructure. Methods to predict disease outbreaks caused by Vibrio spp.
that employ remote sensing have proven useful in mitigating risk of cholera. Until
recently, the virulence potential of non-cholera Vibrio spp., except for Vibrio
parahaemolyticus, has been considered to be minimal. In addition, factors associated
with the emergence of disease is complex and have not included climate/weather
processes but mainly microbiological and sociological determinants. During the past
two decades, remote sensing has expanded the domain within which predictive models
can be developed and ground observation studies carried out over the past fifty years
have provided significantly greater amounts of data on both presence and pathogenicity
of vibrios. Pathogenic Vibrio spp. and strains have been found to demonstrate niche
preference, allowing assessment of regional variation in environmental factors
influencing risk. Here, the objective was to analyze data from studies carried out since

the 1960’s and identify environmental determinants of occurrence and distribution of
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pathogenic Vibrio spp., allowing predictive modeling of the effect of climate change

on incidence and distribution of Vibrio spp. infections.

Introduction

Despite advances in medical science and, for developed countries, distribution
of safe water, infectious diseases continue to impact human populations in many parts
of the world, especially where climate/weather processes intersect with population
vulnerabilities, such as lack or loss of access to water, sanitation, and hygiene (WASH)
infrastructure. In the United States, waterborne diseases cause ca. 7.2 million infections
and ca. 7,000 deaths annually (CDC, 2023), with far greater numbers for low and
middle income countries (LMIC) where more than two billion people lack access to
safe water (WHO, 2022a). The numbers can be expected to be even higher in regions
where extreme effects of climate change and population growth occur (WHO, 2022a).
Emergence of disease in human populations is dynamic and influenced by social,
economic, political factors, and environmental factors, in addition to the primary
causative agent, e.g., microorganisms (viruses, bacteria, fungi, protozoa, and
helminths). The microbial communities, including pathogens, often play a critical role
in the biogeochemistry of both the planet and its biological inhabitants. The total
number of microbial cells of the Earth biosphere is estimated to exceed 10°°
(Turnbaugh and Gordon, 2008), with microbes themselves harboring up to 10°! phages
(Dinsdale et al., 2008). In total, it has been estimated that the ca. 1,500 known bacteria
pathogens capable of infecting humans, account for less than one percent of the total

microbial population of the planet (Bartlett et al., 2022).
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Thanks to advanced therapeutics and vaccines, the World Health Organization
declared two diseases officially eradicated: smallpox and rinderpest, caused by Variola
and Rinderpest viruses, respectively (Roser et al., 2014). Viruses are ideal candidates
for eradication programs since they infect a single host primarily and rely on the host
cell for energy and macromolecular synthesis machinery for genome replication and
particle assembly (Rampersad and Tennant, 2018). Viruses infect all types of
organisms and bacteriophages, i.e., viruses that infect bacteria, have the potential to
drive evolution since they serve as vectors of horizontal gene transfer (HGT), a prime
example of which is the toxigenic strain of Vibrio cholerae, etiological agent of cholera,
acquiring the ability to produce cholera toxin (CT) by HGT carried on lysogenic
bacteriophage CTX (Faruque and Mekalanos, 2012). In the aquatic environment,
phages are critical to homeostasis of the aquatic ecosystem since they play a
fundamental role in cycling nutrients that govern microbial diversity (Sime-Ngando,
2014). The genus Vibrio comprises ecologically significant species, some of which are
pathogenic for humans and/or marine animals. Although phages have been shown to
reduce populations of Vibrio spp. (Silva-Valenzuela and Camilli, 2019), debate
continues whether phages modulate disease outbreaks, including cholera, by
influencing seasonality of Vibrio spp. (Faruque et al., 2005; Alam et al., 2006a).

With respect to human disease, many pathogenic agents have environmental
relevance and, therefore, will not be eradicated since they form commensal and/or
mutualistic interactions with multicellular hosts and play a role in fundamental
environmental processes. In fact, many Vibrio spp. have not been shown to be

pathogenic and some are beneficial, contributing to degradation of polymeric
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substances, such as chitin, and playing a role in carbon and nitrogen cycling (Thompson
and Polz, 2006; Pruzzo et al., 2008; Le Roux and Blokesch, 2018; Zhang et al., 2018).
Furthermore, Vibrio spp. with bioluminescent properties are important symbionts of
marine organisms, notably Vibrio fischeri which provides squid with essential
counterillumination (Visick and McFall-Ngai, 2000). In addition, luminescent Vibrio
cholerae and Vibrio vulnificus strains have been reported to be associated with
copepods and related crustacean species (Sochard et al., 1979; Oliver et al., 1986;
Colwell, 2006; Grim et al., 2008; Zo et al., 2009). The symbiotic relationship between
Vibrio spp. and copepods, zooplankton that comprise a significant component of
aquatic fauna, has been well-documented (Kaneko and Colwell, 1973; Berk et al.,
1976; Huq et al., 1983). Copepods are a major host of Vibrio spp., providing nutrient
rich surfaces to which the bacteria attach, namely gut and carapace, comprising a
significant component of their commensal flora and influencing gene expression of
copepods (Almada and Tarrant, 2016). A single copepod can harbor up to 10* V.
cholerae cells (Colwell and Spira, 1992), hence ingestion of untreated water containing
a small number of copepods can promote disease (Cash et al., 1974; Hugq et al., 1996;
Colwell et al., 2003), a sufficiently significant activity for the copepod to be concluded
a vector.

Many genetic traits expressed by microorganisms that are associated with
virulence, e.g., hemolysins, capsular polysaccharides, flagella, proteases, attachment
factors, type III secretion systems (T3SS), chitin binding proteins, iron acquisition
systems, and colonization factors, can also be considered fitness factors, rendering the

microbe more fit under specific environmental conditions (Johnson, 2013). However,
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there is a link between mechanisms bacteria employ to acquire nutrients and those that
confer virulence (Rohmer et al., 2011; Johnson, 2013). Hence, the hypothesis proposed
here is that these pathogenic agents most likely evolved to persist in the environment
and not to cause infection in a host.

Environmental persistence of bacteria is promoted by variable mutation and the
acquisition and expression of genes, aided by genomic plasticity and HGT. The
mechanisms by which Vibrio spp. cause disease are diverse and major human virulence
factors have been detected in non-human pathogens (Klein et al., 2014; Khouadja et
al., 2022). Furthermore, many mobile genetic elements and pathogenicity islands,
characterized as primary virulence factors, encode genes which can improve fitness of
Vibrio spp. in the environment, aside from causing disease in a host (Hacker and Kaper,
2000; Faruque and Mekalanos, 2003; Matz et al., 2011; Gennari et al., 2012). A prime
example is the type 3 secretion system 2 (T3SS2), encoded within genomic island
VPal-7 of Vibrio parahaemolyticus (0O3:K6) pandemic clones. T3SS2 is the major
virulence factor of pandemic V. parahaemolyticus, essential for enterotoxicity and
development of clinical manifestations of the disease, but also increases environmental
fitness of V. parahaemolyticus, namely in its interaction with bacterivorous protists
(Matz et al., 2011; Jerez et al., 2022). Several reports have detected T3SS2-related
genes in other Vibrio and non-Vibrio species, notably Vibrio alginolyticus (Zhou et al.,
2013) and V. cholerae non-O1/non-O139 environmental isolates (Ceccarelli et al.,
2015; Hounmanou et al., 2022).

An important mechanism employed by Vibrio spp. to survive unfavorable

environmental conditions is by entering the viable but nonculturable (VBNC) state
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(Colwell et al., 1985; Colwell and Hug, 1994; Colwell, 2000; Wong and Wang, 2004;
Albertini et al., 2006; Nair et al., 2007a; Nowakowska and Oliver, 2013). The VBNC
state allows bacteria to become metabolically dormant until environmental conditions
again become favorable and VBNC cells regain cultivability, while having retained
virulence potential (Colwell et al., 1996; Colwell, 2000; Oliver, 2010). Vibrios can also
switch from motile to biofilm lifestyles and attach to zooplankton, primarily copepods,
enhancing their long-term persistence as native inhabitants of the aquatic environment
(Berk et al., 1976; Huq et al., 1984; Nair et al., 2007a; Rawlings et al., 2007).
Historically, detection of vibrios in the environment had been challenging because of
the ability of these bacteria to enter the VBNC state, complicating detection by
traditional culture-based methods. However, fluorescent antibody assays and molecular
techniques, e.g., polymerase chain reaction (PCR), loop-mediated isothermal
amplification (LAMP), DNA sequencing, and metagenomics, have shown presence of
Vibrio spp. when culture is not successful (Colwell and Huq, 1994; Hasan et al., 1994;
Vezzulli et al., 2021; Chamanrokh et al., 2022).

Vibrio spp. have a hallmark seasonal distribution with most cases occurring
during the warmer months when water temperatures and salinity profiles are optimal
for growth. Changing climate has been linked to increased frequency of anomalous
weather events, e.g., heatwaves, hurricanes, and severe precipitation, resulting in severe
measurable impact in the marine environment and by changes in sea surface height,
temperature, and salinity, with most severe impact observed among coastal
communities (Ummenhofer and Meehl, 2017). What is beginning to be understood is

that environmental factors also influence incidence and transmission of pathogenic
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agents, i.e., proliferation, dissemination, and virulence, as well as transmission routes,
e.g., via vectors, food, and water (Mora et al., 2022). Changes in human behavior can
be associated with climate when people are brought into more frequent contact with
pathogens in increased water-related activities during periods of extended warming
(Baker-Austin et al., 2016; Mora et al., 2022). It is also worth noting that human
activities and global travel contribute to dissemination and evolution of
microorganisms, e.g., movement of infected individuals or by ballast water of ships
(Colwell, 1996; Ruiz et al., 2000; Chinazzi et al., 2020). Climate change is associated
with shifts in geographical range of species, increasingly important in emergence and
re-emergence of disease (El-Sayed and Kamel, 2020). A prime example is climate-
driven enhancement of incidence of pathogenic Vibrio spp., which has been correlated
with an increased number of infections caused by these bacteria (Colwell, 1996;
Vezzulli et al., 2012, 2015; Baker-Austin et al., 2017; Froelich and Daines, 2020,
Brumfield et al., 2021b; Vezzulli, 2022; Archer et al., 2023).

Given access to appropriate health care, treatment of vibriosis is typically
uneventful, with oral or intravenous rehydration therapy. Antibiotics are sometimes
used in severe or prolonged cases of disease, e.g., necrotizing fasciitis caused by V.
vulnificus (Morris Jr. et al., 2023). However, bacterial resistance to antimicrobial agents
is an emerging public health concern. Historically, Tetracycline has been shown to be
an effective treatment for cholera, along with rehydration therapy, and is recommended
as the first-line drug choice, followed by Azithromycin and Ciprofloxacin, according
to the Centers for Disease Control and Prevention (CDC, 2022a). However, macrolides

and fluoroquinolone drugs have also been used for treatment of cholera and other
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Vibrio spp. infections, following emergence of antimicrobial resistant Vibrio spp.
isolates (Colwell, 1996; Harris et al., 2012; Wong et al., 2015). While vaccines are used
for cholera and also have been developed for Vibrio spp. infection in aquaculture,
efficacy in humans is often not up to the desired standard, often requiring multiple
doses which show protection for only a few years (CDC, 2022b). Vaccine hesitancy
associated with effectiveness and preference for low-cost cholera treatment over
prevention have limited their use in regions where the disease is endemic (Aziz et al.,
2021). Hence, access to clean water, effective sanitation, and improved WASH
infrastructure remain at the forefront of public health intervention. However,
improvements in methods to predict infectious disease incidence, particularly
community outbreaks and epidemics, employing remote sensing as a public health tool
is appealing for mitigating risk of cholera and vibriosis (Jutla et al., 2010; Akanda et
al., 2018). Data gathered using remote sensing show promise in estimating the risk of
a cholera epidemic (Colwell, 1996; Lobitz et al., 2000), and such satellite derived
prediction methods have been employed successfully (Jutla et al., 2010, 2013b, 2015b;
Khan et al., 2017, 2019a; Usmani et al., 2022, 2023). A local population survey of slum
areas in Bangladesh showed early warning systems can directly benefit vulnerable
populations by increasing knowledge of the risk and reducing uncertainties associated
with avoidance measures, namely willingness to pay for vaccines (Aziz et al., 2021).
Over the past five decades, extensive datasets have been generated on incidence
and behavior of toxigenic V. cholerae and non-cholera Vibrio spp. in the ocean and
estuarine environments through cross-sectional studies and also some long-term

retrospective work, namely in the Bay of Bengal, Arabian Sea, Baltic Sea, Gulf of
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Mexico, and Chesapeake Bay. Here are presented foundational observations providing
evidence for environmental parameters directly and indirectly involved in distribution
and occurrence of pathogenic Vibrio spp. in the environment and currently being
incorporated into predictive modeling to allow observation regarding the effect of

climate change on Vibrio-human interactions.

Vibrio spp. infections

At least 12 Vibrio spp. are known to cause infections in humans, of which V.
cholerae, V. parahaemolyticus, and V. vulnificus are currently considered most
significant (Newton et al., 2012; CDC, 2016, 2019b; Waldor et al., 2018). V. cholerae
is the causative agent of pandemic cholera, responsible for up to four million cases and
more than 100,000 deaths each year globally (Ali et al., 2015). V. parahaemolyticus is
a major cause of seafood-derived foodborne gastroenteritis (CDC, 2019b). V.
vulnificus, also a common cause of foodborne illness, can cause severe necrotizing
fasciitis and septicemia (Baker-Austin and Oliver, 2018), with a fatality rate among the
highest of any waterborne pathogen, greater than 50% for primary septicemia, and
responsible for ca. 95% of all waterborne and seafood-derived foodborne deaths in the
U.S. (Bross et al., 2007; Baker-Austin and Oliver, 2018). However, with increasing
reports of vibriosis in humans and marine animals globally, the infections caused by V.
alginolyticus and Vibrio fluvialis are becoming increasingly relevant (Waldor et al.,
2018; Brumfield et al., 2021b; CDC, 2021). In the U.S., Vibrio spp. are estimated to
cause 80,000 illnesses and hundreds of deaths annually, of which ca. 65% are

foodborne (Newton et al., 2012; CDC, 2019b). According to the Centers for Disease
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Control and Prevention FoodNet, there are indications of a long-term increase in
reported vibriosis between 1996 and 2019 (Brumfield et al., 2021b; CDC, 2021). In the
Eastern U.S. between 1988 and 2018, V. vulnificus wound infections increased
eightfold, i.e., from 10 to 80 cases per annum, and the northern case limit has shifted
northwards 48 km per annum (Archer et al., 2023). Concerningly, this trend of
increased vibriosis is expected to expand further in the coming years because of

climatic change (Colwell, 1996; Lobitz et al., 2000).

Cholera

With descriptions of a cholera-like disease in India dating ca. 400-500 B.C
(Bhishagratna, 1963), cholera is an ancient infectious disease transmitted notably via
untreated drinking water carrying the causative agent, V. cholerae, and characterized
by severe diarrhea and dehydration. It has been shown that cholera emerges in two
forms: epidemic, characterized by sporadic or rampant occurrence of cases in an
outbreak or endemic, associated with cases occurring continuously throughout the year,
often observed with distinct seasonal peaks in the number of cases (Usmani et al.,
2021). Coastal areas and riparian zones are most impacted by endemic cholera, where
outbreaks usually emerge before reaching inland (Colwell, 1996; Lipp et al., 2002).
Outbreaks are generally associated with natural (earthquake, hurricane, floods, etc.)
and/or anthropogenic (wars, coups, political crisis, economic recession, etc.) disasters,
notably when environmental conditions favor growth of V. cholerae in the environment

(Usmani et al., 2021).
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Historically, cholera outbreaks have occurred as a sporadic, often seasonal,
disease prior to its emergence in epidemic form during the first recorded pandemic in
1817 (Colwell, 1996). The disease remains endemic in developing countries where
access to safe water is problematic even though the causative agent is naturally
occurring in estuaries and river systems globally (Colwell, 1996). V. cholerae is
broadly classified according to serogroup by characterization of the surface
lipopolysaccharide O-antigen structure. Serogroup O1 is associated with the ongoing
seventh pandemic, which began in 1961, and all previously recorded cholera pandemics
since 1817. In addition, based on a combination of biochemical traits and sensitivity to
specific phages, V. cholerae O1 is further classified into biotypes, i.e., classical and El
Tor (Kaper et al., 1995; Nair et al., 2002, 2006; Brumfield et al., 2017). The seventh
pandemic is primarily associated with the El Tor biotype of V. cholerae O1 (7PET) and
currently persists with large outbreaks in Africa and the Eastern Mediterranean and
recurring outbreaks in the Americas, namely Haiti (WHO, 2022b). Debate whether
recurrent outbreaks in Africa and the Americas are caused by intercontinental
introduction or resurgence of endemic clonal populations of the bacterium is ongoing
(Mutreja et al., 2011; Weill et al., 2017, 2019).

In the 1990’s, a unique non-O1 V. cholerae (serogroup O139) emerged that
closely resembled serogroup Ol isolates (Ramamurthy, 1993). Following its
emergence, 0139 isolates temporarily displaced the O1 serogroup in several parts of
India and Bangladesh (Basu et al., 2000; Faruque et al., 2003). Serogroup O139 spread
across Asia until the mid 2000’s and continues to cause outbreaks, primarily in South

East Asia (Albert, 1994; Waldor et al., 1994; Alam et al., 2006a; Luo et al., 2022;
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Ramamurthy et al., 2022). Genomic investigation of O139 showed considerable
genetic diversity within these isolates including variable copy numbers of CTX
prophage (Waldor et al., 1994; Kimsey et al., 1998; Faruque et al., 2003) and novel
integrative conjugative elements (ICE) encoding resistance to antibiotics, namely
Sulfamethoxazole and Trimethoprim (SXT) and Streptomycin (Waldor et al., 1996;
Spagnoletti et al., 2014). However, later studies showed deletion of a genomic region
encoding resistance to SXT and Streptomycin occurring amongst O139 strains (Shah
M Faruque et al., 1999). It is suspected that, due to a genetic switch from homogeneous
toxin genotype to heterogeneous genotypes and loss of AMR, serogroup O139 failed
to spread globally (Ramamurthy et al., 2022).

Following genomic sequencing and phylogenic analysis, it is concluded that V.
cholerae O1 and O139 strains comprise a monophyletic clade, designated V. cholerae
phylocore genome clade, which includes isolates from both the sixth and seventh
pandemics and suspected to have evolved from a common ancestor within this clade
(Chun et al., 2009). In contrast, O1/0139 non-agglutinating V. cholerae (NOVC, i.e.,
non-O1/non-0O139) have showed significant genomic diversity and comprise a
neglected group of human pathogens that cause sporadic, yet significant, infections
ranging in severity from mild, e.g., acute gastroenteritis and otitis, to life threatening,
e.g., necrotizing fasciitis. NOVC strains inhabit coastal waters globally and are known
to carry a number of antimicrobial resistance and virulence coding genes characteristic
of pandemic V. cholerae and non-cholera Vibrio spp. isolates, e.g., cholera toxin,
repeats in toxin, hemolysins, T3SS, zona occludens toxin, and cholix toxin (Hasan et

al., 2013; Ceccarelli et al., 2015; Schwartz et al., 2019; Zhao et al., 2022). A growing
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number of studies have reported on the increased environmental fitness conferring
enhanced virulence of NOVC isolates, e.g., acquisition of the T3SS (Dziejman et al.,
2005; Zeb et al., 2019) and multidrug resistance (Luo et al., 2021), corroborated by an
increased number of NOVC infections observed globally in recent years (Quilici et al.,
2015; Vezzulli et al., 2020; Zhang et al., 2020; Brumfield et al., 2021b). Furthermore,
NOVC is believed to contribute to global emergence of new pathogenic strains with
epidemic potential as a result of genetic recombination and HGT (Vezzulli et al., 2020).
A prime example being strains of the current pandemic, which belong to a single
phyletic lineage, that have been diversified by HGT of naturally occurring NOVC
strains, likely driven by environmental factors (Chun et al., 2009). Hence, monitoring
pandemic and local isolates is a critical public health strategy for controlling current
and future cholera outbreaks. The presence of NOVC should not be ignored in the

current era of global climate change.

Cholera in the African Subcontinent

While human transmission is an important aspect of cholera progression in a
population, the changing climate is increasingly linked to greater frequency of
anomalous weather events, e.g., heatwaves, hurricanes, floods, and droughts, that have
the potential to accelerate spread of pathogenic microorganisms. Various parts of
Africa are under constant stress of climate change, notably intense flooding and
extended drought, and cholera has been reported in several African countries (Khoury,
2023). Countries of the Horn of Africa, including Kenya, Ethiopia, and Somalia, have

been severely impacted by drought, leading to increased number of climate refugees.
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Similar refugee situations are occurring in other regions of Africa because of deadly
flooding, e.g., Nigeria, and violent surges of civil unrest, e.g., Yemen. Due to the
associated mass migration caused by either climate or anthropogenic conflicts, people
in these regions are experiencing significant lack of access to safe water, proper
sanitation, and WASH infrastructure, directly increasing risk of cholera and spread of

disease caused by related pathogens.

Pandemic V. parahaemolyticus

V. parahaemolyticus was first described by Professor Fujino during a 1950
Shirasu food poisoning outbreak in Japan (Fujino, 1951). The bacterium was later
isolated in diseased crabs from the Chesapeake Bay (Krantz et al., 1969) and found to
be associated with plankton (Kaneko and Colwell, 1973) and a variety of seafood,
including codfish, sardine, mackerel, flounder, clam, octopus, shrimp, crab, lobster,
crawfish, scallop, and, notably, oyster (Liston, 1990). Having been isolated in coastal
waters throughout the world (Kaneko and Colwell, 1973; Joseph et al., 1982; Nair et
al., 2007b; Abanto et al., 2020; Gavilan et al., 2023), evidence suggests that V.
parahaemolyticus is a member of the natural microbial flora, given specific
environmental conditions such as temperature and salinity. While most V.
parahaemolyticus strains are not considered pathogenic to humans, the bacterium, as
do other vibrios, concentrates in filter-feeding shellfish, especially oysters, which are
often consumed raw thereby exposing people to large doses of potentially pathogenic
agents (Lovelace et al., 1968; Berk and Colwell, 1981; Froelich and Noble, 2016). In

addition, certain strains have been shown to cause severe infections in marine fish
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(Colwell and Grimes, 1984) and shrimp (Prithvisagar et al., 2021), with significant
economic burden and aquaculture loss (Freitag et al., 2022).

