ABSTRACT

CAMPBELL, VASHTI MARTAE. Enhancing the Depuration Process for Bacterial Reduction in
Live Oysters. (Under the direction of Dr. Steven G. Hall, P.E.).

Oysters, wild or aquacultured, are a significant sustainable protein source doo\eg
population. However, due to coastal impacts, climate changsubsequent environmental
degradationthere is a heightened risk for bacterial contamination in oyster rearing systems.
Thus,microbiologically safe raw oysteese needed

Oyster depration is a processing technique in whaetoyster is submerged in clean
seawater and allowed to resume its filtering mechanism, thus purging itself of bacterial
contaminates over time. Depuration offers process control and maintains oyster viability,
passibly enhancing the final produgt/hile depuration is often used for the reduction of
coliform andE. coliin live oysters, it has yet to be formally validated as a process for the
reductionof pathogenid/ibrio parahaemolyticugvP) andVibrio vulnificus (VV), two species
prevalent in oysters.

A review ofVibrio ecology and its relation to oyster depuratsoiggesteadptimal
parameters for the maximum reduction of VV and VP in live oystersefimelings
demonstrated that theest depuration conditiorigr the reduction of VV and VP in live oysters
werewater salinity ranging from 282 ppt, water temperature less than 20°C, processing time
from 4-6 days, and flowing wateThese results could help inform futu/ério-oyster
depuration validation stuels.Depuration coulalso beamproved with water treatment methods
like the addition otompetitive bacteria, chitosan particles, or plaswi@vated simulated
seawate(PASW).

Novel PASWwas investigated and found to possess antimicrobial andomen

properties making it a prime candidate for applicatiooyister depurationin anin vitro study,



generation of PASW yieldddASWtemperatures ranging from 31.0 £ 0.2 to 49.7 £ 1.0°C, pH
from 7.21 £ 0.0 to 2.70 + 0.0, oxidatioeduction potential from 15.7 + 1.0 to 246.0 + 0.9 mV,
and electrical conductivity from 35.4 iN 0.
10 min. Nitrate and nitrite concentrations, key bactericidetigs, increased withigher
plasmaactivation time. PASW reduced planktomiccoliby up to 3 log CFU/mL. The results of

this study imlicateda follow-up in vivo studymight be successful

Since the pH of PASW was acidic, it was diluteith simulated sawater (SS) to prevent
harming the oysters. Diluted PASWXblution generated after 10 min of plasawivation
reduced th@hysicochemical propertieompared to tha vitro study and was absent of free
available chlorine species. Live oysters undenwefrigeration and depuration wiSand
PASW10 (1:1) for 24 kith no mortalitiesNo significant differences were observed in total
coliform counts after 24 h depuration; however, significant differences were obserzed@dir
counts after 24 h. Aér 24 h, PASW10 yielded the greatest reduction of both bacteria compared
to other treatments. dNsignificant quality changeserenoticedin the processed oysteRASW
could be used to reduce bacteria in future oyster depuration work.

The main goal ofesearch in PASW on oystasseventual implementation in the seafood
processing industrydeally optimizing theurrent oyster depuration process with betttic and
continuous PASW systemisiitial costbenefit analysis suggef®ASW could be an econacal
solution for processors over time, but prototypes and conceptual models need to be constructed
to assess these claims.

Overall, opportunities to apply food safety and microbiological methods, as well as

engineering principles, to enhance the depunatidive oysters abound. This work establishes a



framework formicrobialreduction validation in oyster depuration. It also provides a basis for

more PASWoyster depuration studi¢s reduce bacteria fdood safety purposes.
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CHAPTER 1: INTRODUCTION
1. Overview

Bivalve molluscan shellfish such as oysters are a high protein, sustainable food that can
enhance human health while providing beneficial ecosystem services. These creatures can also
be reared in the wild aquaculturakystems, which could prove usefslat he Eart hds hu
population grows. The United Nations Department of Economic and Social Affairs estimate that
the human population will increase from 7.7 billion in 2019 to 9.7 billion in Z05&ted
Nations, Department of Economic and Social Affairs, 20A8)2050 approaches, anticipated
global food provisions should be considered now.

