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Abstract

Vibrio parahaemolyticus is a Gram-negative bacterium that is naturally present in
the marine environment. Oysters, which are water filter feeders, may accumulate
this pathogen in their soft tissues, thus increasing the risk of V. parahaemolyticus
infection among people who consume oysters. In this review, factors affecting
V. parahaemolyticus accumulation in oysters, the route of the pathogen from primary
production to consumption, and the potential effects of climate change were discussed.
In addition, intervention strategies for reducing accumulation of V. parahaemolyticus
in oysters were presented. A literature review revealed the following information rele-
vant to the present study: (a) managing the safety of oysters (for human consumption)
from primary production to consumption remains a challenge, (b) there are multiple
factors that influence the concentration of V. parahaemolyticus in oysters from pri-
mary production to consumption, (c¢) climate change could possibly affect the safety of
oysters, both directly and indirectly, placing public health at risk, (d) many interven-
tion strategies have been developed to control and/or reduce the concentration of V.
parahaemolyticus in oysters to acceptable levels, but most of them are mainly focused
on the downstream steps of the oyster supply chain, and (c) although available regula-
tion and/or guidelines governing the safety of oyster consumption are mostly available
in developed countries, limited food safety information is available in developing
countries. The information provided in this review may serve as an early warning for

managing the future effects of climate change on the safety of oyster consumption.
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ter area (Figure 1b). Currently, China, the Republic of Korea,
the United States, Japan, Mexico, France, Taiwan, the Philip-

Oysters are among the most appreciated seafood products
worldwide because of their nutritive value and flavor. Oys-
ter consumers are willing to pay a higher price for high-
quality and safe oysters. An increasing trend was observed
in the production and trade of oysters during the past decade
(FAO, 2019). According to the FAO report, the global pro-
duction of oysters from wild capture fishery and aquacul-
ture increased from 4.5 million tons in 2010 to 5.9 million
tons in 2017 (Figure 1a). Asia was the most productive oys-

pines, Canada, and Thailand are the top 10 oyster producers
globally (Figure 2). Regarding oyster trade, the FAO report
showed that the import value of oysters increased from USD
324.8 million in 2010 to USD 432.8 million in 2016, whereas
the export value increased from USD 298.9 million in 2010
to USD 505.5 million in 2016 (FAO, 2019).

Oysters are part of a healthful diet, but eating oysters
is not risk free. Oysters may contain foodborne pathogens,
such as Vibrio parahaemolyticus. Vibrio parahaemolyticus, a
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FIGURE 1 Global production of oysters by the capture fishery and aquaculture (a), and by the production regions (b). Data from FAO FishStat
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FIGURE 2 Top 10 countries producing oysters. Data from FAO FishStat (2010 to 2017)

foodborne pathogen that is naturally present in the aquatic
marine environment, can contaminate the surface or enter the
tissues of oysters (Baker-Austin et al., 2018; Taylor, Cheng,
et al., 2018). Vibrio parahaemolyticus, a Gram-negative bac-
terium, was first isolated in 1950, and has become a pathogen
of global concern following the appearance of the first pan-
demic O3:K6 strain in 1996 (Nair et al., 2007). This pathogen
is typically isolated in warm seawater and is rarely isolated
when the temperature of seawater is under 13 to 15 °C
(Kaneko & Colwell, 1975). Significant investigation and anal-
ysis of the presence of V. parahaemolyticus in seafood were
presented by Odeyemi (2016) recently in a systematic review
and meta-analysis of 48 studies published between 2003 and

2015. The author revealed that the concentration of V. para-
haemolyticus was higher in oysters than in other seafood prod-
ucts; the presence of V. parahaemolyticus in oysters, clams,’
fish,> shrimp,> and mussels * was 63.4%, 52.9%, 51.0%,
48.3%, and 28.0%, respectively (Odeyemi, 2016). A high con-
centration of V. parahaemolyticus is expected because oysters
are aquatic filter feeders; consequently, they accumulate high

!Including clams and cockles.
2 Including fish, squids, and cephalopods.
3 Including shrimp, prawns, and crabs.

4Including mussels, scallops, and periwinkles.
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concentrations of the bacterial pathogen V. parahaemolyti-
cus. Hence, consuming oysters is associated with a higher
risk of V. parahaemolyticus infection than is consuming other
types of seafood. Furthermore, contamination of oysters with
V. parahaemolyticus also occurred during handling, process-
ing, and preparation or by cross-contamination through con-
tact between oysters and other contaminated seafood prod-
ucts or seawater. Studies have shown that gastroenteritis is
the most common disease resulting from V. parahaemolyti-
cus infection (Butt, Aldridge, & Sanders, 2004; Iwamoto,
Ayers, Mahon, & Swerdlow, 2010; Makino et al., 2003; Shi-
mohata & Takahashi, 2010). The most common symptoms
include watery diarrhea, abdominal cramps, nausea, vom-
iting, headache, fever, and chills (Humphries & Linscott,
2015). Nevertheless, the risk caused by the presence of V.
parahaemolyticus in oysters can be easily reduced or elimi-
nated by adequate cooking. However, in many cases, V. para-
haemolyticus infection occurs because of the consumption
of raw or undercooked oysters that may be contaminated by
V. parahaemolyticus (Huang, Hwang, Huang, Wu, & Hsiao,
2018; Sobrinho, Destro, Franco, & Landgraf, 2014; Taylor,
Cheng, et al., 2018). In a report, even with consumer who
reported eating only thoroughly cooked (grilled, stewed, or
fried) oysters were as likely to become ill as those who
ate raw oysters due to the failure of cooking (McDonnell
et al., 1997). The incidence of gastroenteritis caused by V.
parahaemolyticus associated with the consumption of oysters
has been reported in the United States (Drake, DePaola, &
Jaykus, 2007; Iwamoto et al., 2010; McLaughlin et al., 2005),
Canada (Taylor, Cheng, et al., 2018), China (Chen et al.,
2017; Ma et al., 2014; Wu, Wen, Ma, Ma, & Chen, 2014),
Taiwan (Hsiao, Jan, & Chi, 2016; Lin, Lin, Kou, Hong, &
Wu, 2015), Spain (Lozano-Le6n, Torres, Osorio, & Martinez-
Urtaza, 2003), Italy (Ottaviani et al., 2008), Chile (Garcia
et al., 2009), Peru (Gil et al., 2007), and Brazil (Leal et al.,
2008). Recently, the Centers for Disease Control and Preven-
tion (CDC) in the United States also reported two cases of V.
parahaemolyticus infection resulting from the consumption of
oysters imported from Mexico (U.S. CDC, 2019). In Canada,
82 cases of V. parahaemolyticus infection associated with the
consumption of raw oysters were reported by Taylor, Cheng,
etal. (2018).

Seafood companies and food safety authorities are under
considerable pressure to ensure that consumption of seafood,
such as oysters, does not harm consumers when they are pre-
pared and/or eaten because these organizations are not only
required to ensure the safety of oysters but also to protect
their overall reputation (Hussain & Dawson, 2013; Marques,
Nunes, Moore, & Strom, 2010; Reardon, 2001). Food compa-
nies involved in the production, processing, or distribution of
oysters should be able to identify risk factors affecting food
safety in their operations; hence, they have developed appro-
priate control and mitigation strategies. These strategies are

i Food Science and Food Safefy

important because many factors can affect food safety, includ-
ing that of oysters, from primary production to consumption
(Racicot et al., 2019; Zanabria et al., 2018). Climate change,
which involves changes in global or regional climate patterns,
is one of multiple factors that can affect the safety of oysters
(Adler, Leiker, & Levine, 2009; Brucet et al., 2012; Wu, Lu,
Zhou, Chen, & Xu, 2016). Climate change is thought to affect
the weather, which results in changes in temperature, precipi-
tation, wind, and sunshine. Therefore, the concern of climate
change affecting food safety arises because it can affect the
establishment and growth of foodborne pathogens and affect
interactions among hosts, pathogens, and their environment
(Watts et al., 2018). Climate change may affect these food
safety in various ways, such as exacerbating the presence of
biological contaminants in the environment and foods (Alava,
Cheung, Ross, & Sumaila, 2017; Watts et al., 2018); thus, it
may increase the occurrence of foodborne diseases.

Despite the controversy surrounding climate change, evi-
dence suggesting that climatic conditions affect the level of
pathogens in seafood (Marques et al., 2010; Smith et al., 2015)
and that they are correlated with the occurrence of foodborne
illnesses is available (Aik et al., 2018; Choi et al., 2015; Jiang
et al., 2015; Lake, 2017; Park, Park, & Bahk, 2018). The
World Health Organization recently suggested that its mem-
ber nations should increase awareness of the increase in food-
borne diseases associated with climate change and urged rel-
evant authorities and stakeholders to incorporate food safety
measures for mitigating the effect of climate change on health
(WHO, 2019). Similarly, the European Food Safety Author-
ity in Europe identified that an increase in seawater tempera-
ture because of climate change could be a potential food safety
concern because it may affect the survival, growth, and prolif-
eration of foodborne pathogens, particularly Vibrio spp. This
finding suggests that climate change could be a significant
factor directly or indirectly affecting the food safety of oys-
ters and may cause a threat to human health.

Against the background of the aforementioned concerns,
we reviewed the risk of V. parahaemolyticus infection associ-
ated with the consumption of oysters. In this review, the risk
was defined as “a function of the probability of an adverse
health effect and the severity of that effect, consequential to a
hazard(or hazards) in food” (Heilandt, Mulholland, & Younes,
2014, p. 345). We focused on the risk of getting V. para-
haemolyticus infection associated with eating raw oysters. In
our literature review, we referred to previously published stud-
ies (Smith, 2018; Torraco, 2016; Winchester & Salji, 2016)
to understand the topic, discover the gaps, determine a possi-
ble solution, and draw a conclusion. A literature research was
performed using online databases, including Web of Science,
Science Direct, and Google Scholar. Pertinent information
was obtained by searching for predefined keywords, namely,
“oysters” and “Vibrio parahaemolyticus” in combination
with “outbreaks,” “foodborne,”
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FIGURE 3 Distribution of publications per year across the period studied
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“prevalence,” “predictive model,” “growth rate,” “risk,” “vir-
ulence factor,” “risk assessment,” “culturing method,” “cli-
mate change,” “climatic variation,” “extreme events,” “cross-
contamination,” ‘“handling,” “processing,” “cold chain,”
“food safety management,” or “risk-based food safety man-
agement.” Relevance of each article was screened using the
following criteria: (a) articles published in English, with pref-
erence for peer-reviewed articles, book, or book chapters, and
(2) the document, or part of the document, is relevant to the
objective of this review. No restriction to a specific range of
years was applied. In addition, we reviewed the bibliogra-
phy sections of retrieved articles to identify relevant studies.
We also used Google search engine to search for information
related to policies, legal requirements, and/or guidelines gov-
erning the safety of oysters published by the relevant profes-
sional organizations (e.g., FAO/WHO) and food safety author-
ities. Finally, we identified and included 291 references that
were most relevant to the topic in this review (see Figure 3).
In general, the distribution showed an increase in the num-
ber of studies related to V. parahaemolyticus concentrations in
oysters since 2000, which indicated that the risk of contracting
V. parahaemolyticus infections because of oyster consump-
tion has been gradually receiving increasing attention. With
respect to publication scope, the obtained references were cat-
egorized into the following 10 themes to simplify data anal-
ysis: (a) agricultural and biological sciences; (b) medicine,
pharmacology, toxicology, and pharmaceutics; (c) immunol-
ogy and microbiology; (d) biochemistry, genetics, and molec-
ular biology; (e) environmental science; (f) multidisciplinary;
(g) earth and planetary science; (h) business, management,
and accounting; (i) engineering and computer science; and (j)
others (e.g., policies, legal requirements, and/or guidelines)
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(see Figure 4). Most of the academic material was found in
publications devoted to agricultural and biological sciences.
Most of the articles were published in the Journal of Food
Protection, Applied and Environmental Microbiology, Food
Control, and International Journal of Food Microbiology.
The remainder of this review is arranged in various sec-
tions. Section 2 provides a basic overview of the effects
of environmental conditions for the survival and growth
of V. parahaemolyticus. Section 3 presents the distribution
of V. parahaemolyticus in oysters. Section 4 discusses fac-
tors affecting the risk of infection caused by the consump-
tion of oysters. Section 5 reviews the pressures of climate
change on the risk of V. parahaemolyticus infection and dis-
cusses the projection of the future effects of climate change.



RISK OF EATING OYSTERS...