V. parahaemolyticus is characterized by antigenic properties of the somatic (O)
and capsular (K) antigens. The V. parahaemolyticus serovar O3:K6 was first identified
during a major outbreak in India in 1996 and subsequently spread globally along with
serovariants (Matsumoto et al., 2000; Nair and Hormazabal, 2005; Nair et al., 2007b;
Ceccarelli et al., 2013), leading to a V. parahaemolyticus pandemic. Pandemic isolates
generally share virulence profiles that are characterized by presence of specific genetic
markers, e.g., thermostable direct hemolysin (¢dh), absence of TDH-related hemolysin
(trh), and a distinctive toxRS sequence (toxRS/new) amplifiable by group-specific PCR
(Matsumoto et al., 2000). Between 1996 and 2007, 22 pandemic serovariants sharing
these virulence characteristics were described in various regions of the world (Nair et
al., 2007b). However, more recently, an increasing number of pandemic serotypes have
been reported across Asia, Europe, the Americas, and Africa (Han et al., 2017). Since
2012, serovar O4:K12 has also been found to have transcontinental epidemic
expansion, most notably having been detected in regions beyond where it was endemic,
i.e., the U.S. Pacific Northwest. For example, V. parahaemolyticus O4:K12 strains
were isolated along the U.S. northeastern coast, Spain (Martinez-Urtaza et al., 2013,
2017), and Peru (Abanto et al., 2020). This long-term persistence of isolates in the
environment was suggested to be a result of successful establishment in environmental
reservoirs, but evidence clearly indicates the aquatic environment to be its natural
habitat. The precise source and route of pandemic transmission of V. parahaemolyticus

continue to be debated. However, available evidence suggests a link between its
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epidemic dynamics and the emergence of new V. parahaemolyticus clones in South
America with El Nifio, characterized by heavy rains and heat waves, contributing
environmental conditions ideal for growth of Vibrio spp. (Martinez-Urtaza et al.,
2008a, 2016). In the early 2000’s, others have proposed that vibrios, autochthonous to
the aquatic environment, were likely present in coastal waters, and Peruvian outbreaks
resulted from environmental conditions occurring during El Nifio phenomenon (Seas
et al., 2000; Lipp et al., 2003; Gil et al., 2004; Colwell, 2006). Hence, the link between

El Nifio and vibriosis outbreak is a rational conclusion based on available evidence.

Vibrio-human interactions and climate change

In the early 1990’s, the risk of increased Vibrio spp. infections was linked to
conditions associated with a changing climate (Epstein et al., 1993; Colwell, 1996; Lipp
et al., 2002; NIH, 2009). Among the first climate linked epidemiological observations
on a global scale was of cholera epidemics related to climatic events, i.e., El Nifio and
the global distribution of copepods, the plankton host of V. cholerae (Colwell, 1996).
Since Vibrio spp. and other pathogens are known to enter the VBNC state (Colwell et
al., 1985; Colwell and Huq, 1994; Colwell, 2000; Wong and Wang, 2004; Albertini et
al., 2006; Nair et al., 2007a; Nowakowska and Oliver, 2013), the failure of the early
studies to detect vibrios in the natural environment can explain the lack of recognition
of vibrios to comprise an autochthonous member of aquatic microbial communities.
Advancements in laboratory methods provided data confirming Vibrio spp. to be
autochthonous aquatic environmental inhabitants globally, playing an important role in

biogeochemical cycles. With a deeper understanding of environmental parameters
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influencing occurrence and distribution of vibrios, it is now clear that pathogenic
vibrios, namely V. cholerae, V. parahaemolyticus, V. vulnificus, and V. alginolyticus,
are naturally present in the aquatic environment, notably in warm, low-salinity water.

Since it is estimated that over half of known human pathogenic diseases can be
aggravated by climate change (Mora et al., 2022), changing climatic conditions and
increasingly anomalous weather events may presage alterations in the geographical
distribution of the causative agents. Changes in the intensity and frequency of
hurricanes, associated with violent storm surge and severe precipitation, are among the
most severe climatic catastrophes associated with disease outbreaks. For example, one
of the largest cholera outbreaks occurred in 2016 during the months following
Hurricane Mathew (Hasan et al., 2012), which poured rains over the southwestern coast
of Haiti and crippled WASH infrastructure during periods of elevated air temperatures.
More recently, Vibrio spp. infections were reported along coastal regions of the Florida
Gulf Coast post Hurricane lan, a destructive category 4 Atlantic hurricane that made
landfall on Florida in September 2022. In the days following lan, many Florida
residents were impacted by sustained floodwaters, a problematic situation given that
pathogenic Vibrio spp. thrive in warm and low-salinity waters (Singleton et al., 1982;
Brumfield et al., 2021b). The Florida Department of health reported 38 cases and 11
vibriosis-associated deaths attributed to the storm (case fatality rate of ca. 28.9%),
double the usual number for that time of the year (Florida Department of Health, 2023;
Sodders et al., 2023).

In addition to the V. cholerae O1 pandemic and the ongoing pandemic caused

by V. parahaemolyticus O3:K6, the rise in reported non-pandemic Vibrio spp.
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infections is of particular concern. Numerous studies have linked climate change to
increased risk of vibriosis caused by non-cholera Vibrio spp. However, it is worth
noting that global cholera has further exacerbated, as of 2023, with an unprecedented
number of larger and more deadly cholera outbreaks, most notably in regions of the
world where the disease is not considered endemic (United Nations, 2022; WHO,
2022b). Furthermore, there has been a global increase in NOVC-related (Vezzulli et
al., 2020) and non-cholera Vibrio spp. infections (Newton et al., 2012; Baker-Austin et
al., 2017; Archer et al., 2023). In the U.S., recent reports suggest an increasing number
of V. vulnificus wound infections along the U.S. eastern seaboard between 1988 and
2019 (Archer et al., 2023) and a long-term increase and extended seasonality of
pathogenic Vibrio spp. in the Chesapeake Bay between 2009 and 2022 (Brumfield et
al., 2023). It is estimated that ca. half a million non-cholera Vibrio spp. infections
occurred worldwide in 2020 (Trinanes and Martinez-Urtaza, 2021). Furthermore,
recent projections showed geographic areas suitable for proliferation of Vibrio spp.
could cover 38,000 km of new coastal areas alone by 2100, and this was concluded for
the most unfavorable scenario (Trinanes and Martinez-Urtaza, 2021). Hence, it can be
concluded that, while climate is not the sole driver of this disease, it has the potential
to accelerate outbreaks of Vibrio spp. infections, including cholera. Predictive risk
assessment of environmental conditions favoring growth of pathogenic Vibrio spp. will
be essential with respect to public health.

Developments in satellite technology and the increased number of advanced
satellites orbiting the Earth can be used with near real-time environmental and

sociological data to develop predictive models for risk assessment of Vibrio spp.
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infection. Warning systems can provide decision-makers with time to deploy health
personnel and resources to vulnerable areas. Cholera predictive modeling,
demonstrated for Haiti (Khan et al., 2017), Zimbabwe (Jutla et al., 2015b), Nepal (Khan
et al., 2018), Ukraine (Usmani et al., 2022), and Yemen (Usmani et al., 2023), has the
potential, when coupled with both individual and large-scale intervention early in
outbreaks, to contribute to reduction in case fatality rates (Akanda et al., 2012). Similar
models have been proposed for V. vulnificus in the Chesapeake Bay (Jacobs et al.,
2014) and non-cholera vibrios in the Baltic Sea (Semenza et al., 2017). However,
predictive modelling relies on ground truth observations to train algorithms, and ground
observations of non-cholera vibrios have been limited essentially to only a few
locations, with most studies conducted in developed countries. Future modeling efforts
will benefit from inclusion of sociological and behavioral factors related to contact with
the aquatic environment, such as recreational and occupational activities, that influence

contact with waterborne pathogens.

Environmental parameters for predictive assessment of Vibrio

Research of environmental parameters associated with occurrence and
transmission of pathogenic Vibrio spp. has been ongoing since the 1960’s. Vibrio spp.
are bacteria that, under favorable conditions will replicate rapidly, and, hence, are
highly responsive to environmental stimuli and adaptable to a changing environment.
In general, growth of vibrios in the environment is directly proportional to ambient
environmental conditions, whereby increased temperatures enhance their proliferation

and spread in the environment. Cholera and noncholera disease have varying routes of
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environmental transmission, primarily attributed to the spread of V. cholerae via fecal-
oral routes in an epidemic setting with loss of WASH infrastructure and appropriate
environmental conditions (Usmani et al., 2021). Furthermore, it has been found that
pathogenic strains show niche preference, which will vary across species and clonal
populations (Zo et al., 2009; Brumfield et al., 2023). Hence, it is reasonable to conclude
that all Vibrio spp. cannot be treated as a single cohesive unit and multiple predictive
systems are needed to capture the risk of infection caused by these bacteria.

A hypothesis was proposed (Figure 6) for environmental parameters
influencing trigger of epidemic cholera by Jutla and colleagues (2013b) and validated
globally (Jutlaetal., 2010, 2013b, 2015b; Khan et al., 2017,2019a; Usmani et al., 2022,
2023), whereby anomalously high (defined as more than one standard positive
deviation above the long-term average) temperatures followed by anomalously high
precipitation, over a period of four weeks, in a region of damaged or compromised
WASH infrastructure, facilitated interaction between contaminated water and the
human population and comprised an environment favorable for triggering an epidemic.
Under the hypothesis, if one or more of the conditions are not satisfied, the region
would be at lower risk to experience an epidemic. In addition, several investigators
proposed association of V. cholerae with environmental parameters, including sea
surface temperature and height (Lobitz et al., 2000; Emch et al., 2008), chlorophyll
(Constantin de Magny et al., 2008; Emch et al., 2008; Jutla et al., 2013a), precipitation
(Jutla et al., 2015b; Kirpich et al., 2015), water storage (Jutla et al., 2015a), and salinity
(Singleton et al., 1982; Khan et al., 2018), and suggested for use in cholera risk

prediction.
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For NOVC and non-cholera vibrios, modeling efforts have focused on
temperature and salinity as primary input (Jacobs et al., 2014; Levy, 2018). Research
carried out in the Chesapeake Bay since the 1970’s (Kaneko and Colwell, 1973, 1974,
1977; Colwell et al., 1977, 1981; Zo et al., 2009; Brumfield et al., 2023) has shown that
Vibrio spp. have a distinct seasonality, since they are found in greater numbers during
warmer months of the year. Others have also reported temperature to be a strong
predictor of the incidence and distribution of Vibrio spp. in the environment (Colwell,
1996; Martinez-Urtaza et al., 2010; Johnson, 2013; Jacobs et al., 2014; Vezzulli et al.,
2016; Parveen et al., 2020; Brumfield et al., 2023; Doni et al., 2023). Studies of
culturable vibrios in the Chesapeake Bay (Kaneko and Colwell, 1977; Brumfield et al.,
2023) have identified two critical sea temperature thresholds, whereby when an initial
increase in Vibrio density was observed between 14°C and 15°C and when water
temperatures rose above 25°C, maximum counts were observed.

Independent of temperature, salinity is understood to influence growth and
activity of Vibrio spp., with Na* required for growth (Singleton et al., 1982). Hence,
salinity is known to be a strong predictor of Vibrio abundance (Singleton et al., 1982,
1983; Jacobs et al., 2014; Levy, 2018; Parveen et al., 2020). In general, vibrios have
been shown to persist in a wide range of salinities, generally between 5 and 20 ppt.
Increased to maximum abundance of Vibrio has been observed when salinities are
between 10 and 15 ppt (Kaper et al., 1979; Joseph et al., 1982; Huq et al., 1984; Jacobs
etal., 2014; Levy, 2018; Brumfield et al., 2023). However, it should be noted that when
salinity profiles are below optimal thresholds, Vibrio spp. have been shown to thrive in

freshwater as well as coastal ecosystems (Singleton et al., 1983) in association with a
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variety of living organisms, notably chitinous exoskeletons of copepods (Huq et al.,
1984; Colwell, 1996; Vezzulli et al., 2010), or other factors such as the ionic sparing
effect of Ca™" in freshwater and Mg"" in seawater (Joseph et al., 1982; Singleton et al.,
1982; Colwell and Spira, 1992).

Clearly, copepods are an important reservoir for Vibrio spp., but spatiotemporal
distributions of zooplankton are difficult to quantify. A few studies have shown the
ability to detect zooplankton swarms via satellite ocean color (Stromberg et al., 2009;
Basedow et al., 2019). However, this is an emerging field of research and remote
sensing to measure zooplankton populations has been limited to a few species, without
ability to detect low abundance populations. As a result, investigators have used
chlorophyll pigments as a proxy for zooplankton abundance (Colwell, 1996; Lobitz et
al., 2000). Since zooplankton feed on phytoplankton, correlation of the zooplankton
population surges following phytoplankton blooms can be calculated. In addition,
phytoplankton blooms are an indicator of sunlight, temperature, and nutrients, which
in addition to affecting growth of phytoplankton, promote proliferation of vibrios
(Constantin de Magny and Colwell, 2009; Shaw et al., 2014b; Thickman and Gobler,
2017). Hence, chlorophyll is an important predictor of Vibrio abundance (Constantin
de Magny et al., 2008; Deter et al., 2010; Julie et al., 2010; Jutla et al., 2013b; Namadi
and Deng, 2023). A caveat for chlorophyll as a proxy for zooplankton abundance is
that modeling efforts would benefit by including specific lag times, e.g., I month, to
account for a subsequent increase in zooplankton numbers and associated microbial

flora (Colwell, 1996; Lobitz et al., 2000; Namadi and Deng, 2021).
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Conclusions

In summary, climate change is reported to have an environmental influence in
most regions of the world and more so in coastal communities, notably in overall
warming trends, altered precipitation patterns, and changes in jet streams and ocean
currents. Vibrio spp., because they are naturally occurring in coastal waters globally,
possess a high growth rate, and rapid response to environmental stimuli, significant
geographic expansion of pathogenic strains with correlated by impact on public health,
i.e., increased number of infections caused by these pathogens, is in progress (Lovelace
et al., 1968; Krantz et al., 1969; Kaneko and Colwell, 1973, 1974; Colwell et al., 1977;
Hugq et al., 1984, 2005; Colwell, 1996; Baker-Austin et al., 2013, 2017; Froelich and
Daines, 2020; Vezzulli et al., 2020; Brumfield et al., 2021b, 2023; Olson, 2022;
Vezzulli, 2022; Archer et al., 2023). Factors favoring growth of vibrios in the
environment influenced by climate variability are shown in Figure 7. Trend of
increased incidence of vibriosis infections is expected in coming years (Colwell, 1996;
Lobitz et al., 2000). Early warning systems will be essential to safeguard public health
and inform both decision makers and individuals for whom risk of vibriosis infection
is high. Cholera research has laid the groundwork for predative intelligence systems in
varying climatic scenarios. New models are in preparation to improve representation

of ecological niche preferences for pathogenic subspecies.
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Figures

Figure 6: Cholera trigger mechanism.

Adapted from “Environmental Factors Influencing Epidemic Cholera,” by Jutla et al.,

2013, The American Journal of Tropical Medicine and Hygiene 89 (3), 597-607.
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Figure 7: Hierarchical model for environmental transmission of Vibrio associated

with climate change.

Adapted from “Effects of Global Climate on Infectious Disease: The Cholera Model,”
by Lipp et al., 2002. Clinical Microbiology Reviews 15(4), 757-770. SST, sea surface

temperature; DO, dissolved oxygen; UV, ultra-violate wavelength.
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Abstract

Incidence of vibriosis is rising globally, with evidence that changing climatic
conditions are influencing environmental factors that enhance growth of pathogenic
Vibrio spp. in aquatic ecosystems. To determine the impact of environmental factors
on occurrence of pathogenic Vibrio spp., samples were collected in the Chesapeake
Bay, Maryland, during 2009-2012 and 2019-2022. Genetic markers for Vibrio
vulnificus (vwhA) and Vibrio parahaemolyticus (tlh, tdh, trh) were enumerated by direct
plating and DNA colony hybridization. Results confirmed seasonality and
environmental parameters as predictors. Water temperature showed a linear correlation
with vwhA and tlh and two critical thresholds were observed, an initial increase in
detectable numbers (> 15 °C) and a second increase when maximum counts were
recorded (> 25 °C). Temperature and pathogenic V. parahaemolyticus (tdh and trh)
were not strongly correlated, however, the evidence showed these organisms to persist
in oyster and sediment at colder temperatures. Salinity (10-15 PPT), total chlorophyll
a (5-25 pg/L), dissolved oxygen (5-10 mg/L), and pH (8) were associated with
increased number of vwhA and t/h. Importantly, a long-term increase in Vibrio spp.
numbers was observed in water samples between the two collection periods,
specifically at Tangier Sound (lower bay), with the evidence suggesting an extended
seasonality for these bacteria in the area. Notably, #/h showed a mean positive increase
that was ca. threefold overall, with the most significant increases observed during the
fall. In conclusion, vibriosis continues to be a risk in the Chesapeake Bay region. A
predictive intelligence system to assist decision makers, with respect to climate and
human health, is warranted.
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Importance

The genus Vibrio includes pathogenic species that are naturally
occurring in marine and estuarine environments globally. Routine monitoring for
Vibrio species and environmental parameters influencing their incidence is critical to
provide a warning system for the public when risk of infection is high. In this study,
occurrence of Vibrio parahaemolyticus and Vibrio vulnificus, both potential human
pathogens, in Chesapeake Bay water, oysters, and sediment samples collected over a
13-year period were analyzed. The results provide a confirmation of environmental
predictors for these bacteria, notably temperature, salinity, and total chlorophyll a, and
their seasonality of occurrence. New findings refine environmental parameter
thresholds of culturable Vibrio species and document a long-term increase in Vibrio
populations in the Chesapeake Bay. This study provides a valuable foundation for
development of predicative risk intelligence models for Vibrio incidence during climate

change.

Introduction

Changing climatic conditions have been linked to an increased frequency of
anomalous weather events, e.g., heatwaves, hurricanes, and severe precipitation, that
result in severe impact on the marine environment, notably changes in sea surface
height, temperature, and salinity, and for coastal communities (Ummenhofer and
Meehl, 2017). What is beginning to be understood is that environmental factors also

influence incidence and transmission of pathogenic agents, i.e., proliferation,
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dissemination, and virulence, as well as transmission routes, notably via vector, food,
and water (Mora et al., 2022). Changes in human behavior are also associated with
climate by bringing people into more frequent contact with pathogens from increased
water-related activities during periods of extended warming (Baker-Austin et al., 2016;
Mora et al., 2022). In the U.S., it is estimated that ca. 7.15 million waterborne illnesses
occur annually (Collier et al., 2021). Climate change associated with shifts in the
geographical range of species, is increasingly important in the emergence and re-
emergence of disease (El-Sayed and Kamel, 2020). A prime example is climate-driven
enhancement of the incidence of pathogenic Vibrio (Colwell, 1996; Vezzulli et al.,
2012, 2015; Baker-Austin et al., 2017; Froelich and Daines, 2020; Brumfield et al.,
2021b; Vezzulli, 2022; Archer et al., 2023).

The genus Vibrio comprises ecologically significant Gram-negative bacteria
native to the aquatic environment globally and their incidence is strongly influenced by
environmental parameters (Singleton et al., 1982; Colwell, 1996; Brumfield et al.,
2021b). Vibrio spp. thrive in warm water with moderate salinity (Joseph et al., 1982)
and are associated with aquatic invertebrates, notably crustaceans, zooplankton, and
bivalves, all of which are known to impact occurrence of these bacteria in the
environment (Lovelace et al., 1968; Krantz et al., 1969; Huq et al., 1983; Brumfield et
al., 2021b). Copepods, zooplankton comprising a significant component of aquatic
fauna, are a major host of Vibrio spp., including Vibrio parahaemolyticus and Vibrio
vulnificus, and considered a vector of Vibrio cholerae (Colwell et al., 1977; Huq et al.,
1983; Colwell, 1996; Rawlings et al., 2007; Martinelli Filho et al., 2020). Similarly,

Vibrio spp. have been shown to concentrate in filter-feeding shellfish, especially
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oysters, which are often consumed raw, thereby exposing people to large doses of
potentially pathogenic agents (Lovelace et al., 1968; Berk and Colwell, 1981; Froelich
and Noble, 2016).

Vibrio spp. are known to cause infection in humans, with V. cholerae being the
etiological agent of cholera, an acute diarrheal disease caused by consumption of food
or water containing pathogenic strains of the bacterium. The seventh cholera pandemic
is in progress and the disease continues to plague the modern world, notably when
climate/weather processes, microbiological parameters, and sociological determinants
intersect with population vulnerabilities and loss of water, sanitation, and hygiene
(WASH) infrastructure (Usmani et al., 2021, 2022). However, in addition to V.
cholerae, V. parahaemolyticus and V. vulnificus have been proven historically
significant (Waldor et al., 2018; Brumfield et al., 2021b). V. parahaemolyticus, first
described by Professor Fujino during a 1950 shirasu food poisoning outbreak in Japan
(Fujino, 1951), is a major cause of seafood-derived foodborne gastroenteritis in the
United States (CDC, 2019b). V. vulnificus, first reported in the U.S. in 1976 by Hollis
et al. (Hollis et al., 1976), is also a common cause of foodborne illness and can cause
severe extraintestinal infections, including necrotizing fasciitis and septicemia (Baker-
Austin and Oliver, 2018). The bacterium has a fatality rate among the highest of any
waterborne pathogen, i.e., greater than 50% for primary septicemia. It also is
responsible for ca. 95% of all waterborne and seafood-derived foodborne deaths in the
U.S. (Bross et al., 2007; Baker-Austin and Oliver, 2018). In the U.S., Vibrio spp. are
estimated to cause 80,000 illnesses and hundreds of deaths annually, of which ca. 65%

are foodborne (Newton et al., 2012; CDC, 2019b). According to the Centers for Disease
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Control and Prevention FoodNet, which has sites in 10 states covering 15% of the U.S.
population, there is indication of a long-term increase in reported vibriosis between
1996 and 2019 (Brumfield et al., 2021b; CDC, 2021). In the Eastern U.S. between 1988
and 2018, V. vulnificus wound infections increased eightfold, i.e., from 10 to 80 cases
per annum, and the northern case limit has shifted northwards 48 km per annum (Archer
et al., 2023). Disturbingly, this trend of increased vibriosis is expected to continue
significantly into the future because of climate change.