In 2018, global fish production generated 178iom tonnes of fish product (excluding
aguatic mammals, reptiles, seaweeds, and other aquatic plants) with 156 million tonnes of the
total being used as fog®#AO, 2020) Moreover, 96.4 million tonnes of the total fish production
were from capture (wildtaught) production, while 82.1 millionrines were from aquacultured
production. The Food and Agriculture Organization (FAO) of the United Nations also noted that
52% of aquacultured fish production in 2018 was used for human consumption. Specifically,
17.7 million tonnes of aquacultured produare bivalve molluscs in 2018, with 33.2% being
oystergFAO, 2020)

Aquaculture is proving to be a viable and sustainable source of seafood for humanity,
especially in the production of shellfish such as oysters. However, whether aquacultured or wild
caught, it i s t h asibditeta pravidedsafe food forsts conguiners. Thess p o
body of work seeks to add scientific insight and value to the production of both aquacultured and

wild-caught, live oysters by making them safer for human consumption.



2. Research justification andnovelty

Globally, consumer demand for seafood has increased in recen{f/&@rs2020) In
particular, demand for live oysters has incregd8sdta et al., 2020)Oysters are a high protein
food source for humans. Experienced consumers prefer raw oysters due to the perceived negative
effects of cooking and processing on the oysters despite the increased food satstpeishk]ly
in immune compromised individualBruner et al., 2011; Kecinski et al., 2018;dtial., 2017)
Previous researdas revealed thafibrio parahaemolyticugVP) andVibrio vulnificus(VV)
along with coliforms such &s. colican be concentrated in an oyster by up tofbl)(DePaola
et al., 2003)Contamination of live oysters can be harmful for consumers, especially those that
are immune compromis¢@DC, 2016) Ultimately, theincreasen raw oyster consumption
presents a need for improved processing techniques.

While existing processing mettls have been successful in reducing microbiological and
environmental contaminants in oysters, overall oyster quality and viability is sometimes
negatively affectedAndrews et al., 2000; CreRomero et al., 2004; Liu et al., 2009; Ming et al.,
2018)The longused depuration method offers a potential solution to this profRerhards,

1988) Depuration is a pogtarvest process in which live, contaminated oysters are placed in
clean seawater and allowed to naturally filter in the water, purge the contaminants, and
subsequently reduce endogenoastéria and other foreign pollutants while keeping the oysters
alive (Lees et al., 2010}%till, there are mangliscrepancies in existing oyster depuration studies
that must be addressed.

For example, VRNdVV are two bacteria whose growth and proliferation in coastal
waters are strongly correlated to increased local and global water tempeifa¢uceschi et al.,

2021) VV and VP are also prevalent in oysters and in their ecosystems, but uncertainties still



exist in depuration guidelines in the United St§t¢S.) (Jones2014; NSSP, 2017ven more,
while depuration is an old oyster processing technique, its commercial use has not been widely
adopted in the U.S. due to stringent regulation by the U.S. Food and Drug Administration (FDA)
and increased operation coftlorth Carolina Department of Environmental Quality, 2022;
Otwell, 1991)
Previous oyster depuration studies have addressedfféuts of water salinity and water
temperature effects in the depuratiorVdirio from oysters; however, existing methods still
have challenges with repeatabil{§paur et al., 2020; Sun et al., 2018; Tokarskyy e2@1.9)
In addition, the inquiry into what constitutes efficient depuration parameters for live oysters has
not been fully addressed. More studies detailing the depuration of endoy&mooisn oysters
are needed. Chapter 2 focuses on these knowledgeigapthorough literature review
Specifically,best practices fgrocessing modelsased on recent scientific studaee offered
for the reduction of VP and VV in live oysters since these species are plentiful and there are
numeroupportunities for novallepuration researdocused orVibrio and other species
Furthermore, in an effort inprove the depuration process, certain studies have explored
the use of chemical disinfectants added to depuration systems to enhance bacterial reduction in
oystersChepters 3 and 4 investigate a novel disinfectant, plaacti@ated simulated seawater
(PASW), for use in a laboratocale, static oyster depuration syst@meviously,chemicals like
ozone and chlorine have been successful bacterial disinfectants indeysieation systems;
however, the toxicity of these materials can cause concern for both, animal and human health if
not properly manage@oncalves & Gagnon, 2011; Pareébedas, 2015; Ramos et al., 2012;
Wang et al., 2010)ThereforePASW was examined as an alternative depuration disinfectant

these potentially harmful chemical agents.