Comprehensive

Ws_| s

Section 6 discusses potential intervention strategies for reduc-
ing V. parahaemolyticus concentrations in oysters and decon-
taminating oysters by considering climate change factors.
Section 7 presents the existing policies, legal requirements,
and/or guidelines regarding the food safety of oysters. Finally,
Section 8 presents a conclusion and prospects for future
research. Data presented in this review were not compre-
hensive; however, sufficient information was provided in the
present study to serve as early warning information for public
health. Furthermore, the critical analysis used in this review
may be applicable for assessing the potential effects of climate
change on other types of food.

2 | EFFECT OF ENVIRONMENTAL
CONDITIONS ON THE GROWTH
RATE OF V. PARAHAEMOLYTICUS
IN OYSTERS

Several studies have attempted to develop predictive mod-
els describing the effects of environmental conditions on the
growth rate of V. parahaemolyticus in oysters (Fernandez-
Piquer, Bowman, Ross, & Tamplin, 2011; Kim, Lee, Hwang,
& Yoon, 2012; Parveen et al., 2013; Tang et al., 2015; Yang
et al., 2009; Yoon et al., 2008). Experimental data showed
that temperature is among other environmental conditions that
considerably affect the survival and growth rates of V. para-
haemolyticus. Notably, the survival and growth rates of this
pathogen are also affected by factors such as pH and salin-
ity. In general, V. parahaemolyticus prefers an alkaline pH
of 7.9 to 8.6 and 3% NaCl for growth (Beuchat, 1975). Sev-
eral studies have reported that the growth of this microorgan-
ism is favored at temperatures higher than 15 °C; the opti-
mum temperature for growth is 35 to 37 °C (Fernandez-Piquer
etal., 2011; Kim et al., 2012; Parveen et al., 2013; Tang et al.,
2015; Yang et al., 2009; Yoon et al., 2008). This pathogen
dies or at least becomes inactive at temperatures of <10 °C
(Fernandez-Piquer et al., 2011; Parveen et al., 2013; Shen
et al., 2009). The concentration of this pathogen was found
to remain stable at 15 °C in live oysters (Yoon et al., 2008)
and oyster slurry (Fernandez-Piquer et al., 2011) but was
reduced by 0.002 and 0.001 log CFU/hr in shell-stock oys-
ter at 5 and 10 °C, respectively (Parveen et al., 2013). How-
ever, Thomson and Thacker (1973) and Shen et al. (2009)
observed that V. parahaemolyticus continued growing in oys-
ter slurry and shell-stock oysters at a temperature of 10 °C.
Variations in the minimum temperatures required for V. para-
haemolyticus growth are probably related to inoculation tech-
niques that affect the distribution of this pathogen in oys-
ter tissues, variations in V. parahaemolyticus strains used in
these studies, growth substrates and habitats, and competing
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microbiota living in oyster-growing regions (Beuchat, 1975;
Fernandez-Piquer et al., 2011).

Increasing temperatures can accelerate the multiplication
of V. parahaemolyticus and shorten the incubation period.
Gooch, DePaola, Bowers, and Marshall (2002) reported that
this microorganism could increase up to 50-fold and 790-fold
in live oysters after 10 and 24 hr of storage, respectively, at
26 °C. Yoon et al. (2008) reported that this pathogen mul-
tiplied rapidly in oyster slurry at temperatures higher than
20 °C. Shen et al. (2009) revealed that this pathogen rapidly
grew in either shucked or shell-stock oysters from unde-
tectable concentrations (<3 most probable number [MPN]/g)
to 4.72 log MPN/g, 5.04 log MPN/g, 5.72 log MPN/g, and
6.66 log MPN/g at 16, 20, 26, and 32 °C, respectively, after
32 hr of exposure to contaminated artificial seawater (ASW).
Parveen et al. (2013) reported that the growth rate of this
pathogen in shell-stock oysters at 15, 20, 25, and 30 °C was
0.038,0.082, 0.228, and 0.219 log CFU/hr, respectively. How-
ever, an excessive increase in temperature (>45 °C) increased
the mortality rate of this pathogen (Fernandez-Piquer et al.,
2011; Kim et al., 2012; Parveen et al., 2013; Yoon
et al., 2008).

Studies presented thus far have provided evidence of the
effect of environmental conditions on the survival, growth
rate, and concentration of V. parahaemolyticus in oysters
(Fernandez-Piquer et al., 2011; Gooch et al., 2002; Parveen
et al., 2013; Shen et al., 2009; Yang et al., 2009; Yoon
et al., 2008). Because the concentration of V. parahaemolyti-
cus in oysters indicates the potential risk of infection by this
pathogen following consumption of oysters, controlling envi-
ronmental conditions can control the potential risk of V. para-
haemolyticus infection. Therefore, the development of mod-
els predicting the growth of V. parahaemolyticus in oysters
is critical for improving risk management practices by identi-
fying conditions that should be controlled for controlling the
survival and growth rate of this pathogen, particularly dur-
ing postharvest processing, storage, and transport. However,
studies presented thus far were performed using artificially
contaminated oyster homogenates or live oysters, except for
the studies by Parveen et al. (2013) and Kim et al. (2012)
who have examined the effects of temperature on the natu-
ral concentration of V. parahaemolyticus in live oysters and
oyster slurry, respectively. Inoculated V. parahaemolyticus in
a homogenate or live oysters may not reflect the diversity of
the natural population of V. parahaemolyticus observed in live
oysters (Kim et al., 2012; Parveen et al., 2013; U.S. FDA,
2005). Thus, the use of predictive models that were devel-
oped using inoculated V. parahaemolyticus in homogenates or
live oysters in a risk assessment may not provide an accurate
estimation of the potential risk of V. parahaemolyticus infec-
tion. Furthermore, the diversity, growth, and survival of natu-
rally occurring V. parahaemolyticus may differ among oyster
species (Parveen et al., 2013).
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3 | DISTRIBUTION OF V.
PARAHAEMOLYTICUS IN OYSTERS

3.1 | Detection of V. parahaemolyticus

Systematic reviews of methods for detecting V. para-
haemolyticus in seafood, including oysters, have been pre-
sented by Letchumanan, Chan, and Lee (2014) as well as
Bisha, Simonson, Janes, Bauman, and Goodridge (2012).
Generally, the presence of V. parahaemolyticus in samples is
detected using culture-based or molecular-based methods. In
culture-based methods, the presence of V. parahaemolyticus
in samples is enumerated using the MPN method or colony-
forming count method on an agar plate, followed by the identi-
fication test (e.g., analysis of oxidase activity, Gram staining,
NaCl triple sugar iron test, halophilism tests, analytical profile
index test, and slide agglutination test) (Deepanjali, Kumar,
Karunasagar, & Karunasagar, 2005; Jones et al., 2014; Mok,
Ryu, Kwon, Kim, & Park, 2019; Sobrinho, Destro, Franco,
& Landgraf, 2010, 2011; Zulkifli et al., 2009). The results of
culture-based methods are expressed as MPN per unit volume
or sample weight. However, the use of traditional methods to
detect this pathogen in samples and complete identification
takes a long time (7 to 10 days), results in a heavy workload,
and requires the use of multiple reagents. Furthermore, these
methods cannot be used to detect low numbers of V. para-
haemolyticus in samples.

Technological advancement in the past two decades has
considerably improved detection (high sensitivity, high speci-
ficity, and simplicity) of V. parahaemolyticus in seafood sam-
ples based on molecular-based techniques (Chen & Ge, 2010;
Letchumanan et al., 2014). Species-specific polymerase chain
reaction (PCR) by using specific primers is one of the most
popular molecular-based methods used by many researchers
to allow fast, accurate, and highly specific detection of V.
parahaemolyticus in seafood samples. In the PCR method, a
specific DNA segment is amplified by a factor of at least six
orders of magnitude within hours; therefore, the PCR method
enables the detection of an extremely low concentrations of
bacterial cells. The presence of V. parahaemolyticus strains
in samples is detected by targeting the presence of ToxR gene
(Deepanjali et al., 2005; Suffredini et al., 2014; Taiwo et al.,
2017). Another reliable marker for this pathogen is the ther-
molabile hemolysin (¢//) gene (Suffredini et al., 2014; Taiwo
et al., 2017). The presence of ToxR or tlh gene does not indi-
cate the presence of a virulence factor; in fact, these genes are
used to determine the presence of the total concentrations of V.
parahaemolyticus in samples (Bej et al., 1999; Letchumanan
et al, 2014; Lopez-Hernandez, Pardio-Sedas, Lizarraga-
Partida, Williams, Martinez-Herrera, Flores-Primo, Uscanga-
Serrano, & Rendén-Castro, 2015). Many studies have
reported that the presence of pathogenic strains was identified
by targeting the thermostable direct hemolysin (TDH) (¢dh)

and/or TDH-related hemolysin (¢rh) gene (Barrera-Escorcia
et al., 2016; Bej et al., 1999; Mok et al., 2019; Paranjpye,
Hamel, Stojanovski, & Liermann, 2012; Sobrinho, Destro,
Franco, & Landgraf, 2011). The presence of a specific gene
in V. parahaemolyticus in samples is confirmed by visualizing
the PCR product on an agarose gel. Combining the traditional
method (i.e., MPN method) with PCR amplification enables
the identification and highly accurate detection of total and
pathogenic V. parahaemolyticus in oyster samples; the entire
identification process is completed within 2 days. Jones
et al. (2014), Lopez-Hernidndez, Pardio-Sedas, Lizirraga-
Partida, Williams, Martinez-Herrera, Flores-Primo, Uscanga-
Serrano, and Renddén-Castro (2015), and Cruz, Hedderley,
and Fletcher (2015) have reported that the lowest detec-
tion limits of the MPN-PCR method for detecting V.
parahaemolyticus in oyster samples were 0.30, 0.30, and
0.36 MPN/g. A crucial feature of the PCR method is that it can
detect multiple specific genes in a single reaction; these reac-
tions are called multiplex PCRs. They increase output speeds
and reduce reagent costs (Bej et al., 1999; Sobrinho et al.,
2011; Whistler et al., 2015).

An advancement over conventional PCR, known as real-
time PCR, allows the detection of V. parahaemolyticus in sam-
ples in real time (Davis et al., 2017; Paranjpye et al., 2015).
This method is also often referred to as quantitative PCR
(qPCR). This method allows fast, accurate, and consistent
detection of specific genes simultaneously in large numbers of
samples. Real-time PCR does not require post-PCR steps, and
results are expressed as a number of genome equivalents or
copies per unit volume or weight samples (Davis et al., 2017;
Paranjpye et al., 2015). Several studies have successfully used
multiplex real-time PCR using primers that target multiple
species-specific genes for detecting and enumerating total and
pathogenic V. parahaemolyticus in oyster samples, including
Kim, Lee, Kim, Kwon, and Kwon (2008), Nordstrom, Vick-
ery, Blackstone, Murray, and DePaola (2007), Panicker, Call,
Krug, and Bej (2004), Xu, Ji, Wu, Yan, and Chen (2018), and
Blackstone et al. (2003). Other molecular methods, including
DNA hybridization (Givens, Bowers, DePaola, Hollibaugh, &
Jones, 2014; Jones, Noe, Byars, & Depaola, 2009; Nordstrom
& DePaola, 2003) and the loop-mediated isothermal amplifi-
cation assay (Cao et al., 2019; Kampeera et al., 2019; Malcolm
et al., 2015), have been employed to detect and identify this
pathogen in oysters.

Considerable improvements have been made in detecting
V. parahaemolyticus in samples over the past two decades
because of technological advancements. However, the
detection of V. parahaemolyticus in samples is affected by
numerous factors, including the substrate used for isola-
tion, isolation methods, detection methods, and sampling
period (Anupama et al., 2019; Givens et al., 2014; Lopez-
Joven, de Blas, Furones, & Roque, 2015; Pinto, Terio,
Novello, & Tantillo, 2011). For example, the use of the
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chromogenic medium (CHROMagar Vibrio or Bio-Chrome
Vibrio medium) was found to be more effective than that of
thiosulfate citrate bile salts sucrose (TCBS) agar for isolating
colonies of V. parahaemolyticus (Duan & Su, 2005a; Pinto
etal., 2011). Duan and Su (2005a) reported that the accuracy
and specificity of the chromogenic medium for detecting V.
parahaemolyticus were 84% and 94%, respectively, whereas
the accuracy and specificity of TCBS agar were only 54%
and 77%, respectively. Similarly, Pinto et al. (2011) also
observed that the accuracy and specificity of the chromogenic
medium were 88% and 95%, respectively, whereas those with
TCBS agar were only 51% and 71%, respectively. Moreover,
culture-based methods may not be effective to detect and
enumerate V. parahaemolyticus in a special physiological
state, the so-called “viable but nonculturable (VBNC)” state
(Coutard et al., 2007; Wong & Wang, 2004). The state of
VBNC refers to the condition of bacterial cells that are
metabolically active, but cannot grow on conventional culture
media. Vibrio parahaemolyticus may enter the VBNC state
due to unfavorable environmental conditions, such as extreme
temperature, low salinity, and nutrient deprivation (Coutard
et al., 2007; Wong & Wang, 2004). Furthermore, the use of
the MPN method followed by conventional phenotyping and
biochemical identification test required more time, required
more material, and created a greater workload for detecting V.
parahaemolyticus in the samples than MPN followed by PCR
(Letchumanan et al., 2014). The use of real-time PCR is faster
and more accurate than conventional PCR (Niu et al., 2018;
Takahashi, Iwade, Konuma, & Hara-Kudo, 2005). Because
speed and accuracy are critical in assessing the risk of V.
parahaemolyticus infection caused by consuming oysters,
variations in detection results can affect the accuracy of food
safety risk estimation (FAO/WHO, 2011; Nauta, 2000).