Compared to clinical isolates, traditionally most V. parahaemolyticus strains
collected from the environment are not considered pathogenic to humans, i.e., when
primary virulence factors are absent, namely thermostable direct hemolysin (¢#dh) and
thermostable direct-related hemolysin (##4) which encode potential lysis of human
erythrocytes (DePaola et al., 2000; Drake et al., 2007; Letchumanan et al., 2014;
Raghunath, 2015). However, it has been estimated that up to ca. 27% of V.
parahaemolyticus clinical isolates do not encode tdh and/or trh (Jones et al., 2012),
suggesting other virulence factors exist. In fact, many environmental isolates lacking
tdh and/or trh can be highly cytotoxic to human gastrointestinal cells (Raghunath,
2015) with potential to cause acute gastroenteritis (Ottaviani et al., 2012). Furthermore,
tdh/trh negative V. parahaemolyticus strains can cause severe infections in marine fish
(Colwell and Grimes, 1984) and shrimp (Prithvisagar et al., 2021), resulting in
significant economic burden and aquaculture loss (Freitag et al., 2022). Nonetheless,
both tdh and trh are commonly used to identify pathogenic V. parahaemolyticus strains
(Waldor et al., 2018). An additional hemolysin, thermolabile hemolysin (z/4) which

encodes phospholipase A2 (Zhang and Austin, 2005), has been observed in nearly all
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strains of V. parahaemolyticus and is commonly employed as a marker for species
detection and identification (Drake et al., 2007). In contrast, the mechanisms by which
V. vulnificus causes infection in humans are more complex (Drake et al., 2007). While
a few putative virulence markers have been suggested to be associated with clinical
strains, e.g., pilus-type IV assembly genes (Paranjpye and Strom, 2005; Roig et al.,
2010) and virulence-correlated gene (vcg) (Rosche et al., 2005), the extent to which
they are responsible is unclear, and no single virulence gene has yet been identified that
distinguishes pathogenic and non-pathogenic isolates (Baker-Austin and Oliver, 2018).
However, the V. vulnificus hemolysin A gene (vwvhA) has been established as reliable
species-specific biomarker (Wright et al., 1985). Since Vibrio spp. play a critical role
in the degradation of polymeric substances, such as chitin, nutrient cycling, and in other
biogeochemical processes (Thompson and Polz, 2006; Pruzzo et al., 2008; Le Roux
and Blokesch, 2018; Zhang et al., 2018), they cannot be eradicated from the
environment.

While V. cholerae and non-cholera vibrios have varying routes of
environmental transmission, primarily attributed to the ability of V. cholerae to thrive
in freshwater as well as coastal ecosystems (Singleton et al., 1982) through association
with a variety of living organisms, e.g., exoskeleton of chitin (Colwell, 1996; Vezzulli
et al., 2010), treatment of vibriosis and cholera is similar and generally includes oral or
intravenous rehydration therapy (CDC, 2019b). However, antibiotics are used in
prolonged and severe cases, notably wound infections caused by V. vulnificus (Morris
Jr. etal., 2023). Whereas cholera has essentially been eliminated in developed countries

by treatment and distribution of safe potable water, pathogenic non-cholera vibrios
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continue to be a significant public health burden, especially following anomalous
climatic events. Significant variability has been reported in their abundance and
behavior among regions of a country and the world. Studies of environmental
parameters influencing the ecological niche of pathogenic Vibrio strains can be helpful
in developing an early warning system and risk reduction strategies.

Here, we describe analysis of environmental parameters influencing occurrence
and abundance of pathogenic Vibrio spp. in samples collected in the Chesapeake Bay
over a 13-year span, with samples collected between 2009-2012 and 2019-2022.
Specifically, we determined association of environmental parameters with abundance
of V. parahaemolyticus and V. vulnificus, with the intent to improve existing models
for assessing risk of infection with pathogenic Vibrio spp. and vibriosis in a changing

climate.

Materials and Methods

Site description

Methods employed for sample collection and processing have been described
previously in detail (Chen et al., 2017). A summary of methods relative to this study is
provided here, whereby samples were collected from the Chesapeake Bay, Maryland,
USA, during two separate three-year sampling events spanning 13 years. Between June
2009 and August 2012, water, oyster (Eastern Oyster, Crassostrea virginica), and
sediment samples were collected at two stations, i.e., Chester River (CR) and Tangier

Sound (TS), totaling 111 sampling events. The Chesapeake Bay, an inlet of water
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enclosed on three sides by land, is the largest estuary in the U.S. CR is a major tributary
in the northern portion of the Chesapeake Bay comprising brackish water, while TS is
an inlet of the larger Atlantic Ocean with a more saline water content and is located
further south. Between April 2019 and August 2022, water and oyster samples were
collected from 12 stations throughout the Chesapeake Bay, totaling 85 sampling events
(Figure 8). Details of each sampling station location, number of sampling events and

samples collected, and station abbreviations are detailed in Table 2.

Sample collection

Between 2009 and 2012, sampling (water, oyster, and sediment) was done twice
per month during warmer months (June through August) and once per month the rest
of the year. Between 2019 and 2022, sampling (water and oyster) was done weekly
during the warmer months and twice per month during the rest of the year. However,
between March 2020 and July 2020, no samples were collected due to laboratory
restrictions associated with COVID-19. Water (12 L) was collected 0.3 m below the
surface using a Van Dorn water sampler (WildCo, Buffalo, NY) and stored in a sterile
Nalgene carboy (Thermo Fisher Scientific, Waltham, MA, USA). The carboy was
rinsed three times with sample water from the site prior to collection. Up to 30 oysters
were collected by dredging and stored in clean double zipper freezer bags. Sediment
(ca. 100 g) was collected using a stainless-steel scoop and stored in sterile Nalgene
bottles (Thermo Fisher Scientific, Waltham, MA, USA). Samples were transported to
the laboratory in a cooler with ice packs, ensuring that samples did not come in direct

contact with the ice packs. Temperature of the coolers was monitored to ensure that it
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did not reach above 8 °C during transport (< 4 hrs) using a LogTag® single trip
temperature alert indicator (LogTag Recorders, Auckland, New Zealand). Temperature
of the water samples was recorded upon arrival to the laboratory, and samples were
stored at 4 °C until processing (< 12 hrs). It is worth noting that internal analysis of
split samples processed immediately, i.e., no refrigeration, and following refrigeration
for 12 hrs showed no significant change in the number of culturable bacteria detected
in homogenized oyster tissue or water samples at a volume of > 10 L, using methods

detailed below.

Environmental parameters

During each sampling event, water temperature, pH, optical dissolved oxygen
(DO), salinity, conductivity, and total dissolved solids (TDS) were measured 0.3 m
below the surface and 0.3 m above the bottom using a handheld water probe (Eureka,
Austin, TX). Air temperature was recorded at the time of collection. Total chlorophyll
a (chl-a) was measured by high-performance liquid chromatography. Briefly, volumes
up to 250 ml of water were filtered using 25 mm glass microfiber filters (Whatman
GF/F; Cytiva, Marlborough, MA) and stored at -80 °C. For samples collected between
2009 and 2012, concentrations of total chl-a were measured in methanol extracts on a
Cary model 50 UV-visible light spectrophotometer, as described previously (Letelier
et al., 1993; Johnson et al., 2012). For samples collected between 2019 and 2022,
concentrations of chl-a (total and active) and pheophytin were measured in acetone
extracts on a Shimadzu UV 2401PC spectrophotometer following University of

Maryland Center for Environmental Science (UMCES) standard operating procedures
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for Fluorometric Determination of chl-a in waters and sediments of
Fresh/Estuarine/Coastal Areas (UMCES, 2022), modified from United States
Environmental Protection Agency (EPA) Methods No. 445.0 (EPA, 1997) and
American Public Health Association (APHA) Standard Methods No. 10200H.3
(APHA, 2012). Chl-a analysis for 2009-2012 and 2019-2022 was performed in
experimental triplicate and duplicate, respectively, and results are presented as the

average.

Sample processing

Details of sample processing have been reported in other publications (Johnson
et al., 2012; Chen et al., 2017). Briefly, samples were treated following methods
outlined in the Bacteriological Analytical Manual for food sampling/preparation of
sample homogenate (Andrews and Hammack, 2019) and Vibrio (Kaysner et al., 2019).
Notably, water samples were shaken vigorously 25 times in 30 cm arc in 7 s. Oysters
were rinsed and scrubbed under running deionized water to remove debris from the
shell and opened using a sterile shucking knife. Oyster tissue in equal part phosphate
buffered saline (PBS; pH 7.4) was homogenized in a sterile blender for 90 s. Sediment
samples were weighed in a sterile conical tube and vortexed in equal part PBS for 90
s. Following homogenization, all dilutions were done in appropriate media within 15

min.
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Direct plating and DNA colony hybridization

Methods to enumerate V. parahaemolyticus and V. vulnificus populations via
direct plating and DNA colony hybridization (DPCH) have been described previously
(Parveen et al., 2008; Johnson et al., 2010, 2012; Kaysner et al., 2019). For samples
collected between 2009 and 2012, water (1 ml), oyster (0.1 g, 0.01 g) and various
sediment concentrations (up to 0.05 g [wet weight]) were used for DPCH. For 2019-
2022 samples, water (1 ml) and oyster (100 pul of oyster homogenate) were used.
Respective sample volumes were spread plated in duplicate on TIN3 agar (1%
tryptone, 3% NaCl [pH 7.2]) and V. vulnificus agar (VVA; 2% peptone, 3% NaCl, 1%
cellobiose, 0.06% bromothymol blue [pH 8.2]) to enumerate V. parahaemolyticus and
V. vulnificus, respectively. Following incubation at 37 °C for 16-18 hrs, Whatman 541
ashless filters (Whatman, Kent, ME) were used to lift colonies from each plate. Filters
were probed using alkaline phosphatase conjugated oligonucleotide probes (DNA
Technology A/S, Risskov, Denmark) specific for V. parahaemolyticus (tlh) or V.
vulnificus (vwhA); samples collected between 2009 and 2012 were also screened for V.
parahaemolyticus virulence markers (trh and tdh). Probes, listed in Table 3, were
visualized wusing Nitro blue tetrazolium chloride/5-Bromo-4chloro-3-indolyl
(NBT/BCIP) Ready-to-Use Tables (Roche, Basel, Switzerland), per manufacturer
instructions. Probe-positive colonies, i.e., those purple-brown in color, were counted,
and are presented as the average of duplicate hybridizations. Sterile PBS (1 mL) spread
onto TIN3 agar or VVA was used as blank control. To ensure the deionized water used
to scrub oysters did not contain traces of culturable Vibrio bacteria, | mL was spread

onto TIN3 or VVA during each hybridization. Cultures of V. parahaemolyticus (ATCC
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17803 [tlh+/tdh-/trh+], TX2103, [¢tlh+/tdh+/trh-], and AQ4037 [tlh+/tdh-/trh+]) and V.
vulnificus (ATCC 27562 [vvhA+]) were prepared under standard growth conditions in
Luria-Bertani broth at 37 °C overnight with aeration, and 1 pul was spotted onto TIN3
agar or VVA three times for each hybridization to serve as positive and negative

controls, respectively.

Statistical analysis

Statistical analysis was done using R v.4.2 (R Core Team, 2022), and figures
were generated using ggplot2 (Wickham, 2016) and plotly (Sievert, 2020).
Environmental parameters and DPCH results were compared among locations,
seasons, and collection periods. For comparisons of DPCH results, the average number
of colony forming units (CFU) detected across duplicate hybridizations was used,
following normalization to sample volume for water (CFU/ml), oyster (CFU/0.1 g),
and sediment (CFU/0.1 g). Where appropriate, data were log-transformed using loglp
method, i.e., [log(x+1)]. To evaluate the relationships of environmental parameters and
DPCH results, surface recordings were used for water samples and bottom recordings
were used for oyster and sediment samples. Both individual stations and pooled data
were evaluated for both collection periods. However, since samples collected between
2009 and 2012 were representative of >50 sampling events from each of two stations,
15 sampling events were randomly selected from both CR and TS using the “sample”
command from the base R software package. To ensure consistency of subsampling
across data analysis, the seed was set to seven, which was chosen by random number

generation. To test for significance of the observed differences of means between two
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groups, Wilcoxon test was used, while one-way analysis of variance (ANOVA) was
used to compare differences of means among more than two groups. Linear regression
and Kendall’s tau correlation methods were used to quantify the relationship of DPCH
results with temperature. A nonparametric regression model, i.e., locally weighted
smoothing (LOESS), was used to visualize the relationship of DPCH results with
environmental parameters lacking linear correlation. Boxplots were used to summarize
distributions by indication of interquartile range. Scatterplots were used to visualize
DPCH results relative to environmental parameter values. Normalized kernel density
estimates, i.e., a smoothed version of the histogram, were used to visualize the count

of samples demonstrating > 10 CFU relative to each environmental parameter value.

Results

Environmental parameters

Between June 2009 and August 2012, a total of 111 total field observations
were recorded from CR and TS, and between April 2019 and August 2022, 86 total
field observations were recorded from 12 stations (Figure 8). A summary of
environmental parameters for each station is detailed in Table 2. During all of the
sampling, ranges of surface water temperature and DO were similar across the stations.
However, between 2009 and 2012, differences were observed for salinity, conductivity,
and TDS, namely at TS which showed higher values compared to CR (Wilcoxon, p <
0.05) (Figure 9A), with greatest differences observed during the summer and fall.

Similarly, between 2019 and 2022, higher salinity, conductivity, and TDS values were
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recorded at TS compared to other stations (ANOVA, p < 0.05) (Figure 9B). For total
chl-a, pheophytin, and active chl-a, the highest values were recorded at the Upper
Patuxent River (UPR) station, while lowest values were recorded at TS (ANOVA, p <
0.05). For other environmental parameters little variation was observed among the

other stations, but values varied by season at each station, respectively.

Distribution of V. parahaemolyticus and V. vulnificus employing DPCH

DPCH was used to determine incidence and abundance of V. parahaemolyticus
and V. vulnificus in various sample types (Figure 10). Overall, DPCH detection rates
varied significantly by season and were highest in sediment samples, followed by
oyster and water. Between 2009 and 2012, the abundance of vwhA4 was similar between
TS and CR for all sample types, but #/4 was detected at higher abundance at the TS
station for water and oyster samples (Wilcoxon, p < 0.05) (Figure 10A). Overall, trh
and tdh were detected at similar abundance at both stations. No differences between
stations were observed for sediment samples, among all genetic markers tested. The
vwhA marker was detected at higher abundance than ¢/A for all sample types (Wilcoxon,
p < 0.05). Both vwhA and t/h were detected at higher abundance than t4 and tdh
(Wilcoxon, p < 0.05). Between 2019 and 2022, concentrations of ¢/4 and vwhA showed
no overall difference, with respect to sampling station (ANOVA, p > 0.05) (Figure
10B), whereby #/h and vwvhA were detected at similar abundance to each other for water

and oyster samples (Wilcoxon, p > 0.05).
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Temporal evaluation of V. parahaemolyticus and V. vulnificus

To evaluate how concentrations of V. parahaemolyticus and V. vulnificus may
have changed over time, DPCH results for water samples were compared between the
two collection periods. Across all stations, no overall difference was observed between
the two collection periods for vvhd, but t/h concentrations increased significantly
during the 2019-2022 collection period compared to 2009-2012, whereby median
loglp values increased from 0.4 to 2.4 (Wilcoxon, p < 0.05) and mean positive values
increased from ca. 5 CFU/ml to ca. 18 CFU/ml (Figure 10C). With respect to season,
an increase for vwhA was observed during the fall, whereby median loglp values
increased from 1.5 to 3 (Wilcoxon, p < 0.05) and mean positive values increased from
ca. 18 CFU/ml to ca. 37 CFU/ml (Figure 10D). Similarly, #/4 showed significant
increases during all seasons (Wilcoxon, p < 0.05), with the greatest increase observed
during the fall whereby median loglp values increased from 0.55 to 2.67 and mean
positive values increased from ca. 3 CFU/ml to ca. 22 CFU/ml.

Further evaluation of water samples at TS allowed for temporal evaluation of
vhA and tlh from the same station between collection periods. Water samples from the
TS station showed no overall difference for environmental parameters, including
temperature, salinity, conductivity, TDS, DO, and total chl-a, between the two periods
(Wilcoxon, p > 0.05). Like the comparison of all stations, no statistical difference was
observed for the concentration of vwhiA, but an increase was observed for /4, whereby
median loglp values increased from 0.41 to 2.43 (Wilcoxon, p < 0.05) and mean
positive values increased from ca. 5 CFU/ml to ca. 18 CFU/ml (Figure 10E). With

respect to seasonality, vwhA did not show a significant difference, but #h showed
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significant differences during the summer, fall, and winter (Wilcoxon, p < 0.05), with
the greatest increase observed during the fall whereby median loglp values increased
from 0.55 to 2.67 and mean positive values increased from ca. 2 CFU/ml to ca. 22

CFU/ml (Figure 10F).

Seasonal impact on incidence of pathogenic Vibrio

To assess the impact of seasonality, the DPCH results were evaluated with
respect to water temperature at the time of sample collection (Figure 11). For each
sample type and location, the range of DPCH detection and percentage of positive
samples relative to the total number of samples is shown in Table 4. The number of #/A
and vvhA determinations showed strong linear association with temperature, where
highest abundance occurred in the warmer months of the year. For samples collected
between 2009 and 2012 (Figure 11A), the greatest association with temperature was
observed in oyster samples for both vwhA and ¢/h (Tau > 0.5) (Figure 11B). However,
it is worth noting that vwh4, and occasionally t/h, were detected in higher numbers
during the winter months in sediment samples collected from both CR and TS stations.
Hence, the correlation between temperature and vwh4 was low for sediment samples
(Tau < 0.1). Compared to t/h, negative results were more frequent using DPCH to
quantitate t7h and tdh populations in water, oyster, and sediment samples from both
stations between 2009 and 2012. Both tdh and ¢rh were detected during warmer months,
with higher detection in oyster and sediment samples. Like #/4 and vwhA, the trh and
tdh detection rates were highest for sediment, followed by oyster and water. Pathogenic

V. parahaemolyticus (trh and tdh) were detected more frequently during the winter
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months in sediment compared to water and oysters. With exception of #/4 in oysters
(Tau = 0.4), the relationship with temperature was not strongly correlated. A similar
pattern of seasonality was observed for samples collected between 2019 and 2022
(Figure 11C), whereby #/h and vwhA showed a stronger association with temperature
for oyster samples (t/h, Tau = 0.64; vwvhA, Tau = 0.66) compared to water samples (#/A,

Tau =0.37; vwhA, Tau = 0.56) (Figure 11D).

Environmental parameters associated with incidence

The relationship among environmental parameters and DPCH results was
further investigated to determine optimal ranges of each environmental parameter
associated with genetic marker abundance. Figure 12 shows analysis of pooled data
for both collection periods. Temperature, salinity, and total chl-a were determined to
be strong predictors of increased abundance of both vwhA4 (Figure 12A) and /i (Figure
12B), forming distinct clusters compared to sampling events with low abundance or
those for which genetic markers were not detected. Analysis of individual stations,
shown as scatterplots and overlayed kernel density of each genetic marker detected
above the threshold of 10 CFU per hybridization can be found in the supporting

information (Figure 13).

Temperature

With respect to seasonal temperature, occurrence of both ¢/ and vvh4 increased

proportionally with temperature during both collection periods (Tau > 0.4), with the
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greatest association observed for vwhA4 occurrence in oyster samples (Figure 12C). As
temperature increased, the percent of positive samples also increased, and the
temperature threshold for occurrence of #h and vwhA in >50% of the samples was
determined to be > 15 °C (Figure 12D). A second temperature range, indicative of
increased to maximum abundance marker abundance, was observed when temperatures
were > 25 °C. However, it should be noted that in a few cases increased #/h and vvhA
numbers were observed in oyster and sediment samples at lower temperatures during
the 2009-2012 collection period (Figure 13). Incidence of both #h and tdh was
associated with temperatures > 20 °C in oyster and water samples, but moderate
abundance of these markers was detected occasionally at lower temperatures in

sediment samples compared to water and oyster samples.

Salinity

The overall relationship between salinity and abundance of both #/A and vwhA
was nonlinear, demonstrative of a downward curve (Figure 12E). Evaluation of pooled
data showed salinity ranges associated with positive samples above the threshold of 30
CFU/hybridization to be between 6 PPT and 18 PPT for vwhA4 and 8 PPT and 16 PPT
for t/h (Figure 12F). However, a salinity range between 10 PPT and 15 PPT was
associated with increased to maximum abundance marker abundance. For samples
collected between 2009 and 2012, the optimal salinity ranges for #/h and vwhA differed
between CR and TS stations, whereby the salinity of CR was lower than TS (Figure

13). Moderate abundance of vwhA was associated with salinity ranges between 3 PPT
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and 12.5 PPT at CR and ranges between 10 PPT and 17 PPT at TS. Differences in
salinity between stations were more prominent for #/4 in water (CR, 3-8 PPT; TS, 12-
16 PPT) compared to oyster and sediment (CR, 4-15 PPT; TS, 10-17 PPT). For samples
collected between 2019 and 2022, salinity ranges associated with moderate abundance
were more similar among sampling stations, with exception of #/h detection in water at
Choptank River (CHR) and UPR stations (6-12 PPT) compared to TS (12-17 PPT). For
vwhA in water, salinity ranges associated with moderate abundance were observed
between 7 and 17 PPT, and a similar range was observed for both /4 and vwhA in oyster

samples.

Chlorophyll and pheophytin

Like salinity, the relationship of total chl-a and detection of #/h and vwhA was
observed as a nonlinear downward curve (Figure 12G). Across both collection periods,
total chl-a values associated with an increased number of positive samples > 30
CFU/hybridization for both vwhA and t/h were determined to be between 5 pug/L and 30
png/L (Figure 12H). However, higher values were observed, ranging from 20 pg/L to
40 ng/L at the UPR station (Figure 13). For t7h and ¢dh, a peak density was observed
around 10 pg/L, but the overall range of detection was like that of #/4 and vwhA. For
samples collected between 2019 and 2022, optimal ranges for pheophytin (4-8 pg/L)
and active chl-a (10-20 ng/L) were observed to be associated with #h and vvhA4

detection at increased abundance.
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Other environmental parameters

The relationship of other environmental parameters and Vibrio abundance was
consistent across collection periods and location, observed as a nonlinear relationship
with an acceptable range for occurrence of genetic markers. For all markers, pH ranges
between 7 and 9 were associated with moderate detection, and pH values closer to 8
were generally associated increased abundance (Figure 13). DO ranges between 4
mg/L and 15 mg/L were associated with moderate detection of vwhA4 and t/h. The DO
range for increased abundance of #/h and vwhA was observed between 5 mg/L and 8
mg/L, which was also within the range for presence of pathogenic V. parahaemolyticus
markers. Ranges for conductivity (15-22 mg/L) were associated with increased
abundance of vwhA and t/h during both periods. Between 2009-2012, TDS ranges (10-
15 g/L) were associated with increased abundance, while slightly higher values were

observed (15-25 g/L) during the 2019-2022 collection period.