Currently, plasmactivated water (PAW) has been applied to seafood such as shrimp and
fish constituents, but there have been no stu
live seafoodLiao et al., 2018; Zhao et al., 202The currenstudy is the first to present results
detaiing theantimicrobial efficacy of PASW againEkt coliand total coliformn live oysters.
Coliform andE. coliwer e used as model bacteria to provid
antimicrobial efficacy for its eventual use on VV and VP in oysf#ns novel depuration
technique could be used in future molluscan shellfish depuration systems in order to provide safe
and good quality seafood for humans.

Finally, Chapter 5 proposes an original, industsiehle design and operation of an oyster
depurdion system equipped with PASW capabilities. This section proyicgsninary
estimats oncostbenefit analysiso help in considering futuradoptionof these technologian
the seafood processing industry. Finapapter 6 provides suggestions foture work in the
area of oyster depuration and an overall conclusion concerning the study. The overall goal of this
research was to providgoroof of conceptlepuration metholly use ofPASW indepurating
oysters.

3. Research limitations

Due to the novey of this research, certain limitations were encountered throughout the
study. Some challenges can be attributed to research limitations during the global pandemic
caused by COVIEL9. In addition, since published data on PASW applied to live oysters is no
available to date, new methodologies were developed as a result of preliminary experiments and
trial and error.

The effects of COVIBL9 affected research efforts worldwide. This study, especially, was

impacted by the closure of laboratories and laboyatapacity restrictions. While these



precautions were beneficial to the safety of researchers, experimental timelines were
significantly delayed. Additionally, travel restrictions inhibited our ability to collect fresh oysters
from our supplieslocated @ the North Carolina coast. Despite these logistical and research
impediments, sufficient data were generated and valuable scientific conclusions were provided.
Other unique experimental circumstances contributed to new and unconventional
procedures empl@g in this study. For instance, our study used ar&brybench scale plasma
generator that was restricted in the volume of simulated seawater that could be treated. Due to
this constraint, our depuration systems had to be small scale (e.g. 1000 misieake
Further, the size of our static depurationigetreduced the sample size of oysters we could
evaluate in a given replication. While useful data were generated, more research will need to be
conductedo further confirmthe PASW disinfection metid for future pilot scale and ultimately
commercial scaleyster depuration efforts.
Lastly, use of the PASW disinfection method will need to be applied to endogenous
coliforms, includingk. coli, and other bacteria likeibrio parahaemolyticuandVibrio
vulnificus to measure its efficac AS W6 s e Yiliriesevéresnotaneasured in this work
due to laboratory biosafety level constraimtiscrobial testing on coliforms proved to be useful
to our preliminary workAdditional limitations for each experiment are discussed further in the
corresponding chapters of this dissertation.
4. Overall research significance
4.1 Social impact
Eart hdés human population is steadily growi
protein(United Nations, Department of Economic and Social Affairs, 20B®@alve molluscan

shellfish were about 18% of the total global aquacultured product in 2018, with about 6% of that



total being edible medBelton et al., 2020)Currently, many molluscan shellfish are consumed
raw which if contaminated with certain bacteria above allowable limds)d induce sickness in
humans, especially in susceptible individu&soelich & Noble, 2016)With numerous
scientific articles projecting the rise in global oceanic and estuarine water temperatures and
subsequently, the increasepaftentially pathogenibacteria likeVibrio coupled with increased
human populations contributing to sewage-ofinand waér contaminationit is paramount that
we are proactive in improving seafood processing technology to produde-eatfte raw, filter
feeding shellfish for human(&eary & Lucas, 2019; Semenza et al., 200k)erall, this research
seeks to add to public knowledge for the improgatrof oyster depuration processes and for the
eventual validation of depuration for the reductioviifrio parahaemolyticuandVibrio
vulnificusin live oysters.
4.2 Environmental impact

Oysters and many other molluscan shellfish are filter feeders and it iknvo&h that
they are beneficial to estuary ecosysté@msmpbell & Hall, 2018)Oysters in particular can
clean water systems affected by eutrophication. Not only tticeprovide cleaner water in areas
where oysters dwell, but it could also provide a more enriched (juicier, meatier, nutrient dense)
oyster producfKecinski et al., 2018)

The food safety enhancing aspect of depuration creates the opportunity for once restricted
estuaries and other water systems to be open to fishermen for oyster ha(@#i#n@018;
Lees et al., 2010; NSSP, 201K)any of these prohibited water are@agy have been closed due
to pollution or unsatisfactory water quality test results. However, with careful planning, growing
oysters in these restricted areas can help clean the water column. Thus, the oysters can be both

ecologically sustainable and an romically-valuable food product.