3.2 | Virulence factor of V. parahaemolyticus

The identification of virulence factors in V. parahaemolyti-
cus is one of the major topics that have drawn consider-
able scientific attention. A comprehensive review of viru-
lence factors in V. parahaemolyticus was presented by Li,
Meng, Gu, Li, and Jia (2019). Many studies have considered
the presence of TDH encoded by the fdh gene and TDH-
related hemolysis (TRH) encoded by trh gene as major viru-
lence factors in V. parahaemolyticus that could cause an infec-
tion (Honda, Ni, & Miwatani, 1988; Li, Tang, et al., 2017;
Matsuda et al., 2019; Nishibuchi & Kaper, 1995; Park, Ono,
Rokuda, Jang, lida, et al., 2004). Although these two proteins
were mostly detected in clinical isolates of V. parahaemolyti-
cus from samples isolated from human samples (lida et al.,
1998; Li, Tang, et al., 2017; Saito et al., 2015; Sakazaki et al.,
1968), extremely few environmental isolates (e.g., from oys-
ters, seawater, and sediment) contained the tdh and/or trh
genes (Theethakaew et al., 2013).

i Food Science and Food Safefy

Other than tdh and trh genes, several studies have sug-
gested that the Type 3 Secretion System (T3SS1 and T3SS2)
is also responsible for pathogenicity of V. parahaemolyti-
cus (Broberg, Calder, & Orth, 2011; Burdette, Yarbrough,
Orvedahl, Gilpin, & Orth, 2008; Hiyoshi et al., 2015; Makino
et al., 2003; Matsuda et al., 2019; Park, Ono, Rokuda, Jang,
Okada, et al., 2004). The study of Hiyoshi, Kodama, lida, and
Honda (2010) showed that T3SS2 is often associated with
enteropathogenic strains. A recent study by Matsuda et al.
(2019) reported the export of tdh through the T3SS and caused
an infection in an animal model. However, Jones et al. (2012)
found that clinical isolates of V. parahaemolyticus strains that
were submitted to the U.S. CDC in 2007 from wound infec-
tion or foodborne illness exhibited the presence of neither trh
and tdh nor T3SS. This indicated that an unknown virulence
factor could be responsible for pathogenicity. Other studies
have suggested that the pathogenicity of this microorganism is
probably also related to the Type 6 Secretion System (T6SS1
and T6SS2) (Li, Kinch, et al., 2017; Zhang, Gao, et al., 2017,
Zhang, Osei-Adjei, et al., 2017), adhesion factors (Jiang et al.,
2014; Liu & Chen, 2015; Zhang, Osei-Adjei, et al., 2017),
iron-uptake system (Le6n-Sicairos et al., 2015), lipopolysac-
charide content (Guvener & McCarter, 2003; Zhang et al.,
2018), proteases (Lee, Cheng, Yu, & Pan, 2002; Osei-Adjei
etal., 2017), and outer membrane proteins (Zha, Li, Li, Ye, &
Pan, 2016). These studies have reported that the mechanism
underlying the pathogenicity of V. parahaemolyticus and con-
tributing factors is not completely understood.

3.3 | Presence and concentration of V.
parahaemolyticus in oysters

Table 1 shows examples of studies that have investigated
the presence of V. parahaemolyticus in oysters collected
from either culturing environments or markets in either
tropical, subtropical, or temperate areas. Oyster samples
collected from tropical or subtropical areas (Cook et al.,
2002; Deepanjali et al., 2005; DePaola, Nordstrom, Bow-
ers, Wells, & Cook, 2003; Han et al., 2017; Johnson et al.,
2010, 2012; Loépez-Hernandez, Pardio-Sedas, Lizarraga-
Partida, Williams, Martinez-Herrera, Flores-Primo, Uscanga-
Serrano, & Rendodn-Castro, 2015; Matté, Matté, Rivera, &
Martins, 1994; New et al., 2014; Sanjeev & Stephen, 1993;
Sobrinho et al., 2010, 2011; Ward & Bej, 2006; Yang et al.,
2017; Yuetal., 2013, 2016; Zimmerman et al., 2007) are gen-
erally considered to exhibit higher concentrations of V. para-
haemolyticus than those obtained from temperate areas (Cruz
et al., 2015; Duan & Su, 2005b; Fletcher, 1985; Jones
et al., 2014; Kaysner, Abeyta, Stott, Krane, & Wekell, 1990;
Kaysner, Abeyta, Stott, Lilja, & Wekell, 1990; Kirs et al.,
2011; Lopatek, Wieczorek, & Osek, 2015; Lopez-Joven et al.,
2015; Mok et al., 2019; Nakaguchi, 2013; Park, Mok, et al.,
2018; Parveen et al., 2008; Roque et al., 2009; Ryu, Mok, Lee,
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Kwon, & Park, 2019; Tepedino, 1982; Thomson & Thacker,
1972). For example, concentrations of V. parahaemolyticus
in oysters were 94% in India, between 77% and 100% in
Brazil, 100% in Mexico, and 71% in Taiwan. However, sev-
eral studies have reported that oyster samples collected from
the temperate area exhibited high concentrations of V. para-
haemolyticus as well. For example, Kirs et al. (2011) reported
that nearly all (94.8%) the oyster samples collected from
North Island, New Zealand, contained V. parahaemolyticus.
Other studies have also reported that all samples collected
from Long Island Sound and Grays Harbor in the United
States contained this pathogen (Jones et al., 2014; Kaysner,
Abeyta, Stott, Krane, et al., 1990). These findings indicated
that contributing factors affecting the accumulation of V.
parahaemolyticus in oysters are complex and not yet entirely
understood.

These findings showed that numerous studies and growing
body of the scientific literature have described dynamic varia-
tions in V. parahaemolyticus accumulation in oysters and their
culturing environments over the past four decades. However,
these studies were mostly performed in developed countries;
consequently, limited information is available from devel-
oping countries, particularly those in Asia and Africa. The
reason for availability of limited information is not known;
the food safety of oysters in developing countries is prob-
ably not a priority in the food safety control measures of
developing countries because of their limited financial and
human resources. Alternatively, studies performed on the
safety of oysters may have been published in these regions
in their local languages; consequently, they were not included
in this review. The behavior of V. parahaemolyticus in oys-
ters and its culturing environment may differ among regions
depending on regional climatic conditions (Alavaet al., 2017;
Watts et al., 2018). Understanding these variations will allow
the development of region-specific policies, regulations, or
guidelines to satisfy local needs.

Collectively, the aforementioned studies have shown that
the accumulation of high concentrations of V. parahaemolyti-
cus in oyster tissues indicated that oyster consumption may
pose a potential health risk to susceptible consumers. The
use of fast, highly accurate, and virulence-specific detection
methods is critical for improving the detection of V. para-
haemolyticus in oysters. Detection and quantification of V.
parahaemolyticus carrying virulence factors (e.g., tdh and/or
trh gene) may provide a highly reliable estimate of public
health risk (Letchumanan et al., 2014). Accurate detection and
quantification of this pathogen in oysters will allow an accu-
rate risk estimation to support risk management practices.
However, several challenges may arise to achieve this objec-
tive because it depends on the availability and adequacy of
regulations governing monitoring approaches used for detect-
ing V. parahaemolyticus in oysters as well as the adequacy of
financial support and human resources.

i Food Science and Food Safefy

4 | FACTORS AFFECTING THE
ACCUMULATION OF V.
PARAHAEMOLYTICUS IN OYSTERS

Table 2 presents a summary of contributing factors affecting
the concentration of V. parahaemolyticus in oysters, includ-
ing the culturing area and culturing method of oysters, cli-
matic variations, extreme natural events, handling and pro-
cessing of oysters, and time—temperature management in the
cold chain of oysters. The accumulation of V. parahaemolyti-
cus in oysters indicated the potential risk of infection by this
pathogen following oyster consumption (Baker-Austin et al.,
2018; Broberg et al., 2011; Qadri et al., 2003).

4.1 | Culturing area of oysters

Evidence suggests that culturing area affected the density of
V. parahaemolyticus in oysters. For example, Yu et al. (2013)
investigated the density of V. parahaemolyticus in oysters
from five oyster-producing areas in Taiwan. Two sites were
located near urban regions, near an industrial park and a river.
The other three sites were located in agricultural regions,
which were less populated. The density of this pathogen in
samples of oysters and hard clams obtained from the culturing
areas near the urban regions was significantly higher than that
obtained from the site that was located in agricultural regions.
The authors argued that the freshwater from the river and

TABLE 2 Factors affecting the risk of V. parahaemolyticus

infection associated with oyster consumption
Category Risk factors

Culturing area — Human sewage

— Effluent of fresh water

— Water circulation

Culturing method — On-bottom or off-bottom
culture

— Aquaculture practices

Climatic variations — Seawater temperature

— Salinity

— Turbidity

— Dissolved oxygen
- pH

— Water depth

Extreme natural events — Hurricane

— Floods
Handling and processing _ Cross-contamination
— Cooking practices

Cold chain control — Abuse temperature
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effluent from populated urban areas could have altered envi-
ronmental conditions (such as the salinity and concentration
of dissolved oxygen), thus critically affecting the density of V.
parahaemolyticus in samples. Another example is the study
by Lopez-Joven et al. (2015) that investigated the presence
of V. parahaemolyticus in mollusks (oysters, mussels, and
clams) collected from the Ebro Delta Bays, Spanish Mediter-
ranean Coast, and found that the source of samples was a
significant factor affecting the density of this pathogen in sam-
ples. Based on logistic regression analysis, Lopez-Joven et al.
(2015) further reported that the presence of V. parahaemolyti-
cus in samples collected from the Fangar Bay was signifi-
cantly higher than in the samples collected from the Alfacs
Bay. The difference between these two bays probably related
to differences in temperature and salinity (Lopez-Joven et al.,
2015), which suggested that temperature and salinity varia-
tions were probably related to water circulation, evaporation,
and freshwater inputs from nearby agriculture fields.

Several studies have shown that pathogenic strains (e.g.,
tdh and/or trh) are rarely found in isolates obtained from
the environment; however, they are mostly found in clini-
cal strains isolated from patients with gastroenteritis. How-
ever, other studies have shown that strains encoding virulence
genes (tdh and/or trh) have been detected in environmental
isolates (Gutierrez West, Klein, & Lovell, 2013; Kokashvili
et al., 2015; Paranjpye et al., 2012; Velazquez-Roman, Ledn-
Sicairos, Flores-Villasefior, Villafafia-Rauda, & Canizalez-
Roman, 2012; Yu et al., 2013). There is a concern that pan-
demic strains from patients with gastroenteritis may enter the
culturing area of oysters because of shedding of the pathogen
in the feces of patients in adjacent urban areas. However, lim-
ited specific information is available about the transmission
of pandemic strains from urban areas to the culturing areas of
oysters (Hara-Kudo et al., 2003; Li et al., 2016).

4.2 | Culturing method of oysters

Production of oysters is of two types, namely, wild oys-
ter fishery and aquaculture. The wild oyster fishery simply
involves catching, processing, and selling oysters. By con-
trast, aquaculture involves the cultivation of oysters in nat-
ural or controlled environments. Because the supply of oys-
ters from wild fisheries has not increased with time or has
declined (Beck et al., 2011; FAO, 2019), the fishing commu-
nity considers aquaculture an alternative method for increas-
ing oyster production. Two methods are followed in oyster
aquaculture, namely, the on-bottom and off-bottom methods.
In the on-bottom method, oysters are simply grown on the
ocean floor. By contrast, in the off-bottom method, oysters
are grown above the tidal ground. The use of the off-bottom
culture method has increased over the past four decades, and
the method has undergone various modifications. Some off-
bottom methods that are commonly used include rack cul-

ture, stake culture, raft culture, suspended baskets, floating
baskets, and oyster cages (Matthiessen, 2001; Walton, Nel-
son, Hochman, & Schwarz, 2013; Walton, Rikard, et al.,
2013). Aquaculture development has increased oyster produc-
tion over the past decade, and it considerably exceeds the
production by wild oyster fishery (See Figure la) because
of technological advancement and increased government sup-
port through the development of relevant policies.