Discussion

Climate change is recognized to be associated with increased frequency of
anomalous weather events, which can result in warmer and less saline waters along the
coast (Ummenhofer and Meehl, 2017). In general, Vibrio spp. thrive in warm water and
moderate salinity (Joseph et al., 1982; Brumfield et al., 2021b). An increasing number
of studies document a pattern of poleward spreading of Vibrio spp., demonstrating
significant geographic expansion of Vibrio spp. populations (Colwell, 1996; Vezzulli

etal.,2012,2016; Baker-Austin et al., 2013, 2017; Froelich and Daines, 2020; Vezzulli,
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2022), corroborated by associated impacts on human health—especially in coastal
communities, including the eastern seaboard of the U.S. (Archer et al., 2023) and
Chesapeake Bay (Watts et al., 2018; Teodoro and Nairn, 2020). Unfortunately, the
trend of cases of vibriosis is expected to increase further in coming years as a result of
climate variabilities, notably changes in frequency and magnitude of anomalous
weather events, e.g., heatwaves, hurricanes, floods, and droughts (Huq et al., 1984,
2005; Colwell, 1996; Baker-Austin et al., 2013, 2017; Vezzulli et al., 2020; Brumfield
et al., 2021b). A prime example is the number of V. parahaemolyticus and V. vulnificus
cases reported along coastal regions of the Florida Gulf following Hurricane lan, a
destructive Category 4 Atlantic hurricane that made landfall on FL in September 2022.
There were 74 confirmed cases of V. vulnificus infection and 17 deaths reported that
year—nearly double the normal number for the area (Florida Department of Health,
2023). It is reasonable to suspect that changes in frequency, intensity, and duration of
extreme weather events will affect the ecology of pathogenic Vibrio spp., notably in
the Chesapeake Bay, which is already experiencing major climate-driven changes,
namely sea level rise and flooding associated with storms and hurricanes (Teodoro and
Nairn, 2020). Hence, it is important to understand the ecology of Vibrio spp. and
environmental parameters influencing their occurrence and transmission in a changing
climate.

A primary objective of the research reported here was to determine microbial
ecological niche profiles that can be incorporated in predictive risk assessment models
and real-time remote sensing data for geographic regions of the world. Risk prediction

models provide an early warning, essential to safeguarding public health, especially in
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regions vulnerable to infrastructure instability (e.g., lack of WASH infrastructure),
natural calamity (e.g., hurricanes, floods, and earthquakes), and/or social disruption and
civil unrest (e.g., wars, coups, political crisis, and economic recession). For example,
the risk of cholera, can now be predicted at the scale of available satellite observation
and favorable environmental conditions (Khan et al., 2019a, 2019b). The model was
employed to assess the risk of cholera in Ukraine (Usmani et al., 2022) and Yemen
(Usmani et al.,, 2023), countries suffering damaged or severely crippled civil
infrastructure, following which the human population is at risk of health disasters. It is
important to note that both cholera and vibriosis have varying routes of environmental
transmission, primarily attributed to the ability of V. cholerae to thrive in freshwater
through its salinity requirements (Singleton et al., 1982) and association with a variety
of hosts with chitinous exoskeletons (Colwell, 1996; Vezzulli et al., 2010). Other
models, such as the National Centers for Coastal Ocean Science (NCCOS) Probability
Model for V. vulnificus Occurrence in Chesapeake Bay Water (Jacobs et al., 2014) and
the Vibrio Map Viewer (Semenza et al., 2017) developed by the European Center for
Disease Prevention and Control (ECDC), have been developed to predict increased
incidence of Vibrio spp. in the environment. Data from this study will be used to refine
the established models by providing additional environmental parameter thresholds,
including temperature, salinity, and chlorophyll, for V. parahaemolyticus and V.
vulnificus. Design of future predictive risk assessment models for Vibrio spp. will
benefit from inclusion of sociological and behavioral factors related to contact with the
aquatic environment, such as swimming, fishing, and other recreational/occupational

activities, that influence contact with waterborne pathogenic agents.
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Over the past five decades, extensive datasets have been generated with respect
to incidence and behavior of V. cholerae and non-cholera Vibrio spp. in the ocean and
estuarine environments through cross-sectional studies, including long-term
retrospective work (Berk et al., 1976; Hugq et al., 1983, 1996; Colwell and Huq, 1994;
Colwell, 1996; Mutreja et al., 2011; Hasan et al., 2012; Johnson et al., 2012; Vezzulli
et al., 2016; Baker-Austin et al., 2017; Chen et al., 2017; Martinez-Urtaza et al., 2017,
Parveen et al., 2020). These studies, reviewed by Brumfield et al. (Brumfield et al.,
2021b), provide evidence for environmental parameters as drivers, both directly and
indirectly, of the incidence of pathogenic Vibrio spp. in the environment.

The results presented here represent one of the most intensive sampling
campaigns for Vibrio spp. occurrence and distribution, allowing determination of
seasonal variation of Vibrio abundance. However, a caveat should be noted that Vibrio
spp. enter the viable but nonculturable (VBNC) state (Colwell et al., 1985; Roszak and
Colwell, 1987; Colwell and Huq, 1994), whereby the cells become metabolically
dormant. VBNC cells cannot be cultured employing standard laboratory media, yet
detectable using molecular genetic methods (Colwell, 2000). V. parahaemolyticus and
V. vulnificus have been shown to have increased resistance to thermal stress, low
salinity, and acidic inactivation when in the VBNC state, suggestive of a survival
strategy under adverse conditions (Wong and Wang, 2004; Nowakowska and Oliver,
2013). Interestingly, studies have shown alternative methods, such as PCR, qPCR,
LAMP, and DNA sequencing, to be more sensitive for detection of genetic markers
than DPCH (Parveen et al., 2008; Johnson et al., 2012; Jacobs et al., 2014; Vezzulli et

al., 2017; Brumfield et al., 2020c). Additionally, improved recovery of pathogenic V.
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parahaemolyticus by DPCH has been observed following enrichment (Nordstrom and
DePaola, 2003). The results reported here were for culturable Vibrio detected using
DPCH without enrichment, hence likely underestimating total Vibrio populations.
Alternative methods will be helpful in the future for more precise quantification of
Vibrio spp. Complementary research is underway employing whole genome shotgun
sequencing of archived Vibrio isolates to determine the influence of environmental
factors on Vibrio spp. genomic diversity, including virulence and antimicrobial
resistance.

Genetic markers of Vibrio parahaemolyticus and Vibrio vulnificus in various
sample matrices were quantified using DPCH (Figure 8), and the results support
findings of previous studies using similar culture-based methods in estuarine waters of
Louisiana, Maryland, Mississippi, Georgia, South Carolina, and Washington, USA,
(Kaneko and Colwell, 1973, 1974; Colwell and Spira, 1992; Colwell, 2006; Parveen et
al., 2008; Johnson et al., 2012). These studies and related work in the northern Gulf of
Mexico (Johnson et al., 2010), conducted approximately at the same time, showed
relatively few tdh/trh positive samples. Results provided here detected pathogenic V.
parahaemolyticus in ca. one third of oyster and sediment samples and ca. 14% of water
samples collected between 2009 and 2012 (Table 4). The higher rates of detection of
pathogenic V. parahaemolyticus in oyster and sediment samples suggest a niche of
pathogenic vibrios, i.e., increased abundance of trh/tdh bacteria at temperatures < 10
°C but lack of linear correlation with temperature. These observations support previous
work showing the preferable niche of pathogenic Vibrio spp. in matrices other than

water, especially at lower temperatures (DePaola et al., 2003; Givens et al., 2014). An
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in situ study conducted in the Mediterranean Sea showed culturable Vibrio spp. to be
present year-round in sediment (Vezzulli et al., 2009). It can be concluded that oysters
and sediment function as reservoirs of pathogenic Vibrio spp. and represent different
communities than those in water, contributing to seasonality of Vibrio spp. during
unfavorable conditions.

Results of this study reaffirm temperature as a strong predictor of the incidence
and distribution of Vibrio spp. (measured using t/h and vvhA) in the environment
(Colwell, 1996; Martinez-Urtaza et al., 2010; Johnson et al., 2012; Jacobs et al., 2014;
Vezzulli et al., 2016; Parveen et al., 2020; Vezzulli, 2022). A similar study of culturable
V. parahaemolyticus populations in the Chesapeake Bay between 1970 and 1971
(Kaneko and Colwell, 1977) found V. parahaemolyticus numbers below detectable
levels in the water column from January to early April until water temperatures rose
above 14 °C. However, a rapid increase in counts from 0 to 10? CFU/100 ml were found
in the period from April to early June, and maximum counts (6.2 x 10° CFU/100 ml)
were observed in the middle of July. Subsequently, V. parahaemolyticus numbers
stayed around 10° CFU/100 ml until the middle of October when the water temperature
dropped below 15 °C (Kaneko and Colwell, 1977). A similar pattern of seasonality was
observed here (Figure 9), whereby two critical temperature thresholds were observed
at 15 °C and 25 °C. That is, between 14°C and 15°C, an initial increase in Vibrio density
was observed, and when temperatures rose above 25 °C, maximum counts were
observed (Figure 10).

While critical temperature thresholds have been fairly consistent over the years,

the presumptive V. parahaemolyticus populations demonstrate a long-term seasonal
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increase between 2019 and 2022, compared to similar locations in the 1970’s (Kaneko
and Colwell, 1973, 1974, 1977; Kaper et al., 1981). Maximum counts of V.
parahaemolyticus in water samples during summer months were within the same order
of magnitude, i.e., ~ 103> CFU/100 ml, but detectable values were more frequent during
winter and early spring, with lowest numbers recorded as late as March. During 2019-
2022, the numbers remained high to the end of fall. Samples collected between 2019
and 2022, showed mean #/h numbers significantly increased across all seasons (ca.
threefold) for 2019-2022 compared to 2009-2012, with greatest increase observed
during the fall for both t/h (ca. sevenfold) and vwhA (ca. twofold). Similarly, water
samples collected at TS, the station consistently sampled during both 2009-2012 and
2019-2022 collection periods, showed increase in #/4 during summer, fall, and winter
with greatest increase in the fall. However, no significant difference was observed for
vhA at TS between collection periods, which might be due to the fact that V. vulnificus
has been found to be concentrated in the mid-bay, upper bay, and western estuaries
compared to stations in the lower bay (Banakar et al., 2011). Hence, additional
sampling from more diverse locations is required to elucidate changes in V. vulnificus
populations over time. Nonetheless, Vibrio spp. exhibit seasonal patterns of growth,
and these results suggest an extended seasonality, notably during the fall.

The methods for processing oyster samples differed between collection periods,
i.e., weight (2009-2012) compared to volume (2019-2022). Thus, direct quantitative
comparison could not be made. However, the rate of detection using genetic markers
was similar, e.g., (Parveen et al., 2008) employed DPCH during 2004-2005, and

detected t/h in ca. 80% of oyster samples. In this study ca. 70% (2009-2012) and ca.
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85% (2019-2022) of the oyster samples were positive for t/4. Oyster samples evaluated
by weight during 2009-2012 values were low, according to U.S. Food and Drug
Administration (FDA) guidance for V. parahaemolyticus (< 10* CFU/g) in ready-to-
eat foods (FDA, 2022). Overall, ¢/h detection rates were about 10% lower for water
compared to oysters, and for all genetic markers, DPCH detection rates were highest in
sediment, followed by oyster and water, in agreement with previous reports (Johnson
et al., 2012).

Salinity proved to be a strong predictor of Vibrio abundance, in agreement with
findings of previous studies (Randa et al., 2004; Jacobs et al., 2014; Deeb et al., 2018;
Levy, 2018; DeLuca et al., 2020). Overall, the relationship between Vibrio abundance
and salinity indicated a nonlinear downward curve (Figure 10), with moderate
abundance of vwh4 and #/h between 7 and 17 PPT. Maximum numbers were observed
when the salinity was between 10 and 15 PPT, in agreement with (Jacobs et al., 2014)
for V. vulnificus and optimal salinity gradient of 11.5 PPT.

Chlorophyll serves as an important predictor of Vibrio abundance (Constantin
de Magny et al., 2008; Julie et al., 2010; Jutla et al., 2013b; Scro et al., 2022; Namadi
and Deng, 2023), especially since chlorophyll indicates density of phytoplankton
populations and, thereby, serves as an indicator of zooplankton which feed on
phytoplankton (Colwell, 1996; Lobitz et al., 2000). Since zooplankton feed on
phytoplankton, correlation of zooplankton population surges following phytoplankton
blooms can be calculated. Vibrio spp. are commonly associated with zooplankton,
primarily copepods, whereby they provide nutrient-rich surfaces to which the bacteria

attach (Berk et al., 1976; Huq et al., 1983). Abundance of phytoplankton, followed by
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a zooplankton bloom, can be used to predict increase in the Vibrio populations in
nutrient rich waters (Constantin de Magny et al., 2008). Phytoplankton blooms are also
an indicator of nutrient runoff introducing organic matter, leading to proliferation of
Vibrio spp. (Shaw et al., 2014a; Thickman and Gobler, 2017). Here, the relationship
between (#/h and vwhA) and chlorophyll was found to be nonlinear (Figure 10), with an
acceptable range of increased occurrence of genetic markers according to chlorophyll
pigments, including total chl-a (5-25 pg/L), namely pheophytin (4-8 pg/L), and active
chl-a (10-20 pg/L). With respect to pathogenic V. parahaemolyticus (trh and tdh), a
peak density was observed around 10 pg/L. However, chlorophyll as a proxy for
zooplankton abundance would benefit by including specific lag times, e.g., one month
post sample collection, to account for a subsequent increase in zooplankton (Colwell,

1996; Lobitz et al., 2000; Jutla et al., 2012).

Conclusions

With a high growth rate and rapid response to environmental signals, Vibrio
spp. have been proposed as a microbial indicator of a changing global climate,
corroborated by impact on public health, namely increased number of infections caused
by these pathogens (Lovelace et al., 1968; Krantz et al., 1969; Kaneko and Colwell,
1973, 1974; Colwell et al., 1977; Huq et al., 1984, 2005; Colwell, 1996; Baker-Austin
et al., 2013, 2017; Froelich and Daines, 2020; Vezzulli et al., 2020; Brumfield et al.,
2021b; Olson, 2022; Vezzulli, 2022; Archer et al., 2023). Hence, it is important to
understand the ecology of Vibrio spp. and those environmental parameters influencing

their occurrence and transmission. This study, employing field sampling in the
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Chesapeake Bay confirmed results of earlier studies, with respect to numbers of
pathogenic Vibrio spp. and their correlation with environmental factors, including
seasonality, temperature, salinity, and chlorophyll. In addition, correlative differences
between response of total and pathogenic V. parahaemolyticus and V. vulnificus to
environmental parameters were determined. It is concluded that pathogenic Vibrio spp.
cannot be treated as a single cohesive unit, since subspecies/strains may inhabit
differential niches. Further, different population composition was observed for oyster
and sediment compared to water and linked to Vibrio seasonality. A long-term increase
in Vibrio populations in the Chesapeake Bay was determined, particularly during fall
months of the year suggesting an extended seasonality of these bacteria has occurred.
These results provide a baseline useful for future investigations, both in the Chesapeake
Bay and globally, to evaluate changes in pathogenic Vibrio populations relative to
climate change over time. The results obtained to date will be used in developing
environmental and climate niche models for non-cholera Vibrio spp., namely V.

parahaemolyticus and V. vulnificus.
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Tables

Table 1: Sampling location information in Chesapeake Bay.

2 Wa = water; Oys = oyster; Sed = sediment; n = number of sampling events.

b Stations with more than three sampling events are presented as: minimum; median;
maximum. If fewer than three sampling events were conducted at a given location, all

values are shown. (n.d.) = not determined.

¢ For samples collected between 2009 and 2019, concentrations of total chl-a were
measured in methanol extracts using methods described in (Letelier et al., 1993;
Johnson et al., 2012), performed in experimental triplicate and presented as the average.
For samples collected between 2019 and 2022, concentrations of chl-a (total and active)
and pheophytin were measured in acetone extracts following methods described in

(UMCES, 2022), performed in experimental duplicate and presented as the average.
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Table 2: Probes used in this study for DPCH.

2 All probes were modified by (5”) conjugation with alkaline phosphatase.

b Isolate characterized previously (Chen et al., 2017)
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Table 3: Summary for Vibrio parahaemolyticus and Vibrio vulnificus detection

employing direct plating and DNA colony hybridization.

2 Stations with more than three sampling events are presented as: maximum (median of
positive samples). If fewer than three sampling events were conducted at a given
location, all values are shown. Brackets represent proportion of positive samples
relative to total number of samples. All assays were performed in duplicate and are

presented as the average, prior to statistical evaluation.

b For samples collected between 2009-2012, values shown as CFU/g; For samples

collected between 2019-2022, values shown as CFU/100 pl.
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Figures

Figure 8: Map of sampling locations in Chesapeake Bay.

Map shows eastern seaboard of the United States. Inset map shows sampling locations,
indicated by red diamonds. Scale bar corresponds to distance shown using World Map

Data from Natural Earth (Massicotte and South, 2023).
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Figure 9: Box plots of environmental parameters.

Boxes summarize distribution by indication of interquartile range (IQR), with median
shown as the center bar of each group. Whiskers represent 1.5 times the IQR.
Additional circles indicate outlier values. Stations abbreviated as Chester River (CR),
Tangier Sound (TS), Choptank River (CHR), Upper Patuxent River (UPR), and
Wicomico River (WR). Shown are environmental parameters for samples collected

between (A) 2009-2012 and (B) 2019-2022.
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Figure 10: Box plots of direct plating and DNA colony hybridization (DPCH)

results.

Boxes summarize distribution by indication of interquartile range (IQR), with median
shown as the center bar of each group. Whiskers represent 1.5 times the IQR.
Additional circles indicate outlier values. “loglp” represents log(x+1). Stations
abbreviated as Chester River (CR), Tangier Sound (TS), Choptank River (CHR), Upper
Patuxent River (UPR), and Wicomico River (WR). Shown are DPCH results for
samples collected between (A) 2009-2012 and (B) 2009-2012, along with comparison
of collection periods at (C) all stations, (D) all stations by season, (E) Tangier Sound,

and (F) Tangier Sound by season.
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Figure 10: Box plots of direct plating and DNA colony hybridization (DPCH)

results
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Figure 11: Seasonal association of direct plating and DNA colony hybridization

(DPCH) results.

Bar plots show DPCH results on the right axis and temperature values (shown by black
lines) on the left. Scatterplots include linear regression, with 95% confidence intervals
represented by shaded regions. Correlations among axis variables were respectively
generated using Kendall’s tau method. “loglp” represents log(x+1). Stations
abbreviated as Chester River (CR), Tangier Sound (TS), Choptank River (CHR), Upper
Patuxent River (UPR), and Wicomico River (WR). Shown are DPCH results and

temperature for samples collected between (A-B) 2009-2012 and (C-D) 2019-2022.
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Figure 12: Association of temperature, salinity, and total chlorophyll-a with

occurrence of Vibrio vulnificus and Vibrio parahaemolyticus.

Three-dimensional scatterplots are shown for temperature, salinity, and total
chlorophyll-a, whereby marker size and color are indicative of detection and abundance
of (A) whA and (B) t/h. Two-dimensional scatterplots show the association of
environmental parameters with direct plating and DNA colony hybridization results,
and include linear regression, with 95% confidence intervals represented by shaded
regions. Correlations among axis variables for temperature and DPCH results were
respectively generated using Kendall’s tau method. Nonparametric regression model,
i.e., locally weighted smoothing (LOESS), was used to visualize the relationship of
DPCH results with environmental parameters lacking linear correlation, i.e., salinity
and total chlorophyll-a. “loglp” represents log(x+1). Bar plots represent the percent of
positive samples above defined hybridization thresholds, following the binning of
environmental parameter values. Two-dimensional scatter plots and bar plots are

shown for (C-D) temperature, (E-F) salinity, and (G-H) total chlorophyll-a.
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Figure 12: Association of temperature, salinity, and total chlorophyll-a with
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Figure 13: Environmental parameters associated with moderate genetic marker

density.

Scatterplots show normalized kernel density of each genetic marker detected above the
threshold of 10 CFU per hybridization, with respect to environmental parameter values.
“loglp” represents log(x+1). Stations abbreviated as Chester River (CR), Tangier
Sound (TS), Choptank River (CHR), Upper Patuxent River (UPR), and Wicomico
River (WR). Panels represent samples collected between (left) 2009-2012 and (center)
2019-2022 and (right) pooled data from both collection periods. Environmental
parameters are shown as (A) temperature, (B) salinity, (C) total chlorophyll-a, (D) pH,

and (E) DO.
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Abstract

Changing climatic conditions influence parameters associated with growth of
pathogenic Vibrio spp. in the aquatic environment. Post Hurricane lan in September
2022, a category four storm that made landfall in Florida, the State reported a sharp
increase in the number of confirmed Vibrio spp. infections. During October 2022, water
and oyster samples were collected from three stations in Lee County in an area
significantly impacted by Hurricane lan and where the largest number of vibriosis
infections and deaths associated with lan were reported. Vibrio spp. were isolated and
whole genome sequencing and phylogenetic analysis were done, with the focus on
Vibrio parahaemolyticus and Vibrio vulnificus to provide genetic insight into
pathogenic strains circulating in the environment. Metagenomic analysis of water
samples provided insight with respect to human health-related factors, notably
detection of approximately 12 pathogenic Vibrio spp., virulence and antibiotic
resistance genes, and mobile genetic elements, including the SXT/R391 family of
integrative conjugative elements. Environmental parameters were monitored as part of
a long-term time series analysis done using satellite remote sensing. In addition to
anomalous rainfall and storm surge, changes in sea surface temperature and chlorophyll
concentration during and after Ian favored growth of Vibrio spp. In conclusion, genetic
analysis coupled with environmental data and remote sensing provides useful public
health information, hence, constitute a valuable tool to proactively detect and
characterize environmental pathogens, notably vibrios. These data can aid development
of early warning systems by yielding a larger source of information for public health
in an era of climate change.
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Importance

Evidence suggests warming temperatures are associated with spread of
potentially pathogenic Vibrio spp. and emergence of human disease globally.
Following Hurricane lan, the State of Florida reported an increase in the number of
reported Vibrio spp. infections and deaths linked to the storm. Hence, monitoring of
pathogens, including vibrios, and environmental parameters influencing their
occurrence is critical to public health. Here, DNA sequencing was used to investigate
the genomic diversity of Vibrio parahaemolyticus and Vibrio vulnificus, both potential
human pathogens, in FL coastal waters post Hurricane Ian. Additionally, the microbial
community of water samples was profiled to detect presence of Vibrio spp. and other
microorganisms (bacteria, fungi, protists, and viruses) present in the samples. Long-
term environmental data analysis showed changes in environmental parameters during
and after lan were optimal for growth of Vibrio spp. and related pathogens.
Collectively, results will be used to develop predictive risk models during climate

change.