4.3 Local and economic impact

Thefullscal e i mpl ementation of this project <co
economyif depuration centers are ever constructéadt only will it provide biologically safer,
live oysters for humans to eat, but it could also create more joliseflrcal oyster industry.
Theoretically, successful depuration facilities could also increase profits from oyster harvesting
in North Carolina, making it one of the leading providers of diysters on the East Coast.

Future continuation and scalg could also foster more collaboration between local
oyster farmers, processors, and oyster product sellers; thus creating more opportunities for
extension work and service. Concerns and isswesepted by the local industry members will
al so allow for novel research prospects. Al so
application of depuration technologies could eventually lend to increasing the efficacy of their
production, creatingafer seafood, and increasing the economic value of their products.

Lastly, this research intends to contribute to extension efforts which are key to the
mission of research efforts at North Carolina State University. This dissertation aims to provide
newinformation to the scientific community and seafood indusgiiyanalyses of previous work
and novel experimentation in the area of oyster depurakio ultimate goal is to address
problems concerning the optimization of the depuration process fardbetion of bacteria in

live oysters used as human food product.
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CHAPTER 2: DEPURATION OF LIVE OYSTERS TO REDUCE VIBRIO
PARAHAEMOLYTICUS AND VIBRIO VULNIFICUS : A REVIEW OF ECOLOGY AND
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Abstract

Consumption of raw oysters, whether wild-caught or aquacultured, may increase
health risks for humans. Vibwio wdrifices and Vibrio parohaemolyticis are tano
potentially pathogenic bacteria that can be concentrated in oysters during filter
feeding. As Vibrio abundance increases in coastal waters worldwide, ingesting
raw oysters contaminated with ¥ vulnificus and V. parahaemolyticis can possi-
bly result in human illness and death in susceptible individuals. Depuration is
4 postharvest procesging method that maintains oyster viability while they filter
clean =alt water that either continuously flows through a holding tank or is recir-
culated and replenished periodically. This process can reduce endogenous bac-
teria, including coliforms, thus providing a safer, live oyster product for human
consump tion; however, depuration of Vibrios has presented challenges. When
considering the difficulty of removing endogenous Vibrios in oysters, a mora
standardized framework of effective depuration parameters is needed. Under-
standing Vibwio ecology and its relation to certain depuration parameters could
help optimize the process for the reduction of Vibrio. In the past, researchers have
manipulated key depuration parameters like depuration processing time, water
salinity, water temperature, and water flow rate and explored the use of process-
ing additives to enhance disinfection in oysters. In summation, depuration pro-
cessing from 4 to 6 days, low temperature, high salinity, and flowing water effec-
tively reduced ¥ vulrificus and ¥ poraheemolytices in live oyesters. This reviewr
aims to emphasize trends among the results of these past works and provid e sug-
gestions for future oyster de puration studies.
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Witrio REDUCTION VIA DEFURATION

1 {8
1 | INTRODUCTION

Onysters are bivalve molluscan shellfish found naturally,
or cultivated, in brackish waters along coastal zone areas
(Bayne, 2017). Live oysters pump and filter particulate mat-
ter and detritus suspended in the water column during
feeding (Melson, 1921). Healthy oyster populations have
both environmental and economic benefits for local com-
munities (Wiedenhoft, 2017). For example, oyster reefs
have been attributed to enhanced denitrification in coastal
waters (Kellogg et al, 2014). Some frequent consumers
have even demonstrated a likeliness to pay for oysters
from nutrient dense waters and a preference toward raw
oysters due to the negative perception of processing or
cooking on the guality and taste of oysters (Bruner et al.,
2014; Li et al., 2007). However, consumption of raw oys-
ters increases potential risk for human illness (Mead et al,,
1994; US. Food & Drug Administration, 2018).