Concerns regarding food safety are increasing because of
consumers’ preference for variety and healthy food. Con-
sequently, they may differ in their preference of consum-
ing wild-caught or aquacultured oysters. However, studies
on comparisons between the risk of V. parahaemolyticus
infection resulting from the consumption of wild-caught oys-
ters and aquacultured oysters are limited (Froelich, Phippen,
Fowler, Noble, & Oliver, 2017). Nevertheless, studies have
shown that the culturing method affects the concentration
of V. parahaemolyticus in oysters (Cole, Supan, Ramirez,
& Johnson, 2015; Feinman, Farah, Bauer, & Bowen, 2018).
Cole et al. (2015) reported that the concentration of V. para-
haemolyticus in oysters was generally lower in oysters cul-
tured using the off-bottom method than in those cultured using
the on-bottom method. In the off-bottom method, oysters are
suspended above the sediment surface, and local currents cre-
ate a buffer exchange between oysters and the underlying
sediment (Feinman et al., 2018); consequently, lower con-
centrations of the pathogen are observed in oysters cultured
using the off-bottom method. However, aquaculture practices,
such as desiccation and/or dry storage, may allow V. para-
haemolyticus to proliferate in closed oysters (Grodeska, Jones,
Arias, & Walton, 2017; Grodeska, Jones, Walton, & Arias,
2019; Kinsey, Lydon, Bowers, & Jones, 2015). Grodeska et al.
(2017) reported that desiccation practices can increase the
concentrations of V. parahaemolyticus in oysters and that
the concentrations of the pathogen in oyster samples after
desiccation were significantly higher than those in oyster
samples that remained continuously submerged in seawa-
ter without exposure to ambient temperature. Studies have
recommended a minimum 7-day resubmersion treatment to
enable the level of this pathogen to return to its original con-
centrations (Grodeska et al., 2017, 2019). This information
indicated that the culturing method and aquaculture practices
affect the concentrations of V. parahaemolyticus in oysters,
thereby affecting the risk of V. parahaemolyticus infection.

4.3 | Climatic variations and extreme natural
events

Considerable evidence suggests an association between cli-
matic conditions and the concentration of V. parahaemolyti-
cus in oysters. Multiple studies have shown that sea sur-
face temperature (SST) was the most common factor
determining the concentration of V. parahaemolyticus in
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oysters and their culturing environment in regions where the
temperature varied from 9.9 to 33 °C (Cruz et al., 2015;
DePaola et al., 2003; Duan & Su, 2005b; Johnson et al.,
2010; Lopez-Hernandez, Pardio-Sedas, Lizarraga-Partida,
Williams, Martinez-Herrera, Flores-Primo, & Uscanga-
Serrano, 2015; Lopez-Hernandez, Pardio-Sedas, Lizarraga-
Partida, Williams, Martinez-Herrera, Flores-Primo, Uscanga-
Serrano, & Rendén-Castro, 2015; Parveen et al., 2008).
Notably, other studies have also reported an association
between the concentration of V. parahaemolyticus and other
climatic variables. For example, Parveen et al. (2008) reported
that the abundance of V. parahaemolyticus in oysters in
the Chesapeake Bay was not only positively correlated with
variations in water temperature but also with the turbid-
ity of and concentration of dissolved oxygen in the water.
Furthermore, Lopez-Hernandez, Pardio-Sedas, Lizarraga-
Partida, Williams, Martinez-Herrera, Flores-Primo, Uscanga-
Serrano, and Rendén-Castro (2015) reported that the sea-
water temperature, salinity, and pH considerably affected
the abundance of V. parahaemolyticus in oysters harvested
from Mexico’s Gulf Coast. In a previous study (Konrad,
Paduraru, Romero-Barrios, Henderson, & Galanis, 2017),
relationships among climatic variables and the occurrence
of V. parahaemolyticus in oysters collected from the west
coast of Canada were investigated; the results showed that
daily SST was associated with the concentration of this
pathogen in oyster samples and that daily SST could be
used to predict V. parahaemolyticus concentrations in seafood
products. Williams et al. (2017) investigated the correlation
between climatic conditions and the concentrations of V.
parahaemolyticus in oysters collected from the North Car-
olina coast and found that SST and water depth significantly
affected the concentrations of V. parahaemolyticus in oysters.
Froelich et al. (2017) performed a study in the same location,
North Carolina coast, and reported that SST was strongly cor-
related with the abundance of V. parahaemolyticus in oysters.
A recent study by Hartwick et al. (2019) reported that seawa-
ter temperature and pH were predictors of V. parahaemolyti-
cus concentrations in oysters in the Great Bay Estuary of New
Hampshire.

Extreme events, such as hurricanes and floods, increase
the accumulation of V. parahaemolyticus in oysters. Shaw,
Jacobs, and Crump (2014) investigated the effect of hurri-
canes on concentrations of V. parahaemolyticus in oyster sam-
ples collected from the Chesapeake Bay estuary and found
that the concentration of pathogen in the samples increased
substantially in oyster samples after 1 day of stormy weather,
and the pathogen concentration return to its prestorm level
only after 4 days.

Moreover, the influence of environmental factors on the
distribution of V. parahaemolyticus which carry virulence
strains in oysters, however, has not been studied in detail.
Nevertheless, a recent study showed that the presence of
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pathogenic V. parahaemolyticus (trh) in bivalves (oysters,
mussels, and clams) was significantly influenced by seawater
salinity (Lopez-Joven et al., 2015). However, the result of that
study may be affected by the sampling location and bivalve
species (Lopez-Joven et al., 2015). This is important because
the concentration of V. parahaemolyticus can differ signif-
icantly between bivalve species, even if they are collected
from the same location at the same period of time (Froelich
et al., 2017). Understanding the influence of environmental
condition on the concentration and distribution of V. para-
haemolyticus that carry virulence strains in oysters will allow
a better prediction of food safety risk associated with the con-
sumption of oysters (Zimmerman et al., 2007).

Overall, information on the effects of climatic conditions
and extreme events on the concentration of V. parahaemolyti-
cus in oysters is crucial to food safety authorities and food
managers in the oyster industry. For instance, oysters that are
harvested during the warm season probably have higher con-
centrations of V. parahaemolyticus than those harvested in the
cold season (Cruz et al., 2015; DePaola et al., 2003; DePaola,
Hopkins, Peeler, Wentz, & McPhearson, 1990; Di, Lee, Jang,
Han, & Hur, 2017; Duan & Su, 2005b; Mok et al., 2019;
Parveen et al., 2008); consequently, oysters harvested in the
warm season may not be safe for human consumption, partic-
ularly if oysters are intended to be consumed raw. This infor-
mation can enable food managers to select appropriate inter-
ventions in controlling and/or reducing the number of this
pathogen in oysters to an acceptable level. In addition, this
information will also enable food safety authorities to inform
the public about the potential threat of V. parahaemolyticus
during the warm season and provide necessary guidelines to
oyster producers and consumers for ensuring the safety of
public health.

4.4 | Handling and processing

Handling and processing are essential to reduce the risk of
V. parahaemolyticus infection because of consuming oysters.
The steps involved in handling and processing of oysters are
receiving, storing, washing, packaging, and distributing oys-
ters to the customer (Baker, 2016). Incorrect handling and
processing can allow initially low concentrations of V. para-
haemolyticus to increase and become dangerously high in oys-
ters. Therefore, the proper implementation of a food safety
management system (FSMS) (such as Good Hygiene Prac-
tices, Good Manufacturing Practices, Hazard Analysis, and
Critical Control Points) is necessary to prevent the growth and
multiplication of V. parahaemolyticus in oysters, eliminate the
pathogen, or at least reduce its concentrations to acceptable
levels during handling and processing (Feng, Chen, Zhou,
Rungsardthong, & Zhang, 2019; Garrido & Otwell, 2009;
Tzouros & Arvanitoyannis, 2000).
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Proper implementation of FSMSs are also expected to
prevent cross-contamination of oysters during handling and
processing or recontamination of oysters after processing.
Preventing cross-contamination is critical because several
reports on foodborne outbreaks have documented that V. para-
haemolyticus infection occurs because of cross-contamination
with seafood (Chen et al., 2017; Iwamoto et al., 2010; Jung,
2018; Liao et al., 2015; Wu et al., 2014). For example, Ma
et al. (2014) reported that cross-contamination with salted
food during food preparation was the main cause of V. para-
haemolyticus infection in the Guangdong Province, China,
between 2008 and 2010. Salinity concentration in salted
oysters was reported to enable V. parahaemolyticus to sur-
vive and proliferate; thus, the pathogen concentration might
have increased sufficiently to cause an infection (Yeung &
Boor, 2004). Later, Chen et al. (2017) stated that cross-
contamination, improper cooking, and improper storage were
the main factors causing V. parahaemolyticus outbreaks in
the Zhejiang Province, China between 2010 and 2014; fur-
thermore, 31% of these outbreaks were related to cross-
contamination with aquatic products (lobster, shrimp, yellow
croakers, hair crabs, cuttlefish, salmon, squids, and fishcake).
Jung (2018) investigated the source of and mode of contami-
nation in vibriosis in a bazaar in Korea and found that cross-
contamination between the squid and kimbap was the main
cause of the outbreak. The author revealed that the kimbap
and squid were prepared using the same cutlery and uten-
sils (knife and cutting board) and thus caused the transmis-
sion of V. parahaemolyticus from squid to kimbap and other
food products. These findings indicated that even completely
cooked oysters can be recontaminated if cross-contaminated
with other food products that carry V. parahaemolyticus or
rinsed with seawater. Additionally, other seafood products car-
rying V. parahaemolyticus could also contaminate or cross-
contaminate the oysters if they are prepared using the same
utensils and cutlery (e.g., cutting boards and knives).

The effectiveness of implemented FSMSs to eliminate
V. parahaemolyticus or reduce its concentration in oysters
remains a challenge because of increasingly complex interac-
tions among foodborne pathogens, food, vehicles, and envi-
ronmental conditions (Froelich & Noble, 2016; Zannella
et al., 2017). Challenges in the food safety management of
oysters are also complicated by the dynamic operating envi-
ronment as well as the increasing and changing consumer
demands and expectations (Froelich & Noble, 2016). In this
regard, oyster industries involved in handling and process-
ing oysters are required to translate, implement, and tailor
FSMSs to suit their specific circumstances. Management that
relies only on audits and inspections to verify conformity of
implemented FSMSs is inadequate (Kotsanopoulos & Arvan-
itoyannis, 2017; Powell et al., 2013). Audits and verifica-
tions commonly focus on comparing food safety output with
specific requirements; consequently, they are not leveraged

into corrective actions for mitigating risks (Kleboth, Luning,
& Fogliano, 2016; Kotsanopoulos & Arvanitoyannis, 2017).
Therefore, oyster industries should always evaluate the effec-
tiveness and improve the implementation of FSMSs in their
respective operations.

4.5 | Cold chain control

A series of actions and set of equipment applied to main-
tain a product within a specified low-temperature range is
referred to as “cold chain” (Mercier, Villeneuve, Mondor,
& Uysal, 2017; Ndraha, Hsiao, Vlajic, Yang, & Lin, 2018).
Proper temperature control in the cold chain is critical for pre-
venting the growth of foodborne pathogens. However, previ-
ous studies have shown that temperature abuse occurs in the
cold chain of oysters (Love, Kuehl, et al., 2019; Love, Lane,
et al., 2019; Madigan, 2007). Love, Lane, et al. (2019) investi-
gated the performance of cold chains for the Chesapeake Bay
farmed oysters in the United States and reported that 19% of
shipments had temperatures higher than 10 °C (50 °F) for
longer than 1 hr, which exceeded the recommendation of the
National Shellfish Sanitation Program (NSSP) in the United
States. In another study by Love, Kuehl, et al. (2019), 18%
of the cold chain for the farmed oysters in the United States
that were distributed nationally and internationally had tem-
peratures exceeding 10 °C for at least 1 hr. A similar con-
dition was reported by Madigan (2007) in the cold chain of
shellfish in Australia; according to the report, 42% to 50% of
shipments did not comply with Australian Shellfish Quality
Assurance Programs because of nonconformity in terms of
time—temperature control.