Introduction

Climate change is reported to be associated with increased frequency of
anomalous weather events, notably heatwaves and severe precipitation which can
significantly impact the marine environment, especially along the coast (Ummenhofer
and Meehl, 2017). Environmental factors, such as temperature, salinity, chlorophyll,
and sea surface height, can influence incidence and transmission of pathogenic agents

by impacting proliferation, dissemination, and virulence of microorganisms in the
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environment. Climatic conditions also have the potential to influence human behavior
by a more frequent contact with pathogens through water-related activities during
periods of warming (Baker-Austin et al., 2016; Mora et al., 2022). Hence, climate
change associated with shifts in the geographical range of microbial species, has the
potential to influence emergence and re-emergence of disease (El-Sayed and Kamel,
2020). A dramatic example is the significant geographic expansion of pathogenic
Vibrio spp., a finding corroborated by their impact on public health, namely increased
numbers of reported vibriosis infections in humans, as well as aquaculture loss
(Colwell, 1996; Vezzulli et al., 2012, 2015; Baker-Austin et al., 2017; Froelich and
Daines, 2020; Brumfield et al., 2021b, 2023; Vezzulli, 2022; Archer et al., 2023).
Vibrio spp. are autochthonous to the aquatic environment, notably in high
concentrations along the coast and their incidence is strongly influenced by
environmental conditions (Brumfield et al., 2021b). Vibrio spp. play an important role
in the degradation of polymeric substances, such as chitin, and in other significant
biogeochemical processes (Joseph et al., 1982; Le Roux and Blokesch, 2018;
Brumfield et al., 2021b). Vibrio spp. occur in aquatic ecosystems as free-living single
cells or in aggregates, e.g., within biofilms in high numbers and attached to various
abiotic substrates. They have been shown to be commensals and symbionts of aquatic
invertebrates, such as crustaceans, zooplankton, and bivalves, all of which are known
to host these bacteria (Lovelace et al., 1968; Krantz et al., 1969; Sochard et al., 1979;
Hugq et al., 1983; Colwell, 2006; Grim et al., 2008; Zo et al., 2009; Brumfield et al.,
2021b). Copepods, zooplankton comprising a significant component of aquatic fauna,

are a major host of Vibrio spp. and considered a vector of V. cholerae (Colwell et al.,
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1977; Sochard et al., 1979; Huq et al., 1983; Colwell, 1996; Rawlings et al., 2007).
Vibrio spp. concentrate in filter-feeding shellfish, especially oysters, which are often
consumed raw thereby exposing people to large doses of potentially pathogenic agents
(Lovelace et al., 1968; Berk and Colwell, 1981; Froelich and Noble, 2016).
Furthermore, Vibrio spp. with bioluminescent properties are important symbionts of
marine organisms, including Vibrio fischeri which colonizes the light-emitting organ
of the Hawaiian bobtail squid, Euprymna scolopes (Ruby et al., 2005), and luminescent
Vibrio cholerae and Vibrio vulnificus strains reported to be associated with copepods
and related crustacean species (Sochard et al., 1979; Oliver et al., 1986; Colwell, 2006;
Grim et al., 2008; Zo et al., 2009).

Several species of the genus Vibrio cause severe infection in humans, primarily
related to consumption of contaminated seafood or exposure to water containing the
pathogens (Waldor et al., 2018). V. cholerae is well-documented as the etiological
agent of cholera, the seventh cholera pandemic of which is in progress and continues
to plague the modern world, notably when climate/weather processes, microbiological
parameters, and sociological determinants intersect with population vulnerabilities and
loss of water, sanitation, and hygiene (WASH) infrastructure (Usmani et al., 2021,
2022). In addition to V. cholerae, Vibrio parahaemolyticus and V. vulnificus have
proven historically significant (Waldor et al., 2018; Brumfield et al., 2021b). V.
parahaemolyticus, first described by Professor Fujino during a 1950 shirasu food
poisoning outbreak in Japan (Fujino, 1951), is a major cause of seafood-derived
foodborne gastroenteritis in the United States (CDC, 2019b). V. vulnificus, first

reported in the U.S. in 1976 (Hollis et al., 1976), is also a common cause of foodborne
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illness and can cause severe extraintestinal infections, including necrotizing fasciitis
and septicemia (Baker-Austin and Oliver, 2018). The bacterium has a fatality rate that
is one of the highest of any waterborne pathogen, i.e., greater than 50% for primary
septicemia. It also is responsible for ca. 95% of all waterborne and seafood-derived
foodborne deaths in the U.S. (Bross et al., 2007; Baker-Austin and Oliver, 2018). In
the U.S., Vibrio spp. are estimated to cause ca. 80,000 illnesses and hundreds of deaths
annually, of which ca. 65% are foodborne (Newton et al., 2012; CDC, 2019b).
According to the Centers for Disease Control and Prevention FoodNet, which has sites
in 10 states covering 15% of the U.S. population, there is indication of a long-term
increase in reported vibriosis between 1996 and 2019 (Brumfield et al., 2021b; CDC,
2021). In the Eastern U.S. between 1988 and 2018, V. vulnificus wound infections
increased eightfold, i.e., from 10 to 80 cases per annum, and the northern case limit has
shifted northwards geographically at ca. 48 km per annum (Archer et al., 2023).
Environmental factors linked to climate change have the potential to enhance incidence
and genomic diversity of these pathogens in the environment, especially in coastal
communities, and this trend of increased vibriosis is expected to continue (Colwell,
1996; Lobitz et al., 2000).

A key issue related to risk of vibriosis outbreaks is the high population density
and economic activity along coastal areas and the U.S. eastern seaboard is a prime
example. In fact, ca. 40% of the total U.S. population lives in coastal communities,
with nearly half in an elevated health risk category, e.g., elderly and/or low-income
households (NOAA, 2021e). The State of Florida (FL) has the longest coastline of any

of the 48 contiguous states in the U.S. and ca. 22% of the population of FL is over the
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age of 65 (United States Census Bureau, 2020). Furthermore, many FL residents rely
on protein from seafood, especially aquaculture. While FL does have distinct seasons,
i.e., warmest waters in the summer and early fall, the climate is generally warm year-
round which allows for increased duration and frequency of recreational and
occupational activities, along with an extended seasonality of Vibrio spp. abundance.

Pathogenic Vibrio spp. that cause cholera and vibriosis have been reportable
diseases in FL since 1981 (CDC, 2019b). Between 2004 and 2021, over 3,000 vibriosis
cases and 205 deaths were reported in FL (Florida Department of Health, 2023). V.
parahaemolyticus and V. vulnificus accounted for over ca. 40% of the vibriosis cases
and have been of particular interest to the State because of their potential association
with locally harvested shellfish (Florida Department of Health, 2023). Between 2000
and 2021, there has been an average of ca. 34 (ranging from 13 to 55) V.
parahaemolyticus and ca. 35 (ranging from 15 to 51) V. vulnificus cases reported each
year, with most infections occurring between May and October (Florida Department of
Health, 2023). However, it is worth noting that V. vulnificus infections accounted for
ca. 78% of the confirmed deaths associated with vibriosis during this period.

On September 28, 2022, Hurricane lan, a destructive category 4 storm made
landfall in southwestern FL, bringing anomalously heavy rainfall, high winds (ca. 240
km/hr), and dangerous surf to the area, resulting in a rise in seawater levels, flash
flooding, and mass destruction of infrastructure around coastal areas. In the days
following Hurricane lan, many FL residents were impacted by sustained floodwaters,
a problematic situation given that pathogenic Vibrio spp., namely V. vulnificus and V.

parahaemolyticus, thrive in warm and low-salinity waters (Singleton et al., 1982;
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Brumfield et al., 2021b). According to the FL Department of Health (FDH), there have
been 74 reported cases of V. vulnificus infections, with 17 confirmed deaths in 2022,
nearly double the usual number for that time of the year (Florida Department of Health,
2023). Hence, routine monitoring and predictive intelligence models warning decision
makers and individuals when risk of infection of Vibrio spp. (and other pathogens) is
high are essential to safeguarding public health.

Here, we describe whole genome sequencing (WGS) analysis to characterize
pathogenic Vibrio spp. isolates (V. vulnificus and V. parahaemolyticus) recovered from
water and oyster samples along the FL. Gulf Coast (FGC) following Hurricane lan. We
also profiled water samples, employing shotgun metagenomic sequencing (SMS), for
detection of Vibrio spp. and related pathogens, along with their virulence factors (VFs),
antimicrobial resistance genes (ARGs), and mobile genetic elements (MGEs). These
results provide useful information for future investigations, both for inhabitants of the
FGC and globally, to evaluate incidence of pathogenic Vibrio populations relative to

climate change over time.

Materials and methods

Environmental surveillance

The track, timeline, and windspeed data for Hurricane lan were retrieved from
the International Best Track Archive for Stewardship (IBTrACS) project (Knapp et al.,
2010). Chlorophyll and sea surface temperature (SST) data were recovered for three

locations, Cutthroat Clams (CC; 26.569889, -82.135616), Clam Key (CK; 26.546667,
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-82.079722), and White Booth Seafood (WBS; 26.36675, -82.03819), from the
Moderate Resolution Imaging Spectroradiometer (MODIS) carried on the Terra
satellite (NASA, 2023). MODIS data products are available at 4 km x 4 km spatial
resolution. A time series analysis was performed to determine the potential impact of
anomalous weather events before (July 24, 2022 — September 23, 2022), during
(September 24, 2022 — September 30, 2022), and after (October 1, 2022 — November
30, 2022) Hurricane Ian. Anomalous percentages were calculated for sea surface

temperature (SST) and chlorophyll using the following equation: Percent change =

x — LT avg
LT avg

X 100 whereby “x” represents a given time period, i.e., before, during, or
after, and “LT avg” represents mean of long-term data over 10 years for the same spatial
resolution. Hence, anomaly percentage results in a positive or negative value,
suggesting deviation for a given variable from the long-term mean. That is, negative

anomalous percentages imply that a given variable decreased during 2022 with respect

to the previous 10 years and positive values imply an increase.

Vibrio spp. infections

Number of confirmed Vibrio spp. infections and associated deaths reported by
the State of FL was retrieved from FDH (Florida Department of Health, 2023) and are
presented as total number of V. vulnificus infections and deaths at the county level for

2022.
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Site description and sample collection

Methods employed for sample collection and processing have previously been
described in detail (Brumfield et al., 2023). A summary of methods relative to this
study is provided here, whereby samples were collected from three stations (CC, CK,
and WBS) on October 26, 2022. At each station, water (7 L) was collected and stored
in clean 3.7 L bottles. The bottles were rinsed three times with sample water from each
site prior to collection. Roughly 12 oysters were collected from CK and WBS and
stored in clean double zipper freezer bags. Oysters were not able to be collected from
CC. All samples were transported to the laboratory in a cooler with ice, ensuring
samples did not come in direct contact with the ice packs and stored at 4 °C until further
processing. During each sampling event, water temperature, pH, optical dissolved
oxygen (DO), and salinity were measured 0.3 m below the surface and 0.3 m above the

bottom using a handheld water probe (Eureka, Austin, TX).

Sample processing

Samples were treated following methods outlined in the Bacteriological
Analytical Manual for food sampling/preparation of sample homogenate (Andrews and
Hammack, 2019) and Vibrio (Kaysner et al., 2019), as described previously (Brumfield
et al., 2023). Notably, water samples were shaken vigorously 25 times in 30 cm arc in
7 s. From each station, 250 ml of water was concentrated four times (totaling 1 L) using
syringe filtration with four 0.22 pm pore size Sterivex Filter Units (Millipore Sigma,
MO). Oysters were rinsed and scrubbed under deionized water to remove debris from

the shell and opened using a sterile shucking knife. Oyster tissue in equal part
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phosphate buffered saline (PBS; pH 7.4) was homogenized in a sterile blender for 90
s. Filter units and homogenized oyster tissue (500 pl) were stored at -80 °C in
DNA/RNA Shield Stabilization Solution (ZymoResearch, CA). Following

homogenization, subsequent enrichment steps were done within 15 min.

Alkaline peptone water enrichment

Samples were inoculated at various concentrations using alkaline peptone water
(APW; 10% peptone, 1% NaCl [pH 8.5]). Briefly, three volumes of unfiltered water
(1L, 100 ml, and 10 ml) and homogenized oyster tissue (10 ml, 1 ml, and 100 pl) were
resuspended in 10 x APW, each in triplicate, and incubated overnight at 37 °C with
moderate aeration (orbit diameter 2.5 cm x 30 rpm). The following morning, an aliquot
(500 pl) of each APW enriched sample was stored at -80 °C in DNA/RNA Shield

Stabilization Solution (ZymoResarch, CA).

Isolation of Vibrio spp.

A loopful of pellicle from each APW enriched sample was subcultured on
selective media, including Vibrio specific chromogenic agar (CHROMagar, Paris,
France), thiosulfate citrate bile-salts sucrose (TCBS) agar (Oxoid, Ontario, Canada),
and M190 Vibrio vulnificus agar (FDA, 2017), and incubated overnight at 37 °C.
Presumptive Vibrio spp. colonies were purified on Luria-Bertani agar (Difco, NY) and

maintained under standard bacteriological conditions for Vibrio spp. (Brumfield et al.,
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2017, 2018b). Confirmation and identification of Vibrio spp. was done using

established molecular assays, as outlined (vide infra).

Preparation of genomic DNA

Genomic DNA was prepared from pure cultures grown under standard
conditions in Luria-Bertani broth with aeration at 37 °C overnight (16 hr), using the
ZymoBIOMICS DNA Miniprep Kit (ZymoResearch, CA). DNA extracts were further
purified using DNA Clean and Concentrator Kit (ZymoResearch, CA), with a final

elution volume of 80 pl.

Polymerase Chain Reaction

PCR methods have previously been established for detection of members of the
genus Vibrio and species-specific markers. Amplified products were fractionated by
electrophoresis through 1.5 % (w/v) agarose gel along with a 100 bp molecular weight
marker (HyperLadder™, BioLine, Swedesboro, NJ), and visualized using SafeGLO
Pre-Stain (BioLInk, San Francisco, CA). For quality control, a no template control
(NTC) consisting of nuclease free water and positive/negative controls were included
with each reaction. Primers and respective controls used in this study are detailed in

Table 4.
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Next generation sequencing

Samples analyzed by next generation sequencing included WGS of purified
culture isolates identified by PCR as V. vulnificus (Vv-toxR* and vhA*; n=12; Table
5) or V. parahaemolyticus (Vp-toxR* and tlh"; n = 9; Table 6) and SMS of water
samples (Table 7) from each location, both filter-concentrated (n = 3) and APW
enriched (analyzed in duplicate; n = 6). Double stranded DNA concentration was
measured using the Qubit 3.0 fluorometer (ThermoFisher, MA). Sequencing libraries
were prepared using NEBNext Ultra I1 FS Library Prep Kit for [llumina (New England
Biolabs, MA) sequencing, using the HiSeq 4000 System (Illumina, CA) with 150 bp
paired end reads. WGS was performed targeting >200 x genome coverage (>10 M
paired reads) and shotgun metagenomic sequencing was done targeting >30 M paired
reads. For quality control, a NTC and a sequencing standard, i.e., ZymoBIOMICS
Community Standard (ZymoResearch, CA), were included in the sequencing run. Read
quality was confirmed using FastQC (Andrews, 2019). Adapter sequences were
removed and low-quality bases were trimmed using Trimmomatic (Bolger et al., 2014).
Processed reads were further analyzed for comparative genomics and metagenomic

community profiling, as described below.

Comparative genomics

Processed sequencing read libraries of purified culture isolates were assembled
into contigs using the St. Petersburg genome assembler (SPAdes) (Kulikov et al.,

2012), with options “--careful” and “--cov-cutoff auto” to reduce the number of mis-
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assemblies and remove low-coverage contigs. Small contigs (< 500 bp) were discarded.
Assembly statistics, completeness, and genome quality were assessed using the Quality
Assessment Tool for Genome Assemblies (QUAST) (Gurevich et al., 2013) and
CheckM (Parks et al., 2015). Draft genome assemblies were annotated using the Rapid
Annotation Using Subsystem Technology (RAST) tool kit (Brettin et al., 2015), and
characterized for carriage of antimicrobial drug-, biocide-, and metal-resistance
determinants employing the Microbial Ecology Group Antimicrobial Resistance
(MEGARes) database (Doster et al., 2020), virulence factors via the Virulence Factor
Database (VFDB) (Liu et al., 2018), and MGE via the Mobile Genetic Element
database (MGEdb) (Johansson, 2023), using ABRicate (Seemann, 2020) with identity
and coverage thresholds set to 60%. Multilocus sequence types (MLST) were predicted
using the MLST software program (Seemann, 2022) with the PubMLST database
(Jolley et al., 2018). Identified MLST profiles were submitted to the Public Databases
for Molecular Typing and Microbial Gene Diversity (pubMLST) (Jolley et al., 2018).
Isolates identified as V. parahaemolyticus were subjected to serotyping by profiling

serogroup-specific genes based on WGS data, using VPsero (Bian et al., 2021).

Vibrio spp. phylogenetics

To evaluate genomic relatedness of 21 purified culture isolates of this study
with known Vibrionaceae strains, draft genome assemblies were compared with 77
representative Vibrio spp. genomes with established taxonomic lineages, as defined
previously (Jiang et al., 2022). Shewanella oneidensis MR-1 (BV-BRC genome ID

211586.12) was used as an outgroup to root the tree. Phylogenetic trees were built using
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tools from the Bacterial and Viral Bioinformatics Resource Center (BV-BRC) (Brettin
et al., 2015). Briefly, Codon Tree method was used to select up to 1,000 genes from
cross-genus protein families (PGfams), allowing for two gene duplications within a
single genome and two genomes missing a member of a particular homology group.
Coding DNA (amino acid sequences) from selected genes was analyzed using the
Randomized Axelerated Maximum Likelihood (RAxML) algorithm with automatic
model selection (Stamatakis, 2014) to identify the best model for protein alignment.
Resulting codon trees were viewed through the Phylogenetic Tree Viewer in the BV-
BRC software suite (Brettin et al., 2015).

Similar methods were used to further classify isolates from FL within existing
V. vulnificus and V. parahaemolyticus clonal populations. Briefly, 12 isolates identified
as V. vulnificus were analyzed along with 88 representative strains (Lopez-Pérez et al.,
2019) using the BV-BRC Codon Tree method, as mentioned previously, but up to five
gene duplications and genome deletions were allowed. Similarly, the nine isolates
identified as V. parahaemolyticus were analyzed along with 91 representative strains
(Miller et al., 2021), allowing for 10 gene duplications and genome deletions. Resulting
codon trees were visualized using the Interactive Tree of Life (iTOL) (Letunic and

Bork, 2021).

Metagenomic community profiling

Genomic sequences in public repositories can have a diverse range of genome
statistics, e.g., reference size, number of contigs, assembly status (i.e., complete,

chromosome, scaffold, contig), N50 values, etc., which may introduce bias towards
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higher quality and complete genomes, thereby making abundance quantification
unreliable. To circumvent this issue, metagenomic community profiling was done
using the up-to-date bacterial core gene (UBCGQG) algorithm (Chalita et al., 2020) with
the EzBioCloud database (Yoon et al., 2017). When extracting UBCG sequences, all
references end up being represented by the same number of genes and their sequence
sizes are nearly identical, making detection and abundance estimation more reliable.
The 92 core genes (bacteria and archaea) currently hosted by the UBCG algorithm were
extracted from the EzBioCloud database to create a core gene database for
metagenomic profiling. First, the potential presence of bacterial and archaeal species
was surveyed for each metagenomic sample read using Kraken2 (Wood et al., 2019)
and a pre-built core gene database (Chalita et al., 2020) containing k-mers (k = 35) of
reference genomes obtained from the EzBioCloud database (Yoon et al., 2017). Fungi,
protists, and viral strains (full genomes) were extracted from the NCBI RefSeq database
(O’Leary et al., 2016) and added to the core gene database. After acquiring a list of
candidate species, a custom bowtie2 (Langmead and Salzberg, 2012) database was built
from species detected during the Kraken2 (Wood et al., 2019) analysis. Sample reads
were mapped against the bowtie2 database using the “--very-sensitive” option and a
Phred quality score threshold of 33. SAMtools (Li et al., 2009) was used to convert and
sort the resulting bam file. Coverage of the mapped reads against the bam file was
obtained using BEDtools (Quinlan and Hall, 2010). To avoid false positive calls, reads
mapping to a given species were quantified only if the total coverage of their core genes
(bacteria and archaea) or genome (fungi, protists, and virus) was at least 25%. Species

abundance was calculated using the total number of reads counted and normalized
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species abundance was calculated using the total length of the respective reference
sequence. Measures of alpha diversity (species richness, Shannon, and Simpson) were
calculated using the EzBioCloud software platform (Yoon et al., 2017), as described
previously (Brumfield et al., 2022b). Briefly, Species richness was defined using the
abundance-based coverage estimator (ACE) algorithm (Chao and Lee, 1992). Shannon
entropy of counts was calculated based on the description given in the Species Diversity
and Richness manual (Seaby and Henderson, 2006). However, log base 2 (logz) was
used as default instead of the natural logarithm (loge). Simpson’s index was defined as
“l — Dominance” whereby dominance represents the probability of selecting two
individuals from the same species, with replacement (Hammer, 2003).

ARG, VF, and MGE profiles were produced using separate pre-built bowtie2
(Langmead and Salzberg, 2012) reference gene databases composed of the NCBI
National Database of Antibiotic Resistant Organisms (NDARO) database (NCBI,
2023), VFDB (Liu et al., 2018), or MGEdb (Johansson, 2023). Metagenomic reads
were mapped against respective databases using bowtie2, as previously mentioned. For
each gene detected, depth and coverage were calculated using mpileup script from the

SAMtools software package (Li et al., 2009).

Data availability

Statistical analysis was done using R v.4.2 (R Core Team, 2022), EzBioCloud
(Yoon et al., 2017), and BV-BRC (Brettin et al., 2015). Figures were generated using
ggplot2 (Wickham, 2016), iTOL (Letunic and Bork, 2021), and Phylosmith (Smith,

2019). Sequencing data generated for all samples included in this study are deposited
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in the National Center for Biotechnology Information Sequence Read Archive database
under BioProject ID PRINA978582. Accession numbers and MLST profiles for draft
genome assemblies of V. vulnificus (Table 5) and V. parahaemolyticus (Table 6) and
microbiome sample sequencing read libraries (Table 7) are provided in the

supplementary information.