Vibrio is a pram-negative, halophilic bacterial penus
that iz indigenous to coastal waters and is introduced
to an oyster's microbiota as early as the larval and spat
stages of development (Le Roux et al, 2016; Thomp-
son et al, 2004). The Vibrio genus is composed of over
156 known species. Specifically, Vibrio parahaemolyticns
(VFP) and Vibrio vulnificus (VV) are recorded as being
prevalent in Eastern oysters {Crassostrea virginica), have
the potential to be pathogenic, and can be harmful to
homans when contaminated oysters are consomed raw
(Jones, 2004}

Depuration is a postharvest processing (PHF) method
that maintains oyster viability while they filter clean salt
water that either continuously flows through a holding
tank or is recirculated and replenished periodically (Lee
et al_, 2008). While the process is routinely used for the
reduction of endogenous, allochthonous bacteria like fecal
coliform, current research demonstrates that it could also
decrease Vibro levels in live oysters. Depuration also pro-
vides low to no mortality rates of oysters when ideal pro-
cessing conditions are employed. To determine the effec-
tiveness of depuration on VV and VP reduction in oysters,
researchers have manipulated key parameters like depu-
ration processing time, waber salinity, water temperature,
and water flow rate and explored the use of processing aids
and additives to enhance disinfection in oysters. Despite
these efforts, there still remain varied data on the optimal
conditions for the depuration of VV and VP from live oys-
ters.

This review aims to present a comprehensive synopsis of
important oyster-Vibrio depuration studies in order to pro-
vide a basis for future work and depuration standard oper-
ating procedures. Depuration’s significance and operation,
as well as oyster seafood-related illnesses and worldwide

management is described. In addition, concepts regarding
Vibrio ecology and its relation to depuration parameters
are presented as factors for the optimization of depura-
tion for oysters. Finally, trends among the results of oyster—
Vibrio depuration studies are penerated, new technigues
for depuration are discussed, and future considerations are
offered.

2 | SEAFOOD-RELATED VIBRIO
INFECTIONS IN HUMANS

Worldwide reports of human infection and potential food-
borne outbreaks from increased consumption of raw
seafood, and raw oysters in particular, stem from them
being the source of numerous viruses (e.g, hepatitis A,
norowirus, sapovirus, aichivinus, astrovims, enterovins,
and rotavirus), bacterial pathogens (e.g., Vibrio spp. and
salmonellae), and parasites (e.g, Cryptosporidium spp.,
Gigrdia duodenalis, and Tmooplasmao gondii) (Changchai
& Saunjit, 2014; Frangoise et al., 2008; Huang et al, 2012,
Lindsay et al, 2004; Manuvel & Jaykus, 2014; Nakagochi,
2013; Robertson, 2007; Ueki et al., 20010; Virginia Depart-
ment of Health, 2018). Specifically concerning bacterial
contamination, VP and VV are prevalent in oysters and can
make human consumers sick (Jones, 2014).

VP and VV are responsible for vibriosis, an illness that
affects an estimated 84,000 persons in the United States
annually (CDC, 2014} In 2009, there were 466 cases of
laboratory-diagnosed Vibrio infections per 104,000 people
as a result of consumption of raw or undercooked shellfish
asreported by the ULS. Centers for Disease Control and Pre-
vention {CDC) (Tack et al., 2020). Of the 466 cases, about
100 were confirmed positive by both culture-independent
diagnostic tests and culture. FoodNet, the infection track-
ing program operated by the US. CDC, reported that thess
findings contributed to 2 T9% increase in Vibrio infections
from food consumption in the United States compared
to data from the three previous years {Tack et al., 2020).
Another recent study confirmed increased outbreaks from
Vibwio in mw oysters { Love et al., 2001).

Furthermore, the World Health Organization (WHO)
and Food and Agriculture Organization (FAD) have
reported that “Clobally, VP is the leading cause of bacte-
rial gastroenteritis associated with consumption of seafiood
products” (WHO & FAD, 2021). VP infections typically
cause gastroenteritis in humans, but symptoms recede
after about 3 days (Yeung & Boor, 2004). Across the
European Uniom (EU), France and Italy reported out-
breaks from foodbome Wibrins were 0.3% of the total
outbreak cases reported (EFSA & European Centre for
Diisease Prevention & Control, 2021}, In 2019, in South
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Anstralia, three of eight reported cases of VP infec-
tion were linked to consumers eating raw oysters explic-
itly (South Australia Health, 2021). In China, disease
surveillance-reported foodbome outbreaks from VP were
maost likely in the summer and were the leading cause
of infection from 2000 to 2008 (Wuo et al., 2018). Vim-
lent VP strains were also common in molluscan shell-
fish zamples from Indonesia, Malaysia, and Thailand
(Changchai & Saunjit, 2004; Makaguchi, 2012). Similar
results were noted in studies from South America in Peru
and Brazil {Gil et al., 2007; Leal et al., 2008).