Climate change may adversely affect the performance of
the cold chain of oysters. Love, Lane, et al. (2019) demon-
strated that climatic variations affected the performance of the
cold chain of oysters in the United States. Some parts of the
cold chain in the study by Love, Lane, et al. (2019) could not
maintain temperatures less than 7.28 °C, particularly during
the warmer months when Vibrio control plans were in effect.
Consequently, the internal temperature of oysters in the cold
chain reached 12.5 °C, which is conducive for the multipli-
cation of V. parahaemolyticus (Fernandez-Piquer et al., 2011;
Parveen et al., 2013). Assuming that an increase in tempera-
ture due to climate change affects oyster cold chains, climate
change is thus possibly contributing to the risk of V. para-
haemolyticus infection because of eating oysters.

Collectively, these findings suggest that maintaining the
temperature in the cold chain of oysters from harvest or pro-
duction to consumption remains difficult (Love, Kuehl, et al.,
2019; Love, Lane, et al., 2019; Madigan, 2007). Tempera-
ture abuse that may occur during processing, transportation,
or storage can allow V. parahaemolyticus to grow to danger-
ously high concentrations in oysters. A previous study showed
that this pathogen could increase as much as 790-fold when
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live oysters were exposed to a temperature of 26 °C for 24 hr
(Gooch et al., 2002). Mudoh, Parveen, Schwarz, Rippen, and
Chaudhuri (2014) reported that V. parahaemolyticus concen-
trations increased by approximately three orders of magni-
tude from day O to day 10 at 20 °C. Thus, addressing the fac-
tors that affect cold chain performance is crucial. Many fac-
tors affect the performance of the food cold chain, including
but not limited to, the adequacy of the cold chain infrastruc-
ture, the adequacy of cold chain personnel training, and cli-
matic conditions (Accorsi, Gallo, & Manzini, 2017; Gorans-
son, Nilsson, Jevinger, & Jevinger, 2018; Mercier et al., 2017,
Ndraha et al., 2018). As an effort toward improving this situa-
tion, continuous data collection and data transparency in oys-
ter cold chains are required to enhance the safety of oysters
under the pressures of climate change (James & James, 2010;
Ndraha et al., 2018). Therefore, time—temperature history in
the cold chain of oysters should be recorded continuously by
using temperature recorders and/or time—temperature indica-
tors (Mercier et al., 2017; Ndraha et al., 2018). Continuous
real-time collection of temperature data will alert and enable
the personnel operating in oyster cold chains to take necessary
and timely action when the temperature of oysters exceeds
permissible levels. Furthermore, data transparency will help
food safety authority to clarify responsibility for temperature
management and develop necessary policies to ensure the
safety of oysters. Realizing complete and accurate data col-
lection and data transparency remain considerable challenges
because they depend on the participation of oyster compa-
nies, enforcement of adequately comprehensive regulations,
and availability of technology to facilitate the collection, shar-
ing, and linking of data.

S | EFFECTS OF PRESSURES OF
CLIMATE CHANGE ON THE RISK
OF V. PARAHAEMOLYTICUS
INFECTION

5.1 | Climate change pathways affect the food
safety of oysters

Changes in environmental conditions due to climate change
can directly affect V. parahaemolyticus by affecting its
survival, reproduction, and distribution. Climate change can
also indirectly affect this pathogen by altering its physical
environment and competitors (Adler et al., 2009; Brucet
et al., 2012; Wu et al., 2016). Consequently, climate change
not only affects the concentration of V. parahaemolyticus
but also its geographical and seasonal distribution. Thus,
this condition may affect the survival, growth, and prolifer-
ation of V. parahaemolyticus in oysters and their culturing
environments (Fernandez-Piquer et al., 2011; Kim et al.,
2012; Parveen et al., 2013; Yoon et al., 2008), which will
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affect the risk of infection because of consuming oysters.
Previous studies have shown that the concentration of V.
parahaemolyticus in oysters is associated with the concentra-
tion of this pathogen in the oyster culturing environment (i.e.,
seawater and sediment) (Givens et al., 2014; Parveen et al.,
2008; Shaw et al., 2014; Yu et al., 2013).

Marine bacteria, such as V. parahaemolyticus, grow pref-
erentially in warm areas with low salinity (>15 °C, <25 ppt).
Hence, V. parahaemolyticus infection is generally expected
to occur in tropical or subtropical regions such as Indonesia
(Lesmana et al., 2002), Taiwan (Cheng et al., 2013; Lin et al.,
2015), and Mozambique (Ansaruzzaman et al., 2005). How-
ever, V. parahaemolyticus infection has also been reported in
temperate regions, such as Chile (Gonzéalez-Escalona et al.,
2005; Harth et al., 2009), Peru (Martinez-Urtaza et al., 2008),
the Pacific Northwest (USA) (U.S. CDC, 1998), and North-
west Spain (Baker-Austin, Stockley, Rangdale, & Martinez-
Urtaza, 2010). This phenomenon might be related to climate
change. The Intergovernmental Panel on Climate Change
(IPCC) report noted that the global temperatures will possi-
bly increase by up to 2.6 °C in the period 2046 to 2065 and
by 4.8 °C in 2081 to 2100 because of climate change (IPCC,
2014). Increasing temperature, reduced salinity, and changes
in other climatic conditions of coastal regions located at high
latitudes may provide new areas for the pathogen to prolifer-
ate, thus increasing the risk of infection (Baker-Austin et al.,
2013). A recent report of the Lancet Commission notes that
the Baltic area and the Northeastern United States are among
other areas that have become more suitable for Vibrio infec-
tions. More specifically, this report states that Vibrio infec-
tions have increased by 24% and 27%, respectively, from the
1980s to 2010s. The Lancet Commission report also notes a
consistent association between SST anomalies and cases of
vibriosis (Watts et al., 2018).

Climate change can also affect rainfall and evaporation,
which may cause changes in seawater salinity. For example,
heavy rainfall causes flooding that brings large volumes of
freshwater to oceans, thus reducing the salinity of seawater.
Salinity levels lower than 25 ppt favor the growth of V. para-
haemolyticus (Konrad et al., 2017; Yu et al., 2013). Kon-
rad et al. (2017) showed that a one-unit decrease in salinity
increased the concentration of V. parahaemolyticus in oys-
ters by up to 8%. Furthermore, changes in salinity could also
affect the community composition of phytoplankton, zoo-
plankton, and planktonic crustaceans (Esteves et al., 2015;
Turner, Good, Cole, & Lipp, 2009). Consequently, these con-
ditions may affect the abundance of V. parahaemolyticus
in oysters culture environments because planktons could be
vectors for V. parahaemolyticus (Frischkorn, Stojanovski, &
Paranjpye, 2013; Hsieh, Fries, & Noble, 2007; Jahid, Mizan,
Ha, & Ha, 2015; Shime-Hattori et al., 2006).

Climate change can also affect the dispersal of V. para-
haemolyticus in oceanic areas. This effect is possible when
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climate change interferes by causing episodes of anomalous
weather conditions in the Pacific Ocean known as the El
Nino Southern Oscillation (ENSO) and North Atlantic Oscil-
lation (NAO). Both ENSO and NAO have warm and cool
phases that can cause significant changes in the structure and
function of marine ecosystems (Barnard et al., 2015; Meehl,
Hu, Santer, & Xie, 2016; Steinman, Mann, & Miller, 2015).
Extended periods of hot weather due to climate change cause
an increase in the average temperature of seawater bodies,
particularly during warm ocean phases, and thus enhance the
stratification and upwelling of nutrient-rich seawater. Increas-
ing temperature and nutrient availability are the fundamental
requirement for the reproductive cycles of marine microor-
ganisms such as phytoplankton, zooplankton, and planktonic
crustaceans (Martinez-Urtaza et al., 2012; Thomas, Kremer,
Klausmeier, & Litchman, 2012; Vezzulli et al., 2016). Several
studies have reported that these planktons represent nutrient-
rich reservoirs and could be vectors and/or provide a medium
for V. parahaemolyticus to grow and multiply on chitina-
ceous surfaces by forming biofilms (Frischkorn et al., 2013;
Hsieh et al., 2007; Jahid et al., 2015; Shime-Hattori et al.,
2006). This phenomenon has been demonstrated in a study
by Martinez-Urtaza et al. (2012), which reported the occur-
rence of V. parahaemolyticus in offshore areas of the Ria
of Vigo, the southernmost ria in Galicia, was almost exclu-
sively associated with zooplankton. A study by Rehnstam-
Holm, Atnur, and Godhe (2014) also reported that the occur-
rence of V. parahaemolyticus in offshore areas of the south-
west coast of India in the Arabian Sea was positively cor-
related with the abundance of copepods. Evidence suggests
that zooplankton and copepods facilitate the oceanic dis-
persal of V. parahaemolyticus populations (Martinez-Urtaza
et al., 2012; Rehnstam-Holm et al., 2014), which facilitates
the spread of V. parahaemolyticus infections (Raszl, Froelich,
Vieira, Blackwood, & Noble, 2016; Yang et al., 2019). A
study by Martinez-Urtaza et al. (2008) provided evidence
suggesting an association between the El Nino episodes and
the occurrence of V. parahaemolyticus infections along the
coasts of Peru between 1994 and 2005. More specifically, they
found that the isolates obtained in the period 1997 to 1998
belonged exclusively to the O3:K6 serotype, which was orig-
inally present in Asia. Furthermore, the study suggested that
the El Nino episodes in 1997 were probably the cause of the
V. parahaemolyticus migration from Asia to South America.
A recent study by Raszl et al. (2016) revealed that V. para-
haemolyticus outbreaks in the Pacific coast of South America
were also associated with the El Nino episodes. The authors
noted that the outbreaks were strongly related to the ingestion
of shellfish (oysters, mussels, and clams) (Raszl et al., 2016).

Overall, these findings suggest that climate change possi-
bly affects the concentration of V. parahaemolyticus in oys-
ters, thus affecting the occurrence of V. parahaemolyticus
infections. However, limited information is available on the

effects of climate change on the risk of V. parahaemolyticus
infection because of eating oysters. Furthermore, scant atten-
tion has been paid to determining how to manage oyster food
safety in response to the effects of climate change (Jaykus,
2010; Marques et al., 2010). Moreover, the effects of climate
change on the tolerance, growth variability, and toxicity of
V. parahaemolyticus in oysters are not completely understood
(Burge et al., 2014; Hasegawa et al., 2013; Whitaker et al.,
2010). Different V. parahaemolyticus strains may respond to
changes in the environment differently (Liu, Liu, Pan, Xie, &
Zhao, 2016), and some strains of V. parahaemolyticus may
pose greater health risks than others; hence, this information
is necessary for risk assessment.

5.2 | Projection of future effects of climate
change on the concentration of
V. parahaemolyticus in oysters

Increasing global temperatures may accelerate the pathogen
proliferation in food, which could subsequently increase the
incidence of food poisoning (Muhling, Jacobs, Stock, Gaitan,
& Saba, 2017; Ortiz-Jiménez, 2018). Therefore, the projection
of the future effects of climate change on microbial food safety
is necessary for informing risk management practices. Sig-
nificant analysis and discussion on this subject are presented
in a study by Muhling et al. (2017) that projected the future
occurrence, distribution, and seasonality of V. parahaemolyti-
cus in oysters in the Chesapeake Bay, by using a statistical
downscaling and spatial disaggregation modeling framework.
In their model, they used four general circulation models to
represent the spanning range of future warming and precipi-
tation, namely, the GFDL-CM3 and GFDL-ESM2G models
developed by the Geophysical Fluid Dynamics Laboratory
(Donner et al., 2011), the MRI-CGCM-3 model developed
by the Meteorological Research Institute (Yukimoto et al.,
2012), and the IPSL-CMS5A-LR model developed by the Insti-
tut Pierre Simon Laplace (Dufresne et al., 2013). These mod-
els were then simulated under a high greenhouse gas emission
scenarios combined with V. parahaemolyticus habitat mod-
els. The results of their simulation showed that the occurrence
probability of V. parahaemolyticus in oysters in the Chesa-
peake Bay area could increase by 1.5 to 3.0 times higher than
that in the late 20th century. Another significant study by
Ortiz-Jiménez (2018) quantified the effects of climate change
on the risk of consuming raw oysters in Tepic (Mexico) and
predicted that the risk of consuming raw oysters in that area
would increase as global climate worsens; the following time
horizon was mentioned: the risk in 2100 could be 1.12-fold
higher than that in 2010. These findings may serve as early
warning information that can be used by the food safety
authority and/or food managers to develop appropriate strate-
gies to control the effects of climate change on seafood for
ensuring the protection of public health.
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Collectively, these findings highlighted the importance of
projecting the future effects of climate change on oyster safety
to serve as early warning information that could be useful in
policy formulation or decision-making (Levy, 2018; Semenza
et al.,, 2017). Understanding how and the degree to which
climatic variations can affect V. parahaemolyticus in oys-
ters and their role in the food chains, and the timescales
at which changes might occur will allow the development
of mitigation strategies for preventing V. parahaemolyticus
infection because of eating oysters. However, extremely few
tools are available to estimate or project the effects of cli-
mate change on oysters and evaluate the effects of mit-
igation measures on the future risk of V. parahaemolyti-
cus. Scant information is available on how these tools are
used to mitigate the risks of oyster consumption (Ortiz-
Jiménez, 2018). In addition, the study by Muhling et al.
(2017), which projected the future distribution of V. para-
haemolyticus in oysters, or the study by Ortiz-Jiménez (2018),
which predicted the future risk caused by this pathogen in
oysters, only considered the factor of temperature changes.
However, the presence, growth, and distribution of V. para-
haemolyticus in oysters are affected by other climatic condi-
tions, such as pH, dissolved oxygen, and salinity (Hartwick
et al, 2019; Lopez-Hernandez, Pardio-Sedas, Lizarraga-
Partida, Williams, Martinez-Herrera, Flores-Primo, Uscanga-
Serrano, & Renddn-Castro, 2015; Parveen et al., 2008).