Results

Anomalous weather events associated with Hurricane Ian

Hurricane Ian made landfall on September 28, 2022, just south of Charlotte
County near Pirate Harbor, with maximum sustained winds of 145 mph (Figure 14A).
On October 26, 2022, samples were collected from three stations adjacent to this area
(Figure 14B). Environmental parameters recorded at the time of sample collection are
detailed in Table 8. Overall, water temperature, pH, and DO were similar across the
three stations. However, salinity was higher at CC (30 PPT), compared to the CK and
WS stations (ca. 20 PPT). Following long-term time series analysis (Figure 14C), it
was observed that all stations experienced above average SST before Hurricane Ian,
varying between 0.6 and 2.26 percent, within half standard deviation compared to the
previous 10 years. During Hurricane lan (September 25-30, 2022), CC and CK
experienced a decrease in SST. Following lan (October 1 — November 30, 2022), all
stations showed greater than average SST, varying between 0.7 and 2.75 percent. With
respect to chlorophyll, all sampling sites indicated above average chlorophyll
concentration before the hurricane, varying between 1.3 and 45 percent. Notably, the
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CK station indicated significant chlorophyll variability, greater than one standard
deviation compared to the previous 10 years. However, during and after Ian, these
locations experience positive anomalous chlorophyll with values as high as five times

the standard deviation.

V. vulnificus clinical reports

In 2022, the total number of confirmed V. vulnificus cases (74) and deaths (17)
for the State of FL was roughly double that of 2021 (cases = 34; deaths =10) and 2020
(cases = 36; deaths = 7). The incidence of V. vulnificus infections increased from 2008
to 2022 (Tau=0.71, p=0.0028) (Figure 14D). The long-term increase in V. vulnificus
infections, excluding 2022, was significant (Tau = 0.64, p = 0.013). However, the
number of reported deaths did not increase significantly from 2008 to 2022 (Tau < 0.3,
p >0.05). In 2022, the highest number of reported cases (28) and deaths (8) was
observed in Lee County, an area significantly impacted by Hurricane lan (Figure 14A).
Other areas reporting V. vulnificus deaths were located along the coast, except for Polk
County which had been in the path of Ian, reporting one death in 2022. In 2022,
Escambia, Santa Rosa, and Brevard counties also reported the largest number of cases

(<5 cases).

Polymerase chain reaction detection of Vibrio spp.

Detection of genetic markers for the genus Vibrio (16S rRNA), V.

parahaemolyticus (tlh, tdh, and trh), V. vulnificus (vhA), and V. cholerae (rfb-O1, rfb-
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0139, and ctxA4), was done for water and oyster samples (Table 4). Vibrio spp. 16S
rRNA marker was detected in all APW enriched samples (water and oyster) from each
location. Successful detection of t/h and/or vwhA was possible only with APW
enrichment, with PCR analysis of DNA done directly on oyster homogenate and
Sterivex filters negative in all samples. The #/h marker was detected in enriched water
samples at all locations and APW enriched oyster samples collected at CK. V.
parahaemolyticus primary virulence factors (¢dh and #rh) were not detected. The vwhA
marker was detected in CK and WBS enriched water samples but not in oyster samples.
Markers coding for toxigenic V. cholerae (ctxA, rfb-O1, and rfb-O139) were not

detected.

PCR characterization of Vibrio spp.

Following APW enrichment and subculture plating on selective media
(ChromAgar, TCBS, and VVA), a total of 21 presumptive Vibrio spp. were isolated
from the water (n = 14) and oyster samples (n = 7). PCR for the genus Vibrio (16S
rRNA) was positive for all isolates. V. parahaemolyticus toxR"* isolates (n = 9) were
tlh* but negative for tdh and trh. Similarly, V. vulnificus toxR" isolates (n = 12) were
vhA*. All isolates were negative for V. cholerae toxR and toxigenic markers (rfb-Ol,

rfb-0139, and ctxA4).
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Comparative genomics of Vibrio spp. isolates employing whole genome sequencing

The 21 presumptive Vibrio spp. isolates were subjected to WGS and
comparative genomics. Following annotation, phylogenetic trees were built from the
core genome, determined by alignment of coding sequences from selected isolates
included in the analysis to evaluate genetic relatedness of the Vibrio spp. isolated in
this study to reference genomes previously reported (Figure 15). A search for
homologous genes returned 344 coding sequences (ca. 7.13 x 10* amino acids in
length) shared by all genomes. The best fit protein model found by RAXML was LG.
Within the Vibrionaceae phylogeny, each species formed coherent clusters in
taxonomic subclades. Notably, the V. cholerae clade comprised V. cholerae, Vibrio
mimicus, Vibrio cincinnatiensis, Vibrio metschnikovii, Vibrio furnissii, Vibrio
Sfluvialsis, and Vibrio diazotrophicus. The 12 suspected V. vulnificus isolates obtained
in this study formed a distinct cluster with reference V. vulnificus strains. Similarly,
nine presumptive V. parahaemolyticus isolates clustered with reference V.
parahaemolyticus strains. All V. parahaemolyticus strains were placed in a subclade
within the Harveyi clade that also included Vibrio alginolyticus, Vibrio diabolicus,
Vibrio campbellii, Vibrio owensii, and Vibrio harveyi.

Nearest neighbors of isolates from this study were identified using core-genome
phylogeny in the context of major clonal linages for V. vulnificus (Figure 16A) and V.
parahaemolyticus (Figure 16B). Homologous gene search returned 1,000 coding
sequences, the maximum number allowed by the software program for V.

parahaemolyticus (ca. 3.88 x 10° amino acids; best fit model, HIVB) and 982 for V.

vulnificus (ca. 3.02 x 10° amino acids; best fit model, JTT).
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Phylogenetic relatedness of Vibrio vulnificus isolates

The 12 V. vulnificus isolates (four from oyster and eight from water) were
assigned to eight MLST profiles (using alleles for glp, gyrB, mdh, metG, purM, dtdsS,
lysA, pntA, pyrC, and tnaA), including ST621-ST628 (Table 5). Core genome
phylogeny was used investigate genomic relatedness of V. vulnificus isolates from this
study with established lineages, representing isolates recovered from a wide range of
geographical and ecological sources (Lopez-Pérez et al., 2019). All strains clustered
into four distinct groups (C1 to C4). C1 and C2 are significantly divergent lineages
including much of the clinical isolate diversity. By comparison, C3 and C4 indicate
high clonality. Nine isolates were phylogenetically joined in CI1, and three in C2.
However, there was no distinct clustering pattern linking sample location, source of

isolation, or virulence.

Phylogenetic relatedness of Vibrio parahaemolyticus isolates

The nine V. parahaemolyticus isolates (three from oyster and six from water)
were assigned to eight MLST profiles (using alleles for dnaE, gyrB, recA, dtdS, pntA,
pyrC, and tnaA), including ST16, ST564, ST896, ST3121, and ST3361-ST3364, and
one isolate was assigned to clonal complex 49 (Figure 16B and Table 6). Based on the
core genome phylogeny of V. parahaemolyticus isolates from this study and established
phylogenetic and biogeographic patterns of strains from North America (Miller et al.,
2021), distinct population structures were observed, with at least nine well-supported
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clades. Four clades (ST36, ST636, ST65, and ST3) comprised clinical sources. Three
clades (ST676, ST1151, and ST735) were from oysters and the remaining (cluster S3
and ST32/ST34) were of both clinical and environmental origin. Four isolates (OYST-
50, CCOlA-12, CCIB-23, and WBS2B-19) composed a clade of primarily
environmental isolates. Like V. vulnificus phylogeny, no distinct pattern clustering

pattern was observed linking V. parahaemolyticus phylotype from FGC.

Genetic characterization of the Vibrio spp.

All isolates examined in this study carried homologous genes coding for ARG,
VFs, and MGEs (Figure 17). Overall, the Vibrio spp. showed similar patterns of
resistance, with minor variation in multi-drug and biocide resistance, namely msba, the
vex operon (vexA, vexB, vexD, vexE, vexF, vexH, and vexK), and Tetracycline resistance
encoded by fet(34) and tet(35). Interestingly, V. parahaemolyticus isolates carried carB
while V. vulnificus carried varG, both coding resistance to Beta-lactams. One isolate,
CC1B-23, carried genes associated with Fosfomycin resistance.

Many VF homologs were detected in the Vibrio spp. isolates, namely genes
coding for outer membrane adhesion factors, flagella, stress response, and biofilm
formation. T3SS (type 1) and TLH/LDH was detected in all V. parahaemolyticus
strains, while the type six secretion system (T6SS) and RTX toxin were detected in V.
vulnificus. Major integrative conjugative elements (ICEs) encoding VFs and ARGs
were not detected but several insertion sequences (ISs), transposase genes flanked by
two inverted repeats, were detected. Overall, ISs were more common in strains

recovered from water, compared to those from oysters. IS3 and IS5 insertion sequence
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families were common in both V. parahaemolyticus and V. vulnificus, while the IS4

family of insertion sequences were detected only in V. vulnificus.

Metagenomic data analysis

Microbiome community profile

SMS using DNA prepared from Sterivex concentrated and APW enriched water
samples generated an average of 18M (min = 13M; max = 21M) and 27M (min = 20M;
max = 37M) paired reads across raw sequence read libraries, with a mean of 9M and
18M million unique paired reads, respectively. Following core gene metagenomic
profiling, most reads were unclassified, while Sterivex concentrated and APW enriched
water samples generated on average 300K (min = 181K; max = 405K) and 1M (min =
720K; max = 1.4M) unique paired reads. Measures of alpha diversity (species richness,
Shannon, and Simpson) are shown in Table 7. Overall, Sterivex concentrated water
samples revealed significantly higher alpha diversity compared to APW enriched
samples. Bacteria, archaea, fungi, protists, and viruses identified by DNA
metagenomics are listed in Figure 18, representing microbial taxa relative abundance
(RA).

Proteobacteria were most abundant, followed by Actinobacteria detected in all
samples. Pseudoalteromonas was the most abundant genus detected. Major differences
were observed with respect to method, i.e., Sterivex concentrated vs. APW enriched.
RA of Proteobacteria increased substantially after APW enrichment. Other differences

were the dominance of Bacteroidetes in Sterivex concentrated samples and occurrence
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of Fusobacteria in APW enriched samples. Genus level differences were also observed
relative to method, with increased RA of Vibrio following enrichment (Figure 18B).
Vibrios were not detected in Sterivex concentrated samples, whereas Prochlorococcus,
AVDB g, Pelagibacter, and Pseudomonas were dominant. APW enriched samples
revealed increased RA of AB062844 g, Propionigenium, and Photobacterium, with

Villovirus as the dominant viral genus.

Pathogenic Vibrio spp.

Members of the genus Vibrio were detected after APW enrichment of the water
samples and the Vibrio spp. are listed in Figure 18C. Similar profiles were observed at
all sample locations and many members of the genus Vibrio were detected, including a
number of species considered opportunistic and/or pathogenic. V. alginolyticus, V.
diabolicus, and V. parahaemolyticus were the most abundant in all samples, followed
by other members of the V. harveyi clade, including V. harveyi, V. owensii, V.
campbellii, V. natriegens, and V. rotiferianus. Other pathogenic Vibrio spp. included
V. vulnificus, V. fluvialis, and V. furnissi in all samples. V. cholerae group and V.
mimicus were detected in CK and WBS samples and V. metschnikovii and V.

cincinnatiensis were detected only in a single sample from CK.

Detection of fungi. protists, and viruses

Whereas bacteria and archaea predominated, fungi, protozoa, and viruses were

also present (Table 9). Chlorophyta were dominant in Sterivex samples but not
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detected in APW enriched samples. Similarly, Chrysochromulina ericina virus was
detected only in the Sterivex concentrated water samples. The protist Minutocellus
polymorphus and Vibrio phages, notably Vibrio virus Kappa, were dominant in APW
enriched water samples. It is worth noting Vibrio virus CTXphi, a phage encoding V.

cholerae cholera toxin production, was detected in one sample from the CK station.

Community resistome, virulome, and mobilome

Genes coding for antimicrobial resistance, virulence, and mobile genetic
elements, namely ICEs, were found at all stations (Figure 19). Only a few ARGs were
detected in Sterivex concentrated samples, namely Tetracycline resistance, compared
to APW enrichment (Figure 19A). Genes encoding resistance to major antibiotic
classes, including Tetracycline, Quinolone, Fosfomycin, and Beta-lactam, were
detected at all stations, including Trimethoprim resistance genes at CK, and Phenicol
resistance genes at WBS.

VFs of non-Vibrio origin (Figure 19B) were common in Sterivex concentrated
samples, and Vibrio spp. VFs (Figure 19C) in APW enriched samples. Of non-Vibrio
VFs, those from Mycobacterium spp. were most common across all locations, notably
in the Sterivex concentrated samples. VFs of pathogenic Vibrio spp., namely V.
cholerae, V. parahaemolyticus, and V. vulnificus, were detected at all stations and at
increased abundance following APW enrichment. V. parahaemolyticus associated VFs,
namely T3SS (type 1), were most common. V. vulnificus VFs included, RTX toxin,
VVH heme receptors, flagella, LOS, and autoinducers and V. cholerae VFs included

RTX toxin, MARTX toxins, and T6SS.
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Compared to Sterivex concentrated samples, APW enrichment allowed for
detection of additional ICEs (Figure 19D). ICEs originating in V. cholerae, V.
alginolyticus, and V. parahaemolyticus were most prevalent, but ICEs originating in
Proteus mirabilis were also common. Notably, two closely related ICEs, SXT and
R391, respectively associated with V. cholerae clinical isolates and Providencia
rettgeri were detected at all stations and at increased abundance in the CK and WBS

samples.

Discussion

Climate change is reported to have effects in most regions of the world and
more so in coastal communities, notably through overall warming trends, altered
precipitation patterns, and changes in jet streams and ocean currents. Climate change
is also associated with increased frequency and intensity of severe weather events
(Capstick et al., 2022). Furthermore, climate change has the potential to alter intensity
and behavior of hurricanes, a notable example of which is Hurricane Ian, ranked the
fifth strongest storm to hit the USA mainland (Figure 14A), associated with a
catastrophic storm surge and extreme rainfall. Hurricane Ian exemplified the more
intense, slower-moving, and wetter signature commonly associated with a current
generation of Atlantic storms influenced by climate warming (Espinel et al., 2022). In
the days following lan, an increase in cases of vibriosis was recorded by the FDH,
including 38 cases and 11 vibriosis-associated deaths attributed to the storm (case

fatality rate of ca. 28.9%) (Sodders et al., 2023). Between September 28, 2022, and
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October 9, 2022, V. vulnificus infections were most common, but V. cholerae non-
O1/mon-0O139, V. parahaemolyticus, and V. fluvialis were also confirmed by FDH
(Sodders et al., 2023). Of the 11 deaths, nine were V. vulnificus and one V. cholerae
non-O1/non-0O139. Compared to Hurricane Irma which made landfall in 2017, six
storm-related vibriosis cases were documented in FL, compared to 38 after lan. There
was a lower storm surge during Irma compared to lan (Sodders et al., 2023) but in
comparison with other vibriosis outbreaks caused by environmental catastrophes in the
U.S., the outbreak associated with Ian is notable because of the large number of
hurricane-attributable cases occurring during a short period of time. In addition to storm
surge, time series analysis for SST and chlorophyll (Figure 14C) suggests some
parameters of the coastal aquatic environment changed significantly during and after
Ian, favoring growth and proliferation of Vibrio spp.

Detection and characterization of pathogenic Vibrio spp. from the environment
has been ongoing in the Chesapeake Bay since the 1960’s (Lovelace et al., 1968;
Kaneko and Colwell, 1973, 1974, 1977; Colwell et al., 1977, 1977; Kaper et al., 1981;
Wright et al., 1996; Zo et al., 2009; Banakar et al., 2011). Vibrio spp. are native to and
thrive in warm water with moderate salinity (Singleton et al., 1982; Brumfield et al.,
2021b), and pathogenic Vibrio spp. have been shown to be present in sediment during
unfavorable environmental conditions, even when not detectable in water samples
(Kaper et al., 1981; Brumfield et al., 2023). A recent culture-based investigation of V.
parahaemolyticus and V. vulnificus in the Chesapeake Bay reaffirmed environmental
predictors for these bacteria and documented their long-term increase and extended

seasonality, notably during the fall (Brumfield et al., 2023). Specifically, critical
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environmental parameter thresholds were determined for SST (25 °C), pH (8), DO (5
to 10 mg/L), and salinity (10 to 15 PPT) whereby increased to maximum abundance of
Vibrio spp. occurs. In areas with high salinity profiles, pathogenic vibrios are known
to proliferate rapidly during heavy rainstorms that reduce the salinity and favor growth
of these bacteria, as demonstrated in the French Mediterranean (Esteves et al., 2015),
Chesapeake Bay (Shaw et al., 2014a), and Northern Gulf Coast (Motes et al., 1998).
Salinity of the FGC is demonstrably higher than that of the Chesapeake Bay. However,
considering the impact of Hurricane Ian’s heavy rainfall on salinity and other
environmental parameters recorded in the FGC, including temperature, pH, and DO
(Table 8), these values are within the range considered optimal for pathogenic vibrios
to proliferate in the environment. In addition, chlorophyll serves as an important
predictor of Vibrio abundance by indicating density of phytoplankton populations, thus
serving as an indicator of subsequent proliferation of zooplankton, which feed on
phytoplankton (Colwell, 1996; Lobitz et al., 2000; Constantin de Magny et al., 2008;
Jutla et al., 2013b). Here, it was observed that chlorophyll concentrations increased
drastically during and after Hurricane Ian which would, by proxy, indicate increased
zooplankton abundance with which Vibrio are associated.

Cultures of V. parahaemolyticus and V. vulnificus isolated from water and
oyster samples collected from the FGC subjected to WGS provided a core gene
phylogeny analysis (Figure 15) that matched previously proposed clades for
Vibrionaceae (Sawabe et al., 2013), whereby each species formed coherent clusters
within taxonomic subclades, in agreement with recent phylogenetic analysis (Jiang et

al., 2022). Species specific core gene phylogeny was also done (Figure 16), with
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subspecies clustering obtained for V. vulnificus (Lopez-Pérez et al., 2019) and V.
parahaemolyticus (Miller et al., 2021). It was hypothesized that isolates from a single
location would cluster with other strains from that location. However, distinct
clustering patterns were not observed that linked strain phylogeny, source of isolation,
or virulence capability, instead providing evidence for multiple clonal populations in
circulation simultaneously. Lopez-Pérez and colleagues (2019), did a pangenome and
phenotypic analysis that yielded two markedly different lifestyles with differentiated
phylogenetic clusters, indicating commensal (C2) and bloomer (C1) ecotypes, with
differences in carbohydrate utilization, defense systems, and chemotaxis. All V.
vulnificus isolates from the study reported here fell into these two clusters. Based on
the findings of Miller and colleagues (2021), who performed WGS analysis to describe
phylogenetic and biogeographic patterns of V. parahaemolyticus from North America,
the FGC isolates in this study can be characterized as multiple sequence types,
providing additional evidence indicating a hub of genetic variability of V.
parahaemolyticus along the Gulf Coast.

Unlike clinical isolates, environmental V. parahaemolyticus strains generally
do not encode primary VFs, such as thermostable direct hemolysin (zdh) and
thermostable direct-related hemolysin (¢#74) (DePaola et al., 2000; Drake et al., 2007;
Letchumanan et al., 2014; Raghunath, 2015). However, it has been estimated that up
to ca. 27% of V. parahaemolyticus clinical isolates do not encode tdh and/or trh either
(Jones et al., 2012), suggesting possible presence of other virulence factors.
Furthermore, tdh/trh negative V. parahaemolyticus strains can cause severe infections

in marine fish (Colwell and Grimes, 1984) and shrimp (Prithvisagar et al., 2021), with
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significant economic burden and aquaculture loss (Freitag et al., 2022). V.
parahaemolyticus isolated in this study did not carry tdh and/or #rh but did have
additional VFs, notably coding for the T3SS. ARGs were also detected in all V.
parahaemolyticus strains isolated (Figure 17). Interestingly, no single virulence gene
has been identified that distinguishes pathogenic and non-pathogenic V. vulnificus
(Baker-Austin and Oliver, 2018). It is worth noting that RTX toxin, which promotes
cytotoxicity and enhances survival of the bacterium during infection (Lee et al., 2007;
Loetal., 2011), was detected in all V. vulnificus isolated in this study and T6SS, a pilin
apparatus contributing to biofilm formation, adherence to epithelial cells, and virulence
(Paranjpye and Strom, 2005), was detected in three of the FGC isolates.

Vibrio spp. have been shown to enter a protective state, namely viable but
nonculturable (VBNC), whereby the cells become metabolically dormant. That is,
VBNC cells cannot be cultured using standard laboratory media, yet are detectable
using molecular genetic methods (Colwell, 2000). Historically, detection of Vibrio spp.
in the environment using culture methods had been challenging because Vibrio spp. in
the VBNC state complicating detection and resulting in severe under representation of
total Vibrio populations. VBNC cells have been shown to have increased resistance to
thermal, low salinity, and acidic inactivation, suggesting this state plays a role in
survival during adverse environmental conditions (Nowakowska and Oliver, 2013).
Advances in molecular methods for microbial detection, identification, and
characterization, notably next generation sequencing and metagenomics, allow
researchers to investigate more completely the mode of emergence and transmission of

pathogenic agents that would have otherwise gone undetected (Brumfield et al., 2020c).
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SMS is an effective molecular surveillance tool that allows bacterial, archaeal, viral,
fungal, and protozoan microbiome community members to be identified and
characterized. Demonstration of its value for microbial source tracking and wastewater
surveillance linked to climate has been successful (Brumfield et al., 2022a).

Traditional culture-based methods using selective media allowed successful
recovery of V. parahaemolyticus and V. vulnificus from FGC samples. However, SMS
of water samples concentrated using Sterivex filters was effective in profiling the
microbiome, as shown for drinking water by Brumfield and colleagues (2020b). Here,
SMS of Sterivex concentrated water samples successfully profiled the community
composition of environmental water samples but yielded an insufficient number of
reads to be able to determine the total numbers of the Vibrio spp. with confidence. SMS
of APW enriched samples allowed detection of many pathogenic species but not
quantification because of enrichment. Nevertheless, V. cholerae and V. fluvialis,
species of Vibrio confirmed to be the cause of deaths in FL linked to Hurricane Ian
(Sodders et al., 2023), were detected. Furthermore, WGS and SMS allowed
characterization of the VFs, ARGs, and MGEs, along with multiple ARGs in the
isolates of Vibrio spp. (Figure 17A) and in the microbiomes (Figure 19A).

In summary, climate conditions associated with the growth of and rapid
response to environmental signals by Vibrio spp. make them a valuable microbial
indicator of the impact of a changing global climate on public health (Colwell, 1996;
Vezzulli et al., 2012, 2015; Baker-Austin et al., 2017; Froelich and Daines, 2020;
Brumfield et al., 2021b, 2023; Vezzulli, 2022; Archer et al., 2023). Between 2009 and

2022, a long-term increase in the number of confirmed V. vulnificus infections in the
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State of FL was documented (Figure 14D), the outbreak of vibriosis following
Hurricane lan being a traumatic example of the correlation of climate/weather
processes and public health. By employing satellite remote sensing, changes in the
coastal aquatic environment can be coupled with WGS and metagenomic analysis to
develop predictive risk models for Vibrio spp. and related pathogens. Such strategies

will be critical as climate change accelerates over time.
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Tables

Table 4: Primers, PCR parameters, and reference strains used in this study.

2 Isolate synonym of N16961
b Isolate characterized previously (Chen et al., 2017)

¢ Isolate characterized previously (Stine et al., 2000)
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Table 7: Sequencing statistics and diversity indices.

Method/Sample  Accession no. Richness  Shannon  Simpson
CC_S SRR24799355  376.00 4.29 0.95
CK S SRR24799352  276.00 4.10 0.94
WBS S SRR24799349  397.77 4.25 0.94
CCl1A_APW SRR24799357 109.00 2.49 0.76
CC2B_APW SRR24799356 118.00 2.50 0.76
CKI1A APW SRR24799357  215.89 3.16 0.91
CK2A APW SRR24799353 174.00 3.12 0.90
WBS1A APW SRR24799351 153.00 2.76 0.87
WBS2A APW SRR24799350 153.00 2.93 0.88
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Table 8: Environmental parameters recorded during sample collection.

Parameter Cutthroat Clams® Clam Key? ;‘e]::':)dB‘? oth
Water Temperature (°C) ~ 25.4/24.8 (25.1) 24.6/24.4 (24.5) 24.5/24.4 (24.45)
pH 8.00/8.07 (8.035) 7.83/7.85 (7.84) 7.79/7.90 (7.845)
DO (mg/L) 6.0/6.1 (6.05) 6.2/5.3 (5.75) 6.1/5.2 (5.65)
Salinity (PPT) 30.36/30.60 (30.48) (11997;42?75 19.84/19.84 (19.84)

2 Environmental parameters presented as: surface recording/bottom recording (mean).
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Figures

Figure 14: Area of study in Florida Gulf Coast.

(A) Path of Hurricane Ian and confirmed V. vulnificus infections in FL at the county
level for 2022 (Florida Department of Health, 2023). Counties reporting V. vulnificus
deaths and number are indicated. Track, timeline, and windspeed of Hurricane lan,
indicated by diamonds, were retrieved from the International Best Track Archive for
Stewardship (IBTrACS) project (Knapp et al., 2010). The outlined red box indicates
area of sampling locations. (B) Map of sampling locations, indicated by red diamonds.
Scale bar corresponds to distance according to World Map Data from Natural Earth
(Massicotte and South, 2023). (C) Percent change in a time series analysis to determine
potential impact of anomalous weather events before (July 24, 2022 — September 23,
2022), during (September 24, 2022 — September 30, 2022), and after (October 1, 2022
— November 30, 2022) Hurricane Ian, for sea surface temperature (SST) and
chlorophyll (CHL). (D) Confirmed V. vulnificus cases and deaths between 2008 and
2022. Correlations among axis variables were respectively generated using Kendall’s

tau method.
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Figure 15: Phylogenetic relatedness of Vibrionaceae spp.

Codon tree was created using 344 coding sequences (ca. 7.13 x 10* amino acids in
length) shared by all genomes with the LG model. Shewonella oneidensis MR-1 was
used as an outgroup to root the tree. Bootstrap values are shown as percentages. Vibrio
spp. isolates collected during this study are shown in blue. Trees were built using the
Bacterial and Viral Bioinformatics Resource Center (BV-BRC) software package
(Brettin et al., 2015) and Randomized Axelerated Maximum Likelihood (RAxML)

algorithm automatic model selection (Stamatakis, 2014).
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Figure 16: Phylogenetic relationships of Vibrio vulnificus and Vibrio

parahaemolyticus.

(A) V. vulnificus codon tree was created was created using 982 coding sequences (ca.
3.02 x 10° amino acids in length) shared by all genomes with the JTT model. (B) V.
parahaemolyticus codon tree was created was created using 1,000 coding sequences
(ca. 3.88 x 10° amino acids in length) shared by all genomes with the HIVB model.
Bootstrap values are shown as percentages. Vibrio spp. isolates collected during this
study are shown in blue. Trees were built using the Bacterial and Viral Bioinformatics
Resource Center (BV-BRC) software package (Brettin et al., 2015) and Randomized

Axelerated Maximum Likelihood (RAXxML) algorithm automatic model selection

(Stamatakis, 2014).
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Figure 17: Genomic characterization of Vibrio spp. isolates.

Assembled contigs were characterized to determine carriage of (A) antimicrobial drug,
biocide and metal resistance determinants using the Microbial Ecology Group
Antimicrobial Resistance (MEGARes) database (Doster et al., 2020), (B) virulence
factors the Virulence Factor Database (VFDB) (Liu et al., 2018), and C) MGEs the
Mobile Genetic Element database (MGEdb) (Johansson, 2023), and ABRicate

(Seemann, 2020) with identity and coverage thresholds set to 60%.
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Figure 18: Microbial community composition.

Metagenomic community profiling was done using up-to-date bacterial core gene
(UBCQG) algorithm (Chalita et al., 2020) with EzBioCloud database (Yoon et al., 2017).
(A) Stacked bar plot showing relative sequencing read abundance of most abundant
phyla. (B) Stacked bar plot showing relative sequencing read abundance of 20 most
abundant genera. (C) Heatmap showing logio(relative abundance) Vibrio spp.

Dendrogram shows k-means clustering of species detected and sampling location.
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Figure 19: Microbiome community characteristics.

Presence of (A) Antimicrobial resistance genes using the NCBI National Database of
Antibiotic Resistant Organisms (NDARO) database (NCBI, 2023), (B) non-Vibrio
virulence factors and (C) Vibrio spp. Virulence factors using the Virulence Factor
Database (Liu et al., 2018), and (D) integrative and conjugative elements using the
Mobile Genetic Element Database (Johansson, 2023). These were determined by
mapping metagenomic sequencing reads to the respective databases using bowtie2
(Langmead and Salzberg, 2012) with the “--very-sensitive” option and a Phred quality

score threshold of 33.
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Figure 19: Microbiome community characteristics.
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Molecular detection of pathogens

Humans have long understood that climate is associated with epidemic
diseases. The Greek physician Hippocrates was among the first to document
observational evidence connecting climate (air and water), land phenology (soil), and
occurrence of disease in human populations (Hippocrates of Cos, BCE400). However,
it was not until the 19" century that the role microorganisms play in disease
transmission was understood. Traditionally, microbial communities have been defined
using culture dependent methods to detect and enumerate microorganisms. However,
it is estimated that the vast majority of prokaryotic genospecies remain uncultured
(Sleator et al., 2008), and genomes of uncultured microorganisms encode a largely
untapped reservoir of novel metabolites and metabolic processes (Simon and Daniel,
2011). Accordingly, the field of metagenomics has developed rapidly and effectively
obviates the need to isolate and culture microorganisms by utilizing the genetic material
of a sample to identify the functional gene composition. This major accomplishment
has allowed detailed comparison and exploration of microbial ecology, including the
community profiles of complex ecosystems such as drinking water (Brumfield et al.,
2020b, 2020a), urban watersheds (Brumfield et al., 2021a), wastewater (Brumfield et
al., 2022a), and gut of insects (Brumfield et al., 2022b).

Since the emergence of metagenomics, whereby DNA is sequenced directly
from environmental samples, sequencing for microbial identification has evolved to
include a variety of approaches. The polymerase chain reaction (PCR) is one of the
fundamental methods currently being used for taxonomic identification. PCR-based

metagenomics is now routine in gene prospecting by direct amplification of specific
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genes (Kotik, 2009) or colony PCR to screen metagenomic libraries (Itoh et al., 2014).
Moreover, PCR amplification of specific genes is used to evaluate microbial species
diversity based on sequence composition. The use of 16S ribosomal RNA (rRNA)
genes that occur in one or more copies in most bacterial and archaeal genomes is widely
recognized as the “Gold Standard” for prokaryotic identification. The 16S rRNA gene
sequencing method generally employs universal PCR primers to amplify hypervariable
regions of the 16S rRNA gene that infer taxonomic identification by bioinformatic
alignment against various 16S rRNA sequence databases.

With advances being made in sequencing technologies, the cost of sequencing
has decreased drastically in recent years, and shotgun metagenomic sequencing (SMS)
is an attractive alternative to study all of the genes in all microorganisms present in a
sample, independent of culture. Instead of targeting specific genomic markers, the SM'S
method utilizes total DNA extraction and acts to shear extracted DNA into fragments
that are independently sequenced and aligned to achieve total taxonomic identification
by utilizing reference genomes in genomic databases. While both 16S rRNA
sequencing and SMS have application in microbiome research, SMS has been shown
to yield greater microbial resolution, increased accuracy, and allow identification of
more genera of bacteria, archaea, viruses, eukaryote, and putative functional genes that
would have gone undetected using 16S rRNA sequencing (Shah et al., 2011; Tessler et
al., 2017; Brumfield et al., 2020c; Durazzi et al., 2021).

Historically, detection of Vibrio spp. in the environment has been difficult since
Vibrio spp. are often in the unculturable state, i.e., viable but nonculturable (VBNC)

(Colwell et al., 1985; Roszak and Colwell, 1987; Colwell and Huq, 1994; Colwell,
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2000). In Chapter 4, traditional culture-based methods allowed successful recovery of
Vibrio parahaemolyticus and Vibrio vulnificus from samples of coastal water collected
along the Florida Gulf. However, only a limited number of subspecies/strains and no
additional Vibrio spp. could be cultured, hence detected. In addition, both PCR and
SMS were employed to detect of pathogenic Vibrio spp. While the 16S rRNA marker
for the genus Vibrio, was successfully detected in all samples via PCR, successful
detection of species-specific markers, e.g., t/h and vwhA, and virulence factors was
minimal. By contrast, SMS analysis of water samples provided insight with respect to
human health, notably detection of approximately 12 pathogenic Vibrio spp., including
V. parahaemolyticus, V. vulnificus, V. cholerae, and V. fluvialis, along with virulence
and antibiotic resistance genes and mobile genetic elements. Detection of these species
that are naturally occurring in the environment is notable since they have been
confirmed to be the cause of vibriosis and deaths in FL linked to Hurricane lan (Sodders
et al., 2023). Hence, it is concluded that SMS is a valuable microbiological tool for
detection and characterization of pathogens in the environment and, when coupled with
environmental data, can comprise an infectious disease early warning system useful for

public health.

Climate change and infectious disease

In recent years, the world has experienced an apparent increase in the
emergence and re-emergence of infectious diseases. There are many factors

(anthropogenic and naturogenic) involved in the emergence of infectious diseases. For
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example, human settlements are continually expanding into new geographic regions,
replacing pristine forests with land intended for urban development and agriculture
which increases the opportunity for human interaction with different animal species.
Similarly, unprecedented biodiversity loss has been suggested to increase the risk of
human exposure to new and established zoonotic pathogens (Keesing and Ostfeld,
2021). Hence, climate change is increasingly becoming a major cause of concern (Wu
et al., 2016; Baker et al., 2021). Global and regional climatic variability have the
potential to impact the emergence, distribution, and prevalence of infectious (vector-,
water- or air-borne) diseases, resulting in a significant public health burden. Previous
studies have established relationships between environmental variables and waterborne
diseases (WBD) (Colwell, 1996; Lobitz et al., 2000; Brumfield et al., 2021b, 2023;
Usmani et al., 2021, 2023). However, the direct and indirect impacts of enhanced
climate variability on distribution and transmission of infectious diseases remain a
subject of active inquiry.

There has been an observed warming period since 1971 accompanied by
changes in precipitation patterns globally (Réisdnen, 2022). Changes in climatic
processes have significantly impacted the environment in certain geographic areas,
with evidence suggesting a change in the spatial distribution of pathogens (Hutchins et
al., 2019; El-Sayed and Kamel, 2020). That is, with a changing environment,
pathogenic microorganisms are capable of proliferating in areas where these organisms
were not previously found. A prime example of this phenomenon with respect to WBD
is the significant geographic expansion of pathogenic Vibrio spp., a finding

corroborated by their impact on public health, namely increased numbers of reported
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vibriosis infections in humans and also aquaculture loss (Colwell, 1996; Vezzulli et al.,
2012, 2015; Baker-Austin et al., 2017; Froelich and Daines, 2020; Brumfield et al.,
2021b, 2023; Vezzulli, 2022; Archer et al., 2023). Therefore, a key motivation for the
work reported here was to ascertain impacts of climate variability on prevalence and
distribution of climate modulated WBDs, using Vibrio spp. as a model taxon, where
growth of these pathogens is linked with their environmental niche. Specifically, the
impact of environmental factors on occurrence of pathogenic Vibrio spp. was
investigated in the Chesapeake Bay, Maryland, during 2009 to 2012 and 2019 to 2022
(Chapter 3). In addition, samples were collected from areas in Florida significantly
impacted by Hurricane lan, with the focus on detection and characterization of
pathogenic Vibrio spp. circulating in the environment and elucidating environmental
changes associated with anomalous weather events that favor growth of these

organisms (Chapter 4).

Geophysical connections of waterborne diseases

WBD can include a variety of infection types and causative agents, €.g., viruses,
protozoa, fungi, and bacteria, which cause a range of symptoms such as diarrhea,
gastroenteritis, wound infections, fever, neurological disorders, and septicemia (Table
10). Exposure of humans to WBD occurs primarily by consumption or contact with
contaminated water containing the causative agent. However, some WBD can also be
acquired through person-to-person contact, notably via the fecal-oral route whereby

microscopic fecal particles contaminate water and food. Thus, access to clean and safe
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water for drinking, cooking, recreation, sanitation, hygiene, and industry are important
to sustaining community health. Unfortunately, many developing countries do not have
proper water, sanitation, and hygiene (WASH) infrastructure, especially in rural areas.
In 2017, more than two billion people did not have access to basic sanitation, including
ca. 785 million people without access to basic water services and ca. 884 million people
lacking safe drinking water (WHO, 2017). Diarrhea is currently the fifth-leading cause
of death among children under the age of five, and nearly 88% of diarrhea-associated
deaths are due to inadequate WASH conditions (CDC, 2020). Developed countries,
have adopted filtration and disinfection treatment methods for drinking water,
significantly reducing incidence of disease associated with contaminated water and
mortality rates. However, aging infrastructure, chlorine-tolerant and biofilm-related
pathogens, and increased recreational water use have created challenges. In the United
States, it is estimated that between 12 and 19 million people contract WBDs annually
(Trtanj et al., 2016), incurring U.S. $3.33 billion in direct healthcare costs (Collier et
al., 2021). Collier and colleagues (2021) presented the most recent estimate of the
burden of WBD in the U.S. (2000-2015), showing otitis externa and norovirus infection
were the most common illnesses and biofilm-associated pathogens, including non-
tuberculosis Mycobacterium spp. (NTM), Pseudomonas spp., and Legionella spp., the
most common cause of hospitalization and death. However, Vibrio spp. infections,
notably wound infections, are an emerging concern in coastal areas of the U.S. eastern
seaboard (Archer et al., 2023).

Incidence of WBD is generally more common during the summer since

increased water temperatures provide conditions favorable for proliferation of many
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infectious agents. Additionally, there is an increased risk for recreational and
occupational exposure to infectious WBD during summer months. Marine heatwaves,
analogous episodes in the oceans, are caused by anomalous ocean heating at the surface
and are expected to exacerbate in a warming climate (Smale et al., 2019), causing
irreversible impacts on marine ecosystems (Holbrook et al., 2019). During the past half-
century, ocean warming and increased nutrient discharges have been driving marine
deoxygenation globally and dead zones near the coast have multiplied 10-fold, causing
suffocation of marine life and severe ecological disruption (Breitburg et al., 2018). In
the environment, solar ultraviolet radiation (UV) is a major factor for natural
inactivation of pathogens and maintaining homeostasis in the environment (Williamson
et al., 2017). Recently, it has been suggested that release of terrestrially-derived
dissolved organic material and browning of surface waters reduce the potential for solar
UV inactivation of pathogens and increase exposure to infectious diseases in humans
and wildlife (Williamson et al., 2017). Hence, changes that occur in the aquatic
environment can have a significant impact on the abundance and distribution of marine
microorganisms and the impact of ocean warming on the emergence and spread of
environmental microbial pathogens is rightfully a developing concern (Colwell, 1996;
Harvell et al., 2002; Baker-Austin et al., 2013; Vezzulli, 2022; Archer et al., 2023;
Brumfield et al., 2023).

Due to their high growth rate and rapid response to environmental signals,
members of the genus Vibrio, marine bacteria that occur naturally in aquatic and marine
habitats globally, have been proposed as a microbial indicator of a changing global

climate (Colwell, 1996; Vezzulli et al., 2012, 2015; Baker-Austin et al., 2017; Froelich
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and Daines, 2020; Brumfield et al., 2021b, 2023; Vezzulli, 2022; Archer et al., 2023).
Estuarine waters, generally warm and brackish, provide ideal environmental conditions
for proliferation of pathogenic Vibrio spp. (Chapter 1) and have warmed at twice the
rate of the open oceans and atmosphere (Scanes et al., 2020). Over the past five
decades, extensive datasets have been generated with respect to incidence and behavior
of pathogenic vibrios in the ocean and estuarine environments (Berk et al., 1976; Huq
et al., 1983, 1996; Colwell and Huq, 1994; Colwell, 1996; Mutreja et al., 2011; Hasan
etal., 2012; Johnson et al., 2012; Vezzulli et al., 2016; Baker-Austin et al., 2017; Chen
et al., 2017; Martinez-Urtaza et al., 2017; Parveen et al., 2020). Importantly, results of
these studies demonstrated a transition during the 1980s, namely Vibrio spp. become
increasingly numerous members of the bacterial community, a transition found to
correspond with sea surface warming (ca. 0.5°C) and increased incidence of marine-
borne Vibrio diseases, particularly at higher latitudes. Higher temperatures can also act
as selective pressure for strains with higher virulence and/or antimicrobial resistance
potential or elevated expression of factors that allow more effective host invasion and
environmental fitness. That is, as water temperature increased, the increase was found
to be correlated with human exposure to specific pathogenic Vibrio spp., i.e., risk of
infection, most notably for vulnerable groups, e.g., elderly, low-income households, or
immunocompromised individuals.

In Chapter 3, analysis of samples collected between 2009 and 2022 and
comparison of the data with results of research done in the Chesapeake Bay since the
1960’s, a long-term increase in Vibrio spp. numbers was observed, with evidence

suggesting extended seasonality for these bacteria, particularly during the fall months
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of the year. Alarmingly, evidence for increased Vibrio spp. abundance in the
Chesapeake Bay area is corroborated by a long-term increase in Vibrio spp. infections
in Maryland between 2006 and 2019, especially from V. vulnificus water-associated
wound infections (Morgado et al., 2023). In addition, between 2009 and 2022, a long-
term increase in the number of confirmed V. vulnificus infections in the State of FL was
documented (Chapter 4, Figure 14D). These observations support claims by Archer
et al. (2023), whereby V. vulnificus infections are demonstrably increasing in the
eastern U.S. It should also be noted that in terms of distribution and prevalence,
incidence of cholera has increased globally in recent years (Chapter 2), primarily
attributed to environmental transmission linked to parameters and anomalous weather
events caused by climate change (Colwell, 1996; Lobitz et al., 2000; Jutla et al., 2011,
2015b; Usmani et al., 2023).

Since the 1960s, the world has been plagued by the seventh cholera pandemic,
resulting in millions of deaths each year (WHO, 2022b). It has been established that
climate is a primary driver of cholera (Colwell, 1996; Lobitz et al., 2000; Pascual et al.,
2000; Jutla et al., 2011). Cholera outbreaks occur in two dominant forms: epidemic,
characterized by sporadic/rampant occurrence of cases, or endemic, defined as cases
occurring annually at a continuous level. The dominant hypothesis for epidemic cholera
is related to conditions when the air temperature is anomalously high, and excess
rainfall occurs with insufficient and/or damaged (WASH) infrastructure in the region
(Chapter 2, Figure 6). Human populations will then be at higher risk of exposure to
the causative agent and disease (Colwell, 1996; Jutla et al., 2013b, 2015b; Usmani et

al., 2021). Endemic cholera has been shown to occur in coastal regions where V.
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cholerae is constant throughout the year, even at low abundance, and circulating in the
aquatic environment. Generally, environmental factors influencing endemic cholera
will result in a seasonal peak in recurrence of the disease (Alam et al., 2006b, 2011;
Akanda et al., 2009). Sustained epidemic cholera can become endemic in regions
demonstrating favorable environmental conditions, with potential for enhanced and
continued exposure to, and transmission of, V. cholerae.

In addition to Vibrio spp., transmission of many other WBD infectious agents
is impacted by climate change (Table 11). Climate change caused an increase in
frequency and duration of extreme weather events such as hurricanes, tsunamis,
earthquakes, and tornados (Watson et al., 2007; Honda et al., 2015). During extreme
weather events, vulnerable populations are at higher risk of exposure to infectious
agents. Honda and colleagues (2015) provided an hypothesis that linked a rise in NTM
lung disease and natural disasters following observed geographic overlap of NTM
infections and disaster frequencies in the U.S. As average sea surface temperatures rise,
some regions could stay warm for longer periods throughout the year. Since the
causative agents of many WBD, e.g., Salmonella spp. (Akil et al., 2014), Norovirus
(Rohayem, 2009), Campylobacter spp. (D’Souza et al., 2004), and enterotoxigenic
Escherichia coli (Kann et al., 2022), exhibit seasonal patterns of growth, a changing
climate that alters temperature and rainfall likely will induce extended seasonality of
these microorganisms, with serious economic and public health implications. Another
consequence of climate variability is melting arctic sea ice, which has emerged as an
important driver of marine and terrestrial ecological dynamics as well as pathogen and

disease transmission (Turner et al., 2005; Post et al., 2013; Motesharrei et al., 2016).
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Under the hypothesis proposed here, temperature impacts growth and survival
of microorganisms in the environment, while rainfall has the potential to influence
dissemination of the agents. However, severe drought can promote water scarcity,
potentially exposing the population to contaminated water. Heavy rainfall and flooding
can have a negative impact on sanitation by causing overflows of sewers and treatment
facilities and failure of septic systems. Extended periods of intense rainfall can saturate
the ground and mobilize subsurface pathogens that may be present in soil, particularly
relevant in agricultural areas (Semenza, 2020). In addition, stormwater runoff can lead
to surface water contamination by accumulation of microbiological and chemical
pollutants on land during dry weather periods and subsequent transport into nearby
waterways (Brumfield et al., 2021a). Drinking water-related infections are also
expected to increase because of anomalous precipitation events. In a retrospective
survey between 1997 and 2009, Chhetri and colleagues (2017) identified a significant
increase in cryptosporidiosis and giardiasis following extreme precipitation events,
which was exacerbated when extreme precipitation followed a dry period. In 2019, the
CDC (CDC, 2019c¢) suggested a link between the number of reported Vibrio vulnificus
infections and hurricanes, storm surges, and coastal flooding. A dire example of this
phenomenon was the sharp increase in the number of confirmed V. vulnificus infections
and deaths linked to Hurricane Ian in 2022 (Chapter 4, Figure 14A). Interestingly,
investigation of environmental parameters acquired using satellite remote sensing data
and long-term time series analysis showed changes in sea surface temperature and
chlorophyll concentration during and after Hurricane Ian in the Gulf coast of Florida

favoring growth of Vibrio spp. (Chapter 4, Figure 14C). Other notable examples of
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WBD outbreaks linked to extreme weather events, namely anomalous rainfall, include
salmonellosis incidence in Georgia, U.S. (Lee et al., 2019) and Escherichia coli
O157:H7 and Campylobacter jejuni in Walkerton, Ontario (Auld et al., 2004). These
observations, show that temperature and precipitation changes are primary
environmental parameters for understanding WBD transmission.