6 | INTERVENTION STRATEGIES
FOR ELIMINATING V.
PARAHAEMOLYTICUS, REDUCING
V. PARAHAEMOLYTICUS
CONCENTRATIONS, OR
DECONTAMINATING OYSTERS

The U.S. FDA reported that an individual may become ill
from consuming 4 log V. parahaemolyticus cells in a serv-
ing of oysters or approximately 50 cells/g of oysters. In
some countries, oysters are frequently eaten raw (Mok et al.,
2019; Taylor, Cheng, et al., 2018). Hence, eliminating or
reducing V. parahaemolyticus in oysters to achieve accept-
able concentrations of this pathogen is critical for reduc-
ing the risk involved in consuming oysters. Heating dur-
ing cooking (also known as thermal processing) is one of
the most effective methods for reducing the concentration
of V. parahaemolyticus in oysters. Previous studies have
demonstrated that V. parahaemolyticus is highly sensitive to
heat (Beuchat, 1975; Vanderzant & Nickelson, 1972). Van-
derzant and Nickelson (1972) reported that heating at 100 °C
for only 1 min eliminated all V. parahaemolyticus cells in
shrimp homogenates that were initially inoculated with 2.7
or 6.3 log/mL of V. parahaemolyticus cells. However, ther-
mal processing adversely affects the sensory characteristics
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of oysters (Awuah, Ramaswamy, & Economides, 2007; Chai,
Liang, Pace, & Schlimme, 1991), which limits its application
in the oyster industry. To meet consumer demand for mini-
mally processed oysters to preserve their nutritional and sen-
sory value, the development of innovative intervention strate-
gies for eliminating V. parahaemolyticus, reducing the con-
centration of V. parahaemolyticus, or decontaminating oysters
is warranted.

Table 3 shows various types of intervention strategies that
have been developed to reduce or decontaminate V. para-
haemolyticus concentrations in raw oysters. Among others,
these strategies include icing, immediate refrigeration, freez-
ing, depuration, relaying and transplanting, mild thermal
treatment, thermal shock, irradiation, high-pressure process-
ing, and the use of natural antimicrobial agent. Other meth-
ods such as combination of several sublethal treatments could
also effectively inactivate V. parahaemolyticus in oysters (Lai
& Wong, 2013). Selection, implementation, and evaluation of
the effectiveness of these intervention strategies are crucial for
managing the risk of V. parahaemolyticus infection associated
with consumption of oysters.

6.1 | Icing

The icing method involves simply placing oysters in crushed
ice or an ice slurry. The main purpose of using ice is to chill
the oysters as quickly as possible to lower their internal tem-
perature, particularly after harvest, to prevent the growth of
foodborne pathogens. Studies on the effects of icing on the
growth of V. parahaemolyticus in oysters have shown that this
method can retard the growth of this pathogen in oyster sam-
ples, but it is considered ineffective in reducing the concen-
tration of V. parahaemolyticus in oysters after several days
of icing. For example, Melody, Senevirathne, Janes, Jaykus,
and Supan (2008) observed that the concentration of V. para-
haemolyticus in oysters slightly increased by approximately
1 to 2 log CFU/g after 14 days of icing. The icing method
may reduce the effects of V. parahaemolyticus concentration
if oysters are placed in cold storage immediately after icing.
This effect was reported by Gooch et al. (2002); the number
of V. parahaemolyticus in oysters decreased by 0.8 log CFU/g
after icing and placement in the cold storage at 3 °C for 14 hr.
Although icing has proven useful to inhibit the growth of V.
parahaemolyticus in oysters, a study by Lydon, Farrell-Evans,
and Jones (2015) showed that this pathogen multiplied in the
ice slurry water. Therefore, storing oysters in ice slurry for
prolonged periods is not recommended.

6.2 | Refrigeration

The growth of V. parahaemolyticus is inhibited at refrigera-
tion temperature (i.e., slightly higher than the freezing point).
Jones et al. (2017) reported that oyster samples that were



o | REVEWS

i Faod Science and Food Safety

TABLE 3

Intervention

Icing

Refrigeration

Freezing

Depuration

Relaying

Transplanting

High-pressure
processing

RISK OF EATING OYSTERS...

Treatment

15 min

14 days

4 days

14 hrat3 °C

27 days at —18 °C

28 days at 24 °C

75 days at =30 °C

1 month at -10 °C

1 month at -20 °C

1 month at -30 °C

6 month at —10 °C

6 month at —20 °C

6 month at -30 °C

48 hrat 22 °C

48 hrat 15 °C

96 hr at 15 °C

96 hrat5°C

144 hrat5 °C

5 days at 10 °C combined with LAB

4 days at 12.5 °C

5 days at 12.5 °C

6 days at 12.5 °C

6 days at 15 °C

5 days at 12.5 °C

5 days at 12.5 °C at 10 ppt

5 days at 12.5 °C at 25 ppt

4 days at 12.5 °C with 2:1 L of ASW/oyster
5 days at 12.5 °C with 2:1 L of ASW/oyster
2 days at 12.5 °C combined with 1.0% of GSE
2 days at 12.5 °C combined with 1.5% of GSE
48 hr at 21.6 °C combined with UV light

48 hr at 22.4 °C combined with UV light plus
chlorine

Relaying in clean water

Transplanting in oyster growing environment for
14 days

200 MPa at 25 °C for 10 min

293 MPa at 8 + 1 °C for 2 min
300 MPa at 28 °C for 3 min
300 MPa at 45 °C for 10 min
345 MPa for 2 min at 21 °C
345 MPa at 21 °C for 7.7 min
350 MPa at 20 °C for 2 min
350 MPa 1 °C for 2 min

1.0 kGy to 1.5 kGy

Intervention strategies for reducing V. parahaemolyticus concentrations in oysters

Reduction

No significant reduction
No significant reduction
No significant reduction
0.8 log CFU/g

7 log CFU/g

7 log CFU/g
3.8 log MPN/g
2.45 log MPN/g
1.71 log MPN/g
1.45 log MPN/g
4.55 log MPN/g
4.13 log MPN/g
2.53 log MPN/g
1.2 log MPN/g
2.1 log MPN/g
2.6 log MPN/g
3.49 log MPN/g
3.22 log MPN/g
3.4 log MPN/g
3.1 log MPN/g
3.7 log MPN/g
3.4 log MPN/g
3.3 log MPN/g
3.3 log MPN/g
2.1 log MPN/g
3.3 log MPN/g
3.6 log MPN/g
3.9 log MPN/g
3.0 log MPN/g
4.2 log MPN/g
2.4 log MPN/g
3.1 log MPN/g

Inconsistent results

Reduction was not linear
over time

6 log CFU/mL

4.0 to 4.7 log MPN/g
5 log CFU/g

7 log MPN/g

6.2 log CFU/ml

4.5 log CFU/ml

5.3 log CFU/g

5.4 log CFU/g

6 log MPN/g

Reference

Jones et al. (2017)
Melody et al. (2008)
Phuvasate et al. (2012)
Gooch et al. (2002)
Muntada-Garriga et al. (1995)
Muntada-Garriga et al. (1995)
Muntada-Garriga et al. (1995)
Liu et al. (2009)

Liu et al. (2009)

Liu et al. (2009)

Liu et al. (2009)

Liu et al. (2009)

Liu et al. (2009)

Chae et al. (2009)

Chae et al. (2009)

Chae et al. (2009)

Su et al. (2010)

Su et al. (2010)

Xiet al. (2014)

Shen and Su (2017)
Shen and Su (2017)
Phuvasate et al. (2012)
Phuvasate et al. (2012)
Phuvasate and Su (2013)
Phuvasate and Su (2013)
Phuvasate and Su (2013)
Shen et al. (2019)

Shen et al. (2019)

Shen and Su (2017)
Shen and Su (2017)
Ramos et al. (2012)
Ramos et al. (2012)

Taylor, Yu, et al. (2018)
Walton, Nelson, et al. (2013)

Berlin et al. (1999)

Ma and Su (2011)

Cook (2003)

Ye et al. (2012)

Calik et al. (2002)

Koo et al. (2006)

Kural et al. (2008)

Kural et al. (2008)

Andrews, Jahncke, et al. (2003)

(Continues)



RISK OF EATING OYSTERS...

REVIEWS |

inFood Scieace and Fond Safety

TABLE 3 (Continued)

Intervention Treatment Reduction Reference

Irradiation 3.0 kGy 6 log MPN/g Jakabi et al. (2003)
1 to 1.5 kGy 6 log MPN/g Andrews, Jahncke, et al. (2003)
1 kGy 2.0 log CFU/g Mahmoud (2009)
2 kGy 3.2 log CFU/g Mahmoud (2009)
3 kGy 3.7 log CFU/g Mahmoud (2009)
5 kGy Up to 7 log CFU/g Mahmoud (2009)

Electrolyzed 30 ppm of chlorine, pH 2.82, ORP of 1131 mV, 1.1 log MPN/g Ren and Su (2006)

oxidizing (EO) 1%NaCl at room temperature for 4 to 6 hr
water
Mild thermal 10 min at 50 °C 4.8 log MPN/g Cook and Ruple (1992)
5 min at 50 °C 5 log MPN/g Andrews et al. (2000)
Thermal shock 10 min at 52 °C and shocked in ice water 5 to 6 log MPN/g Andrews, DeBlanc, et al. (2003)
15 min 7 log MPN/g Ye et al. (2012)
Natural 10% of green tea extract for 2 hr at room temperature 0.8 log MPN/g Xi et al. (2012)
antimicrobial
agent

10% of green tea extract for 2 hrat 5 °C

~1 log MPN/g Xi et al. (2012)

Note. The salinity of ASW used in depuration process was 30 ppt unless otherwise stated.

Abbreviations: LAB, lactic acid bacteria; ASW, artificial seawater; GSE, grape seed extract; ORP, oxidation—reduction potential.

immediately refrigerated (at a temperature of <7 °C) had a
lower concentration of V. parahaemolyticus than the sam-
ples that were not refrigerated. Vibrio parahaemolyticus could
not grow, was injured, or at least inactivated at tempera-
tures of <10 °C (Cook & Ruple, 1989; Gooch et al., 2002;
Limthammabhisorn, Brady, & Arias, 2009). Other studies have
shown that immediate refrigeration of oysters reduced the
concentration of this pathogen by approximately one order of
magnitude (Cook & Ruple, 1989, 1992; Jones et al., 2017;
Limthammahisorn et al., 2009). These results showed that
refrigerating oysters as soon as possible after harvest is criti-
cal in preventing the rapid growth of V. parahaemolyticus in
oysters.

6.3 | Freezing

The freezing method involves storing oysters at a temper-
ature below freezing point. Muntada-Garriga, Rodriguez-
Jerez, Lopez-Sabater, and Mora-Ventura (1995) revealed that
inactivation of V. parahaemolyticus from 7 log CFU/g to an
undetectable concentration at —18 and —24 °C required 27
and 28 days, respectively, in oyster homogenates. However,
Liu, Lu, and Su (2009) showed that freezing only reduced the
growth of V. parahaemolyticus in shell-stock oysters by 2.45,
1.71, and 1.45 log MPN/g after 1 month of storage at temper-
atures of —10, —20, and —30 °C, respectively. The study by
Liu et al. (2009) showed that storage time affected a reduc-
tion in the concentration of V. parahaemolyticus. The authors
observed that this microorganism was reduced by 4.55, 4.13,
and 2.53 log MPN/g after 6 months of storage at tempera-

tures —10, —20, and —30 °C, respectively (Liu et al., 2009).
Probably because of the effect of ice crystallization, Liu et al.
(2009) further reported that inactivation was more effective at
—10 °C than storage at —20 or —30 °C.

Frozen storage has been largely used by the food industry
to preserve product quality by inhibiting the growth of bac-
teria. Understanding the behavior of V. parahaemolyticus in
oysters at temperatures below the freezing point will facilitate
oyster processors in managing the safety of oysters. As indi-
cated previously, the concentration of V. parahaemolyticus in
oyster homogenates decreased considerably faster than in the
shell-stock oysters in frozen storage; furthermore, the reduc-
tion of concentrations of this pathogen at —10 °C was greater
than that at =20 or —30 °C. However, notably, studies by
Muntada-Garriga et al. (1995) and Liu et al. (2009) were per-
formed by using artificially contaminated oyster homogenates
or live oysters, which may not reflect the diversity of the nat-
ural population of V. parahaemolyticus in live oysters (Kim
etal.,2012; Parveenetal.,2013; U.S. FDA, 2005). The effects
of frozen storage on naturally occurring V. parahaemolyti-
cus in live oysters and the behavior of naturally occurring V.
parahaemolyticus in different oyster species in frozen storage
remain unclear.

6.4 | Depuration

Depuration of oysters is a process of holding the oysters in cir-
culating clean seawater under controlled conditions over time
(Chae, Cheney, & Su, 2009; Phuvasate & Su, 2013; Shen, Su,
Liu, Oscar, & DePaola, 2019). The study by Eyles and Davey



w | HEEWS

RISK OF EATING OYSTERS...

i Faod Science and Food Safety

(1984) showed that depuration was not effective in reducing
V. parahaemolyticus concentrations in oysters at room tem-
perature. Chae et al. (2009) reported that the concentration
of V. parahaemolyticus in oysters decreased by 1.2 orders of
magnitude after 48 hr of depuration in seawater at 22 °C. Fur-
thermore, they revealed that the reduction could be as high
as 2.1 and 2.6 orders of magnitude when the temperature was
lowered to 15 °C for 48 and 96 hr, respectively. Su, Yang,
and Hisk (2010) reported that the concentration of V. para-
haemolyticus in oysters was reduced by 3.49 orders of mag-
nitude after 4 days of depuration at 5 °C in the winter and by
3.22 orders of magnitude after 6 days of depuration at 5 °C
in the summer. Ramos et al. (2012) found that a reduction
by 2.4 and 3.1 orders of magnitude is obtained if the oys-
ters were immersed in seawater at 21.6 °C with ultraviolet
light and 22.4 °C with ultraviolet light and chlorine, respec-
tively. Phuvasate, Chen, and Su (2012) reported that the con-
centration of this pathogen decreased from 4.83 to 1.39 log
MPN/g and from 6.3 to 3.04 log MPN/g after depuration at
12.5 and 15 °C for 6 days, respectively. Phuvasate and Su
(2013) further evaluated the effect of water salinity on the
effectiveness of depuration in oysters at 12.5 °C for 5 days.
The results showed that depuration could only reduce the con-
centration of this pathogen in oysters from 5.38 to 3.31 log
MPN/g (2.1 log MPN/g) in water with salinity of 10 ppt,
whereas a reduction of 3.26 and 3.28 log MPN/g was achieved
in water with salinity of 25 and 30 ppt, respectively. Xi, Liu,
and Su (2014) investigated the effect of using lactic acid bacte-
ria (LAB) on the reduction of V. parahaemolyticus in oysters
during depuration and found that LAB reduced the concen-
tration of this pathogen from 4.7 to 1.9 log CFU/mL (3.4 log
reductions) after 5 days of treatment at 10 °C. Shen and Su
(2017) report that depuration of oyster samples at 12.5 °C for
4 and 5 days reduced the concentration of V. parahaemolyti-
cus in samples by 3.1 and 3.7 orders of magnitude, respec-
tively; they further reported that the concentration decreased
by 3.0 and 4.2 orders of magnitude after 2 days of depuration
at 12.5 °C in ASW with the addition of 1.0% and 1.5% grape
seed extract (GSE), respectively (Shen & Su, 2017). Park and
Ha (2018) evaluated a combination of sodium hypochlorite
(NaClO) and gamma irradiation against V. parahaemolyticus
in shucked oysters and found that 2 kGy of gamma irradiation
combined with 60 ppm of NaClO reduced the concentration
of V. parahaemolyticus by 3.6 orders of magnitude. Increasing
the concentration of NaClO to 80 ppm combined with 2 kGy
of gamma irradiation reduced the concentration of V. para-
haemolyticus in shucked oysters by 2.2 orders of magnitude
(Park & Ha, 2018). Shen et al. (2019) investigated the effects
of seawater to oyster ratio on depuration for reducing the con-
centration of V. parahaemolyticus in raw oysters and found
that the ratio of 2:1 of ASW/oyster could reduce the number
of this pathogen by 3.6 and 3.9 orders of magnitude after 4
and 5 days of depuration, respectively.

Due to the potential efficacy of the depuration process in
reducing the concentration of V. parahaemolyticus in oysters,
this method is currently recognized by the Food and Agricul-
ture Organization at an international level and suggested by
the NSSP in the United States as one of the recommended
methods for reducing the concentration of V. parahaemolyti-
cus in oysters (Lee, Lovatelli, & Ababouch, 2008; U.S. FDA,
2017). However, notably, the efficacy of this method varied
between 1.2 and 4.2 log MPN/g, depending on the time and
temperature of processing, water salinity, the ratio of oyster
to seawater, and the additional application of ultraviolet light,
gamma irradiation, or use of NaClO, LAB, or a natural sub-
stance (e.g., GSE).

6.5 | Relaying and transplanting

Relaying is simply “translocating oysters from contaminated
growing waters to less contaminated waters to reduce micro-
bial contaminant levels” (Taylor, Yu, Howell, & Jones, 2018,
p- 659). This method is recommended by the NSSP to reduce
the concentration of V. parahaemolyticus in shellfish in the
United States (U.S. FDA, 2017). Taylor, Yu, et al. (2018)
reported that the concentration of V. parahaemolyticus in oys-
ters that refrigerated within 1 hr of harvest was higher than
that in oysters that were not refrigerated during harvest but
refrigerated after an 8-hr trip. Taylor, Yu, et al. (2018) further
investigated the effectiveness of transplanting in reducing the
concentration of V. parahaemolyticus in oysters by determin-
ing the minimum time required and found that a reduction of
4.5 orders of magnitude was achieved after 14 days of relay.

The transplanting method involves placing the oysters back
in the culturing environment to reduce microbial contam-
inant levels. This becomes necessary, particularly for oys-
ters that might fail to meet microbial food safety levels rec-
ommended by food safety authorities. Walton, Nelson, et al.
(2013) observed that the concentration of V. parahaemolyti-
cus in oysters that were neither iced nor refrigerated during
harvest but refrigerated after an 8-hr of trip (referred to as
“green tag” shell-stock oysters) was higher than that in oysters
that were immediately iced after harvest (referred to as “orig-
inal harvest”). Walton, Nelson, et al. (2013) further investi-
gated the effects of the transplanting method by determining
the minimum required time of return of V. parahaemolyti-
cus concentrations in green tag shell-stock oysters to those
observed in the original harvest. They found that the concen-
tration of V. parahaemolyticus returned to those observed on
the original harvest after 14 days of transplanting.

Relaying and transplanting potentially reduced the concen-
tration of V. parahaemolyticus in oysters but the application
of these methods was highly dependent on the microbial com-
munity and environmental conditions at the relay or trans-
plant sites. Walton, Nelson, et al. (2013) noted that the reduc-
tion effect of transplanting was not linear over the trial time,
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whereas Taylor, Yu, et al. (2018) observed that the reduc-
tion effect of relaying was inconsistent. Investigation to iden-
tify key factors that affect the effectiveness of the relaying
and transplanting in reducing the concentration of V. para-
haemolyticus in oysters is thus warranted.

6.6 | High hydrostatic pressure

High hydrostatic pressure (HPP) involves the use of pressure
to inactivate microorganisms in food. The use of high pres-
sure in food processing can inhibit some enzyme activities and
protein synthesis (Yamamoto, 2017). This method can also
alter cell morphology and the cell membrane in some bacte-
ria, which could result in disruption of transcription, trans-
lation, and cellular functions responsible for the survival and
reproduction of a microorganism (Rendueles et al., 2011). The
effectiveness of HPP on reducing the concentration of V. para-
haemolyticus in oyster homogenates and whole oysters has
been studied by multiple researchers (Berlin, Herson, Hicks,
& Hoover, 1999; Calik, Morrissey, Reno, & An, 2002; Cook,
2003; Koo, Jahncke, Reno, Hu, & Mallikarjunan, 2006; Kural,
Shearer, Kingsley, & Chen, 2008; Ma & Su, 2011; Ye, Huang,
& Chen, 2012). These studies evaluated the effects of HPP at
various levels of temperature and pressure at different times
of exposure. Berlin et al. (1999) reported that a reduction
of 6.0 orders of magnitude was obtained after oysters were
treated with 200 MPa at 25 °C for 10 min. Ma and Su (2011)
observed a reduction of V. parahaemolyticus in oyster samples
between 4.0 and 4.7 orders of magnitude after treatment with
293 MPa at 8 + 1 °C for 2 min. Cook (2003) investigated the
effects of HPP in oyster samples and observed a reduction of
5.0 orders of magnitude after the samples were treated with
300 MPa at 28 °C for 3 min. Ye et al. (2012) reported that
pressure of 300 MPa at 45 °C for 10 min reduced the concen-
tration of V. parahaemolyticus in oyster samples by up to 7.0
orders of magnitude. Calik et al. (2002) reported a reduction
in V. parahaemolyticus in oyster samples up to 6.2 orders of
magnitude after the samples were treated with 345 MPa for
2 min at 21 °C. However, a study by Koo et al. (2006) only
reported a reduction of 4.5 orders of magnitude after oyster
samples underwent similar treatment (345 MPa at 21 °C) for
7.7 min. Kural et al. (2008) investigated the effects of HPP on
the concentration of V. parahaemolyticus in oyster samples
treated with 350 MPa for 2 min at two temperature levels (20
and 1 °C) and found that reduction by 5.3 and 5.4 orders of
magnitude could be achieved using temperature and pressure
treatments, respectively.

Although the effects of HPP in reducing the concentration
of V. parahaemolyticus in oysters is not linear, this method
effectively killed V. parahaemolyticus in oysters. The litera-
ture showed that the effectiveness of HPP in reducing the con-
centration of V. parahaemolyticus in oyster samples depended
on the duration of the pressure and the temperature level used.
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Notably, the use of this method often kills the oysters and
causes an immediate opening of the shells (Campus, 2010).

6.7 | Irradiation

Irradiation is a food processing technology that employs
gamma rays, electron beams, or X-rays for reducing the con-
centration of microorganisms in food or eliminating them. The
use of gamma irradiation with a dose of 3.0 kGy can reduce
the concentration of V. parahaemolyticus in oysters by six
orders of magnitude (Jakabi et al., 2003). Interestingly, Jak-
abi et al. (2003) observed that 3.0 kGy of gamma irradiation
did not kill oysters or affect the sensory attributes of oysters.
In another study, the concentration of this microorganism in
oysters decreased from 6 log MPN/g to an undetectable con-
centration after being treated with 1.0 to 1.5 kGy dose Co-
60 gamma irradiation (Andrews, Jahncke, & Mallikarjunan,
2003). Similar to the observations reported by Andrews, Jah-
ncke, et al. (2003), Jakabi et al. (2003) observed that the treat-
ment of gamma irradiation at the aforementioned dose did
not affect the oyster’s sensory attributes. Mahmoud and Bur-
rage (2009) reported that 5 kGy of irradiation reduced the
concentration of V. parahaemolyticus in whole oysters from
7 log MPN/g to a nondetectable (<1 log CFU/g) concentra-
tion. Although irradiation effectively reduced the number of
V. parahaemolyticus in oysters, the application of this method
may only be allowed in some countries with specific require-
ments (Baker, 2016). Furthermore, the widespread use of this
method has been reported to be limited by the small number
of irradiation facilities and low consumer acceptance of irra-
diated oysters (Baker, 2016; Ravindran & Jaiswal, 2019).