Under current climatic variability projections, extreme heat and precipitation
are expected to increase in many parts of the world in the coming decades (Gronlund
et al., 2019), and these changes are associated with cascading events of WBD
(Semenza, 2020), including spread and emergence of human disease globally along
with serious economic implications. While some aquatic microorganisms have
infectious potential in humans, these microbes, including Vibrio spp., play critical
environmental roles in maintaining life on earth, e.g., carbon and nitrogen cycling, and
cannot be eradicated. Semenza (2020) presented the associated risk of WBD infection
as a function of environmental exposure (individual, community, and WASH) and
vulnerability (demographic, income, and public health), and suggested WBD
management must include the capricious nature of climate change, in addition to
exposure and vulnerability. Therefore, climatic-driven early warning systems are
essential to public health and for informing decision-makers and those individuals

whose risk of infection is high.
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Built infrastructure

Climate variability is expected to accelerate over the next few decades, which
increases the likelihood of extreme climate events and their increased frequency and
intensity. Though change in temperature and rainfall patterns ascribable to climate
variability supports the incidence and distribution of infectious diseases, quantifying
its effect on an outbreak is an evolving topic. Insufficient data makes it difficult to
demonstrate the impact of climate variability on disease outbreaks and requires further
study to understand the relationship between climate and disease sufficiently to
intervene in the adverse impact of infectious diseases on the population. Since so many
pathogens are of environmental origin and simultaneously play a role in maintaining
life on earth, the most effective intervention to mitigate the impact of infectious
diseases on a population is the combination of risk predictive modeling and public built
infrastructure (transportation and WASH). However, under the futuristic scenarios of
climate change, the most vital public built infrastructure holds the potential to become
the most prominent adaptation tool as well. The Sixth Assessment Report (AR6) of the
Intergovernmental Panel on Climate Change (IPCC, 2021) suggested, in all climate
change scenarios, that global surface temperature will increase at least until 2050; in
this situation, mitigation alone would not be of great help. There will be the need for
adaptation which can only be achieved through easy access to WASH infrastructure
(Figure 20).

Access to safe drinking water and basic sanitation services are considered basic
human rights since they are essential to maintaining healthy livelihoods. However, it is

estimated that ca. 30% of people lack access to safe drinking water globally, and ca.
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60% do not have access to safely managed sanitation facilities (WHO, 2017). Access
to proper WASH infrastructure is financially dependent, and there are remarkable
differences in access to these services within regions and countries. These inequalities
in WASH are a global concern and have been addressed by the United Nations (UN)
as the sixth goal of the 2030 Sustainable Development Agenda (United Nations, 2015).
The common priority between safe drinking water and sanitation facilities services is
minimizing human exposure to fecal pathogens and disease transmission, given the
well-documented linkages between contaminated drinking water and poor sanitation
and hygiene to transmission of diseases (notable examples include cholera, hepatitis A,
dysentery, typhoid, polio, malaria, dengue, influenza, and COVID-19). For most
regions, when there is abundant access to water services, there are nearly as abundant
sanitation services; inversely, lack of water services also conditions lack of sanitation.
In these regions, the risk of WBD transmission is high, namely because the lack of
water services increases exposure of humans to pathogens. In these regions, climate
change exacerbates the problem as accessibility to water resources may be
compromised. A natural phenomenon like hurricane or flood events might damage

existing WASH infrastructure and expose people to contact with contaminated water.

Predictive intelligence and early warning

In addition to access to proper WASH infrastructure, predicative intelligence
can serve as a viable measure for disease mitigation through early warning of impeding

infection risk (Chapter 2). To develop effective predictive models for environmental
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transmission, ground truth observations are needed to ascertain factors that influence
occurrence and growth of microorganisms and train the models. Extensive datasets
have been generated over the past five decades on incidence and behavior of toxigenic
V. cholerae and non-cholera Vibrio spp. in the ocean and estuarine environments
through cross-sectional studies and also some long-term retrospective work, namely in
the Bay of Bengal, Arabian Sea, Baltic Sea, Gulf of Mexico, and Chesapeake Bay. In
addition, the work presented here contributes to confirming and refining environmental
parameter thresholds, e.g., seasonality of occurrence, temperature, salinity, pH,
chlorophyll, and dissolved oxygen, for pathogenic Vibrio spp. (Chapters 3 and 4).
These studies show that Vibrio spp. are bacteria naturally occurring in the aquatic
environment that, under favorable conditions will replicate rapidly and, hence, are
highly responsive to environmental stimuli and adaptable to changing environmental
parameters (Chapter 1).

To effectively employ early warning systems, near-real-time Earth observations
are needed as model input for subsequent anticipatory decision-making frameworks.
However, ground surveillance is costly and labor intensive, hence, not always possible
especially in remote areas or those impacted by natural (Chapter 4) or anthropogenic
disasters (Usmani et al., 2022). As a result, predictive intelligence using data for
satellites, microbiology, and sociology have been proposed as an effective data source,
particularly in areas where ground surveillance is not a viable option (Colwell, 1996).
Cholera predictive modeling, demonstrated for Haiti (Khan et al., 2017), Zimbabwe
(Jutla et al., 2015b), Nepal (Khan et al., 2018), Ukraine (Usmani et al., 2022), and

Yemen (Usmani et al., 2023), has the potential, when coupled with both individual and
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large-scale intervention early in outbreaks, to contribute to reduction in case fatality
rates (Akanda et al., 2012). Similar models have been proposed for V. vulnificus in the
Chesapeake Bay (Jacobs et al., 2014) and non-cholera vibrios in the Baltic Sea
(Semenza et al., 2017). However, it should be noted that ground observations of non-
cholera vibrios have been limited essentially to only a few locations, with most studies
conducted in developed countries. Future modeling efforts for non-cholera vibrios
would also benefit from inclusion of sociological and behavioral factors related to
contact with the aquatic environment, such as recreational and occupational activities,

that influence contact with waterborne pathogens.

Summary and major conclusions

Epidemiological surveys coupled with environmental surveillance have
suggested that sporadic climatic events have significantly impacted the distribution and
occurrence of infectious diseases, namely in geographic regions where infectious
agents have been found to be naturally occurring in the environment. Climate change-
driven emergence and distribution of infectious agents will undoubtedly affect disease
prevalence, potentially translating disease outbreaks into endemic diseases and
possibly even cascading towards global pandemics. Available evidence suggests that
the spatial distribution and abundance of pathogenic Vibrio spp. in waters is increasing,
notably in coastal regions closer to the poles. The rise in Vibrio spp. population
numbers is correlated with an increase in the number of confirmed Vibrio spp.

infections, namely wound infections in developed nations and cholera in regions
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lacking access to proper WASH infrastructure. Mitigating the emergence and
distribution of infectious diseases is time-sensitive, which promotes use of remote
sensing data. However, predictive modelling for global application relies on ground
truth observations from multiple regions to train algorithms. Results of this research
contribute to the overall understanding of the environmental niche preference for
pathogenic Vibrio spp., specifically in the Chesapeake Bay and Florida Gulf coastal
waters, as a natural reservoir, and document long-term increase and extended
seasonality of pathogenic Vibrio spp. in the Chesapeake Bay. In addition, results of the
research show the benefit of combining the results of genetic analysis (e.g., SMS and
whole genome sequencing), environmental data gathering, and remote sensing as a
useful public health tool to proactively detect and characterize environmental
pathogens, notably vibrios. Moving forward, atmospheric, hydrologic, space, and earth
scientists will need to join with microbiologists and the public health community to
develop effective systems for predicting outbreaks and, ultimately, to create an adaptive

environment for mitigation of infectious diseases.
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Tables

Table 10: Most common waterborne diseases.

Pathogen Species Illness
Bacteria
Shigella S. dysenteriae; S. flexneri Gastroenteritis; Dysentery
Vibrio Vibrio cholerae Cholera
Noncholera Vibrio spp. Gastroenteritis; wound infections;
septicemia
Salmonella Salmonella typhi Typhoid
Mycobacterium M. avium complex; Non-tuberculosis Mycobacterium (NTM)  Respiratory illness; skin infections
Viruses
Reoviridae Rotavirus Gastroenteritis
Caliciviridae Norovirus Gastroenteritis
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Table 11: Waterborne disease association with temperature and precipitation.

References are provided in “Appendix A.”

Geophysical Parameter Species References Key findings
Temperature Shigella spp. (1-5) Positive association
Vibrio cholerae (6-13)
Noncholera Vibrio spp. (6, 14-18)
Salmonella typhi (19, 20)
NTM (21) Varies, depending on species and geographic region
Norovirus (22-24)
Rotavirus (25-29) Negative association
Precipitation Vibrio cholerae (6-13, 30) Positive association
Noncholera Vibrio spp. (15, 31-35)
Salmonella typhi (19, 20)
Norovirus (22, 36)
NTM 21 Varies, depending on species and geographic region
Shigella spp. (1-4) Varies, depending on spatial scales
Rotavirus (25-29)
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Randomness of Vibrios in the environment. American Geosciences Union
(AGU) Annual Meeting. Washington D.C, USA. December 10-14.
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37.

38.

Brumfield, K.D., Malaki, A.A., Anand, A., Ramadan, F., Rashed, S.M.,
Ibrahim, E.B., Marri, M.M., Colwell, R.R., Huq, A., and Fotedar, R., 2018.
Isolation, Identification, and Characterization of Vibrio spp. From Qatar.
Marine Estuarine Environmental Sciences (MEES) Colloquium. Frostburg,
MD, USA. October 25-26.

Brumfield, K.D., Malaki, A.A., Anand, A., Ramadan, F., Rashed, S.M.,
Ibrahim, E.B., Marri, M.M., Colwell, R.R., Huq, A., and Fotedar, R., 2018.
Characterization of Vibrio Species Isolated from Marine Environment of
Qatar. Microbe hosted by American Society for Microbiology (ASM).
Atlanta, GA, USA. June 7-11.

Plymouth State University, 2014 — 2017

39.

40.

41.

42.

43.

44,

45.

Brumfield, K.D., Carignan, B.M., and Son, M.S. 2017. An alternative Vibrio
cholerae attachment model: Implications of a clinically relevant SNP on
enhanced attachment and virulence capabilities. Microbiology and Molecular
Pathogenesis Program (M2P2) hosted by Geisel School of Medicine at
Dartmouth College, Fairlee, VT. February 16-17.

Brumfield, K.D., Carignan, B.M., and Son, M.S. 2017. SNPs in regulator-
encoding genes have an additive effect on virulence gene expression in a
Vibrio cholerae clinical isolate. Microbiology and Molecular Pathogenesis
Program (M2P2) hosted by Geisel School of Medicine at Dartmouth College,
Fairlee, VT. February 16-17.

Brumfield, K.D., Carignan, B.M., and Son, M.S. 2016. An alternative Vibrio
cholerae attachment model: Implications of a clinically relevant SNP on
enhanced attachment and virulence capabilities. Microbe hosted by American
Society for Microbiology (ASM). Boston, MA. June 16-20.

Brumfield, K.D., Carignan, B.M., and Son, M.S. 2016. SNP combinations
found in Vibrio cholerae clinical isolates have an additive effect on virulence
capabilities. Microbe hosted by American Society of Microbiology (ASM).
Boston, MA. June 16-20.

Brumfield, K.D., Carignan, B.M., and Son, M.S. 2016. An alternative Vibrio
cholerae attachment model: Implications of a clinically relevant SNP on
enhanced attachment and potential virulence capabilities. 2016 Student
Showcase of Excellence. Plymouth, NH. May 6.

Brumfield, K.D., Carignan, B.M., and Son, M.S. 2016. Clinically identified
SNPs in Vibrio cholerae regulators have an additive effect on virulence
capabilities. 2016 Student Showcase of Excellence. Plymouth, NH. May 6.

Brumfield, K.D., Carignan, B.M., and M.S. Son. 2016. Implications of an
frhA SNP affording enhanced attachment on increased virulence capabilities
of Vibrio cholerae clinical isolates. Microbiology and Molecular Pathogenesis
Program (M2P2) hosted by Geisel School of Medicine at Dartmouth College,
Fairlee, VT. February 11-12.
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46. Brumfield, K.D., Ceasar, G.J., and M.S. Son. 2015. Implications of an frhA4
SNP affording enhanced attachment on increased virulence capabilities of
Vibrio cholerae clinical isolates. NH-INBRE External Advisory Committee.
Manchester, NH. November 7-9.

47. Brumfield, K.D., Carignan, B.M., and M.S. Son. 2015. Implications of an
frhA SNP affording enhanced attachment on increased virulence capabilities
of Vibrio cholerae clinical isolates. Graduate Research Symposium. Plymouth
State University, Plymouth, NH. November 5.

48. Brumfield, K.D., Ceasar, G.J., Carignan, B.M., and M.S. Son. 2015. The
effects of a naturally occurring firhA point mutation in Vibrio cholerae
pathogenesis using a copepod model. New Hampshire IDeA Network of
Biomedical Research Excellence (NH-INBRE) Annual Meeting. New Castle,
NH. August 6-7.

49. Brumfield, K.D., Carignan, B.M., and Son, M.S. 2015. SNP combinations for
in clinical isolates of Vibrio cholerae affect virulence capabilities. New
Hampshire IDeA Network of Biomedical Research Excellence (NH-INBRE)
Annual Meeting. New Castle, NH. August 6-7. Best poster presentation
award.

50. Swissi, G.S, McEnany, F.F., Ceasar, G.J., Brumfield, K.D., Carignan, B.C.,
and Son, M.S. 2015. Characterizing the effects of clinically relevant SNPs on
metabolic activities and increased virulence capabilities in the human
pathogen Vibrio cholerae. New Hampshire IDeA Network of Biomedical
Research Excellence (NH-INBRE) Annual Meeting. New Castle, NH. August
6-7.

51. Smith, L.L., Dion, A., Freeman, C.J., Brumfield, K.D., and C.C. Chabot.
2015. The effects of RNAi on the circa tidal rthythms of Limulus polyphemus.
2015 Student Showcase of Excellence. Plymouth, NH. April 24.

52. Swissi, G.S., McEnany, F.B., Brumfield, K.D., Ceasar, G.J., and Son, M.S.
2015. Determining the effects of clinically relevant SNPs in regulatory genes
on the metabolic activities and virulence capabilities of the human pathogen
Vibrio cholerae. 2015 Student Showcase of Excellence. Plymouth, NH. April
24.

53. Brumfield, K.D., Ceasar, G.J., and Son, M.S. 2015. Developing an in vitro V.
cholerae model to determine the effects of a clinically relevant SNP in frh4
on attachment and pathogenicity. 2015 Student Showcase of Excellence.
Plymouth, NH. April 24.

54. Brumfield, K.D., Ceasar, G.J., and M.S. Son. 2014. Developing a copepod
model for in vivo studies involving Vibrio cholerae and the potential effects
of a point mutation in frhA on pathogenicity. New Hampshire IDeA Network
of Biomedical Research Excellence (NH-INBRE) Annual Meeting.
Whitefield, NH. August 3-4.
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55. Barchey-Robinson, K.R., Armstrong, W.R., Brumfield, K.D., DeGrace, C.N.,
van Loon, S.R., Maxner, A.J., and M.S. Son. 2014. Evaluating the effects of
clinically relevant point mutations in four regulatory genes on the levels of
TcpA and ToxT production. 2014 Student Showcase of Excellence. Plymouth,
NH. April 25.

56. Brumfield, K.D., Maxner, A.J., and M.S. Son. 2014. The effects of a
naturally occurring frhA point mutation in Vibrio cholerae pathogenesis using
a copepod model. 2014 Student Showcase of Excellence. Plymouth, NH.
April 25.

57. Maxner, A.J., Barchey-Robinson, K.R., Brumfield, K.D., Armstrong, W.R.,
DeGrace, C.N., van Loon, S.R., and M.S. Son. 2014. Developing an
alternative genetic recombination tool for Vibrio cholerae. 2014 Student
Showcase of Excellence. Plymouth, NH. April 25.

58. Maxner, A.J., Barchey-Robinson, K.R., Brumfield, K.D., DeGrace, C.N., van
Loon, S.R., Armstrong, W.R., and M.S. Son. 2014. Elucidating the role of five
genes involved in the increased virulence observed in clinical isolates of
Vibrio cholerae. Microbiology and Molecular Pathogenesis Program (M2P2)
hosted by Geisel School of Medicine at Dartmouth College, Fairlee, VT.
February 13-14.

RESEARCH FUNDING

1. “Improved Sensitivity of Metagenomics for Rapid Detection of Pathogens,
Virulence, and Antibiotic Resistance” (Supported through Office of the
Director of National Intelligence, $210K, Oct 2023 — Oct 2025) Role:
Postdoctoral Investigator and Co-PI with Dr. Colwell as Research Advisor;
proposal development.

2. “Center for Human Health, OCean BioAerosols and Pathogens (CHOCBAP):
Understanding impacts of climate and weather on planktonic processes,
marine bioaerosols and clinically relevant pathogens” (Submitted to NIH,
multiple RO1s & P01, $4.9M) Role: Student Investigator; proposal
development.

3. “Diversity of pathogenic Vibrio spp. isolated from Chesapeake Bay, MD and
Gulf Coast, FL water and oysters.” (Submitted to NIEHS, Research
Supplement, $80K) Role: Student Investigator; proposal development.

4. “Revealing the Interplay between Anthropogenic Input and Microbiomes in
Mosquito and Tick Microbial Ecosystems at Global Scale” (Submitted to
NSF, URoL:MIM, $1.2M) Role: Student investigator; proposal development.

5. “Rapid characterization if Vibrio parahaemolyticus to identify virulence
potential of pandemic and non-pandemic complexes” (Submitted to NSF,
STTR, $300K) Role: Co-Investigator; proposal development.
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“Proactive and Responsive Antibody Treatments of Vibrio
vulnificus Infections” (Submitted to NSF, STTR, $300K) Role: Co-
Investigator; proposal development.

7. “Effects of SNVs affording enhanced virulence capabilities of Vibrio cholerae
clinical isolates” (Supported through Student Research Advisory Council
Grant, PSU, $4K, 2014 —2015) Role: Student Investigator; proposal
development.
CAREER DEVELOPMENT

AD HOC JOURNAL REVIEWER

A

Scientific Reports, Springer Nature

Frontiers in Cellular and Infection Microbiology
Frontiers in Microbiology

Societies, MDPI

Tropical Medicine and Infectious Disease, MDPI

PROFESSIONAL AFFILIATIONS

N kD=

Interdisciplinary Society for Applied Microbiomics (2023)
International Society of Bangladesh-affiliated microbiologists (2021)
American Geophysical Union (2019)

American society for Microbiology, Washington DC Branch (2017)
American society for Microbiology (2015)

The Society for Collegiate Leadership and Achievement (2016)

Phi Kappa Phi Honor Society, NH Branch (2013 —2017)

PROFESSIONAL TRAINING AND WORKSHOPS

1.

NGS Workshop: A Deeper Dive into the Cornerstones of NGS Analyses,
Trees, and Workflows. American Society for Microbiology. Houston, TX.
June 15, 2023.

. Illumina NextSeq 2000 Training. EzBiome Inc. Gaithersburg, MD. September

20-22, 2022.

Standards to Support and Enduring Capability in Wastewater Surveillance for
Public Health. Department of Homeland Security and National Institute of
Standards and Technology. Virtual. June 14-18, 2021.

Microbiome Analysis Workshop. University of Maryland School of Medicine
Institute for Genome Sciences. College Park, MD. November 10-13, 2020.
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. Microbiome in Health and Disease. Illumina and University of Maryland

BioPark. Baltimore, MD. December 11, 2019.

Graduate Student Teacher Workshop. University of Maryland Teaching and
Learning Transformation Center. College Park, MD. August 25, 2017.

Bioinformatics Workshop. Hubbard Center for Genome Studies. Dartmouth
College. Plymouth, NH. January 6-7, 2016.

Writing for Biomedical Publications Workshop. Dartmouth SYNERGY and
Norris Cotton Cancer Center. Hanover, NH. December 11-12, 2015.

HONORS AND AWARDS

1.

Best Presentation Award, International Society of Bangladesh-affiliated
Microbiologists (2022)

Cover Image and Most Downloaded Article, Environmental microbiology
(2021)

3. University of Maryland Dean’s Fellowship (2017)

4. Best Presentation Award, New Hampshier IDeA Network for Biomedical
Research Excellence, Dartmouth College (2015 & 2016)
5. Gonfalonier at Commencement, Dept. of Biological Sciences, Plymouth State
University (2015)
6. Team Captain, Men’s Varsity (NCAA) Ice Hockey, Plymouth State
University (2014 — 2015)
7. Massachusetts State Collegiate Athletic Conference, All-Academic Team
Award (2011 — 2015, all semesters)
8. Outstanding Organic Chemistry Student, Dept. of Atmospheric Science and
Chemistry, Plymouth State University (2013)
ADDITIONAL EXPERIENCE
2019 - 2020 Co-Head Coach, U14 Elite Ice Hockey
Navy Youth Hockey, MD
2015 -2017 Assistant Coach, Men’s Varsity (NCAA) Ice Hockey
Plymouth State University, NH
2014 Assistant Coach, U16 Elite Ice Hockey
DD Hockey, PA
2010 -2011 Ice Hockey SKkills Instructor/Personal Trainer
Athletic Republic, Rochester, NY
2009 -2010 Sales Associate

Abercrombie and Fitch, Syracuse, NY
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