6.8 | Electrolyzed oxidizing water

The concentration of V. parahaemolyticus in oysters can also
be reduced using electrolyzed oxidizing (EO) water. This type
of water is produced by electrolysis of an extremely dilute salt
(NaCl) solution (Huang et al., 2006; Quan, Choi, Chung, &
Shin, 2010; Ren & Su, 2006). The application of EO water for
decontaminating V. parahaemolyticus in oysters was studied
by Ren and Su (2006); they used EO water (chlorine, 30 ppm;
pH 2.82; oxidation—reduction potential of 1,131 mV) contain-
ing 1% NaCl at room temperature and found that the con-
centration of V. parahaemolyticus was reduced by 1.1 to 1.6
orders of magnitude after 4 to 6 hr of treatment. Although EO
water and chlorine potentially reduced the concentration of V.
parahaemolyticus in oysters, this method may only be applica-
ble to oysters with low concentrations of V. parahaemolyticus.
Furthermore, storing oysters in EO water containing chlorine
for more than 6 hr can kill oysters (Ren & Su, 2006) probably
because the use of this method creates an unfavorable growth
environment for oysters.
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6.9 | Mild thermal treatment and thermal
shock

In mild thermal treatment, oysters are submerged in hot water
at 50 °C for a specific processing time. This method was eval-
uated by Andrews, Park, and Chen (2000) who confirmed that
submersion of oysters in hot water at 50 °C for 5 min reduced
the concentration of V. parahaemolyticus from 5 log MPN/g
to an undetectable concentration. In the study by Cook (as
cited in the report of the U.S. FDA, 2005), the concentration
of this pathogen in oyster was reduced by 4.5 to 6 log orders
of magnitude after being heated to 50 °C for 5 min.

Thermal shock simply involves submerging oysters in
water at a given temperature for a specific processing time fol-
lowed by rapid cooling in ice water. This treatment reduced
the concentration of V. parahaemolyticus in oysters from 5
to 6 log MPN/g to an undetectable concentration after being
heated to 50 °C for 8 to 10 min (Andrews, DeBlanc, Veal, &
Park, 2003). The authors noted that this treatment could affect
pathogenic and nonpathogenic strains of V. parahaemolyti-
cus in live oysters; the pathogenic strain was more heat resis-
tant than the nonpathogenic strain (Andrews, DeBlanc, et al.,
2003). They found that the concentration of the pathogen in
oysters could be completely eliminated when the oysters were
submerged in water at 52 °C for at least 22 min (including the
time for temperature rise). Ye et al. (2012) reported that sub-
merging live oysters in the water at 50 °C for 15 min reduced
the concentration of this pathogen by 7 log MPN/g, but the
temperature rise time was not included. Nevertheless, Ye et al.
(2012) observed that V. parahaemolyticus was detected after
enrichment even after exposure to 52 °C for 20 min.

In general, these finding suggest that mild thermal and ther-
mal shock treatment can reduce the concentration of V. para-
haemolyticus in oysters to an undetectable level. However,
notably, the efficacy of these methods depended on the time—
temperature control. Failure to control time and temperature
(exposure of oysters to temperatures >53 °C) affected the sen-
sory quality of oysters (Andrews, DeBlanc, et al., 2003; Chai
etal., 1991). In addition, even with strict temperature control,
Ye et al. (2012) observed slight changes in color and smell
after mild thermal treatment of oysters at 50 °C for more than
5 min; these findings were contrary to previous observation
of Cook and Ruple (1992) who reported that holding oysters
at 50 °C for 10 min did not adversely affect the appearance or
taste of oysters.

6.10 | Natural antimicrobial agent

The use of natural antimicrobial agents for reducing the con-
centration of V. parahaemolyticus in oysters was studied by
Xi, Liu, and Su (2012). They reported that the concentration
of V. parahaemolyticus in shucked oysters decreased from 4.7
to 3.9 log MPN/g after immersion of the samples in green tea

extract (10%) for 2 hr at room temperature. The use of a nat-
ural antibacterial agent, such as green tea extract, potentially
reduced the concentration of V. parahaemolyticus in oysters.
However, it may be only applicable to oysters with low con-
centrations of V. parahaemolyticus, given the fact that the
reduction effect of this method was lower than one order of
magnitude (Xi et al., 2012). Nonetheless, natural antibacte-
rial agents may be useful for inactivating V. parahaemolyti-
cus in oysters at low-temperature storage. As reported by Xi
et al. (2012), storing the shucked oysters that were immersed
in 10% of green tea extract at 5 °C could enhanced the reduc-
tion of V. parahaemolyticus concentration by more than one
order of magnitude.

Collectively, the literature review showed that many inter-
vention strategies have been developed to control and/or
reduce the concentration of V. parahaemolyticus in oysters,
which provides many alternatives to the oyster industry to
select appropriate strategies to ensure the safety of their prod-
uct. Although these strategies are mainly focused on the con-
trol of V. parahaemolyticus concentrations downstream of the
oyster supply chain (e.g., at postharvest, storage, and distri-
bution), limited information is available on how to control
concentrations of this pathogen upstream of the supply chain
(e.g., in the culturing environment). Moreover, the effica-
cies of these intervention strategies vary, and the interven-
tions may exhibit synergistic effects when combined. Some
of these interventions reduce the concentrations of V. para-
haemolyticus in fresh oysters to nondetectable concentrations.
Notably, “nondetectable concentrations” of V. parahaemolyti-
cus in oysters could differ among identification and detec-
tion methods. In some countries, the nondetectable concen-
trations of this pathogen in oysters was set at <30 MPN/g
(Food Standards Australia New Zealand, 2018; U.K. Health
Protection Agency, 2009; U.S. FDA, 2017). The main chal-
lenges with these intervention strategies are the regulations
governing their implementation, validation, and verification
of implemented intervention as well as access to the facility.
In addition, the wide-scale commercial application of these
intervention strategies may be challenged by consumer or
market preferences as well as the cost of using these methods,
which may not be easily passed on to the customer (Baker,
2016; Kecinski, Messer, Knapp, & Shirazi, 2017).

7 | POLICY, LEGAL REQUIREMENT,
OR GUIDELINES REGARDING THE
SAFETY OF OYSTERS

Vibrio parahaemolyticus infections associated with seafood
products have drawn the attention of many stakeholders. Rel-
evant food safety authorities have established and enforced
relevant policies, legal requirements, and/or guidelines
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regarding the safety of seafood, which also govern the safety
of oysters. The code and guidelines governing the safety of
oysters have been developed by the Codex at the international
level under the “Code of Practice for Fish and Fishery Prod-
ucts and the Guidelines on the Application of General Prin-
ciples of Food Hygiene to The Control of Pathogenic Vibrio
Species in Seafood” (Codex, 2010, 2016), but this code and
guideline do not recommend the use of microbial performance
standards of Vibrio spp. in any shellfish products. The Inter-
national Commission on Microbiological Specifications for
Foods (ICMSF, 2011) recommend that the concentration of
V. parahaemolyticus in live and raw seafood should not exceed
4 log CFU/g or MPN/g.

In the United States, the safety of oysters is controlled
under the NSSP (U.S. FDA, 2017). Based on the NSSP guide-
lines, the concentration of V. parahaemolyticus in raw oys-
ters also should not exceed 4 log CFU/g or MPN/g and
should be undetectable in processed oysters (<30 MPN/g).
Notably, the NSSP also provides guidelines governing the
safety control of shellfish products, including oysters, dur-
ing primary production, harvesting, processing, shipping,
and/or handling. To control the growth of V. parahaemolyti-
cus in oysters, the NSSP requires the internal temperature
of this seafood to be <10 °C, and the environment tem-
perature should be <7.2 °C during distribution and/or stor-
age. To achieve nondetectable concentrations of V. para-
haemolyticus in processed oysters, the NSSP requires the
process to achieve a minimum reduction of 3.52 orders of
magnitude.

The safety of oysters in Australia and New Zealand is con-
trolled by the Compendium of Microbiological Criteria for
Food (Food Standards Australia New Zealand, 2018). Inges-
tion of V. parahaemolyticus concentrations higher than 4 log
CFU/g in shellfish products, such as oysters, is considered
hazardous because it could cause infections. The number of
V. parahaemolyticus should not be higher than 2 log CFU/g
for oysters that are intended to be consumed raw and should be
undetectable in processed oysters (<3 CFU/g). These micro-
bial criteria in Australia and New Zealand required oysters to
be chilled quickly at temperatures of <5 °C after harvest, and
this seafood maintained at refrigeration temperatures to con-
trol the growth of V. parahaemolyticus.

In Japan, the maximum concentration of V. parahaemolyti-
cus in fresh oysters should not exceed 2 log MPN/g and
should not be undetectable in oysters intended to be con-
sumed raw (Hara-Kudo et al., 2012). This limit is not only
for oysters but also for all types of seafood. To prevent the
growth of this pathogen, the Japanese Ministry of Health,
Labour, and Welfare (MHLW) recommends that seafood han-
dlers maintain oysters at temperatures <10 °C during distri-
bution and storage (MHLW, 2010). Frozen oysters intended
to be consumed raw should be stored at —15 °C or at lower
temperatures.

inFood Scieace and Fond Safety

In the United Kingdom, oysters with V. parahaemolyti-
cus concentrations of more than 3 log CFU/g are considered
high risk, potentially injurious to health, and unfit for human
consumption (U.K. Health Protection Agency, 2009). Vibrio
parahaemolyticus should not be detected <20 CFU/g in oys-
ters intended for human consumption in the United Kingdom.

Because concerns regarding the safety of shellfish prod-
ucts such as oysters are increasing, the food safety authority in
Canada is currently in the process of reviewing and establish-
ing the microbiological criteria governing the safety of oysters
to protect the health of Canadian citizens (Health Canada’s
Food Directorate, 2019). As part of this process, the Cana-
dian food safety authority is collecting information regarding
the factors that may increase the concentrations of V. para-
haemolyticus in shellfish products. In addition, the authority
is also collecting information about possible means of mit-
igation strategies for controlling the concentrations of this
pathogen during cultivation, distribution, and consumption.

Although an increase in public concern related to seafood
safety has encouraged the development of policies, legal
requirements, and/or guidelines governing the safety of
seafood, few of the policies consider the factor of climate
change. In addition, this trend of development is observed in
developed countries (Food Standards Australia New Zealand,
2018; Health Canada’s Food Directorate, 2019; MHLW,
2010; U.K. Health Protection Agency, 2009; U.S. FDA,
2017); however, inadequate relevant information is avail-
able from developing countries. This is a crucial discrepancy
because oysters are traded in international markets; hence,
they cross countries or even continents depending on market
demand (FAO, 2019). Ensuring the safety of oysters from pri-
mary production (that might be produced in developing coun-
tries) to consumption is critical to minimize the risk of infec-
tions is necessary. For achieving this end, harmonization of
standards governing the safety of oysters between exporting
and importing countries is necessary, including but not lim-
ited to food safety management during cultivation, harvesting,
distribution, and storage.

8  OVERALL CONCLUSIONS

This study reviewed the potential risk of V. parahaemolyti-
cus infections associated with the consumption of oysters.
Apparently, the management of the safety of oysters remains
difficult, considering that cases of infections caused by
the pathogen associated with eating oysters continue to be
reported in many countries. This indicates that oyster safety
management should be improved to ensure the protection of
consumer health, given that oysters harbor high concentra-
tions of V. parahaemolyticus. To improve the detection and
the quantification of this pathogen in oysters, this review
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highlighted the use of fast, highly accurate, and virulence-
specific detection approaches. Furthermore, the development
of predictive models describing the behavior of naturally
occurring V. parahaemolyticus in different species of oysters
is necessary for reducing the risk of infection by providing
supportive management practices.

This review revealed that multiple factors affect the con-
centration of V. parahaemolyticus in oysters from upstream
to downstream stages in the oyster supply chain (e.g., cul-
turing area, culturing method, climatic variations, extreme
natural events, handling and processing, and cold chain con-
trol), which consequently affect the risk of infection because
of consuming oysters. In addition, this review also showed
that climate change could possibly affect the safety of oys-
ters, both directly and indirectly, thereby endangering public
health. In an effort to minimize the risk, many intervention
strategies have been developed to control and/or reduce the
concentration of V. parahaemolyticus in oysters to acceptable
levels. However, these strategies are mainly focused on the
downstream steps of the oyster supply chain (e.g., at posthar-
vest, storage, and distribution). There is limited information
available on how to control V. parahaemolyticus in oysters in
the upstream steps of the oysters supply chain (e.g., culturing
environment).

Finally, this review highlighted the need for developing rel-
evant policies, legal requirements, and/or guidelines regarding
the safety of oysters, particularly in developing countries, by
considering contributing factors affecting the risk involved in
consuming oysters and potential effects of climate change and
ensuring their implementation through inspection and mon-
itoring. The implementation of the shellfish harvesting pol-
icy adopted in the United States and guidelines governing the
safety of seafood products in Japan are examples of efforts to
reduce the risk of vibriosis (Alvarez, Solis, & Hwang, 2019;
Hara-Kudo & Kumagai, 2014). Additional efforts are required
to encourage the harmonization of standards governing the
safety of oysters between exporting and importing countries
because oysters are traded in international markets.
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