Less common than VF, WV infections are more serious
and can cause septicemia, hypotension, lesions in bodily
extremities, and even death if not treated promptly (Jones
& Oliver, 2009). VYV infections are more likely to oocur in
individuals with compromised immune systems and are
the leading canse of seafbod consumption-related mortal-
ity in the United States (CDC, 2014; Heng et al., 2017). In
2014, 10% of the total cases of Vibrio infections were the
result of WV in the Undited States with 39% of patients con-
firmed for vibriosis reporting they had eaten raw oysters
(CDHZ, 2004). Likewise, there have been reports of oysters
contaminated with VV originating from the Gulf of Mex-
ice, India, and Europe (Jones, 2014; Kaspar & Tamplin,
1993 )

‘While little data are available concerning foodbome ouwt-
breaks due to VP and VV infection on the continent of
Africa, these two strains have been identified in coastal
waters in the West African country of Guinea-Bissau and
in patients in East Africa (Ansaruzzaman et al., 2005
Machado & Bordalo, 2006). Along the MNigerian coast,
another study noted Vibrio spp. recovered from African
shellfish {Eyisi et al., 2013). More detailed analysis of the
global risk of VP infection is discussed in another review
{Mdraha et al., 2020). Conclusively, the risk of V¥V and VP
infection from contaminated seafood, especially oysters,
highlights the importance of successful food safety regu-
lations throughout the supply chain, from harvest to con-
SUMEL

3 | Vibrio ECOLOGY

Vibrios are prevalent in brackish waters and in some of the
indigenous aquatic organisms in those ecological systems
(Froelich & Daines, 2020); Martinez-Urtaza et al., 2010
Semenza et al_, 2017). It has been reported that incidence
of Vibwio in enclosed marine systems and estuaries will
increase over time due to rising oceanic water tempera-
tures resulting from climate change (Baker-Austin et al.,
20Z; Deetr et al., 201%; Ferchichi et al., 2021). Consequently,
the rise in water tem peratures may lead to increased risk of
virulent strains of Vibrio in raw oysters. Notably, it has been

. EE

shown that pelagic zone waters do not provide sufficient
growth conditions for Vibrio due to lower water tempera-
tures, salinities greater than 25 ppt, and limited nutrient
content compared to estuaries and coastal water systems
(Semenza et al., 2007). Awareness of such details can help
researchers in their approach to Vibrio mitigation in oyster
depuration systems.

In the following sections, ecological factors like pH, tem-
perature, and salinity and their influence on the growth
and abundance of Vibrio are described. In addition, a
few other factors are mentioned and their influence on
pathogenic strains of Vibrio. Furthermore, these factors
and their relation to depuration parameters described in
existing studies can help optimize the depuration process
for the reduction of VV and VP in live oysters. While the
effects of salinity and temperature on VV and VP reduction
in depuration work are plenty, the importance of water pH
will be revisited later in this paper when describing modes
of disinfection for oyster depuration systems.

3.1 | pH effects on Vibrio abundance

Previous research has focused on the effects of pH on the
growth and proliferation of Vibrio in environmental water
systems. Hartwick et al. (2019) noted a stable concentra-
tion of Vibrio in the pH range of 76-7.9 when developing
maodels to predict Vibrio concentrations in oysters from the
Great Bay estuary. Conversely, Yoon et al. (2017) demon-
strated the inhibition of colturable Vibrio when the bac-
teria was exposed to high salinity and low pH fluid envi-
ronments; however, ¥FP and VYV strains were still wiable
after 4°C storage at pH ranging from 4.0 to 7.0 for 30 days
(Yoon et al., 2017). Predictive models from algorithms were
developed to predict long-term VP abundance in water
systems, oysters, and sediment in another study (Ndraha
etal., 2021} Authors concluded the optimal pH range from
7.7to 7.9 significantly influenced VP populations in oysters
and in the waber:

In food systems and simulations of the human body,
the effects of pH on Vibrio have also been observed. A
study examined the antimicrobial effects of hot sauce (low
pH environment) on the survival of VV in fresh oysters,
shucked on the half shell (Sun & Oliver, 1995). The results
showed that although the hot sauce had a low pH (~2.0-
3.00), it was not conducive to reducing the concentration of
Vibrio contained in oysters. Cam and Brinkmeyer (2020}
also determined the effects of pH (5.5, 7.5, and 8.5) on the
growth of clinical and environmental strains of VV inco-
bated in vitro at 24°C for 48 h. They found both clinical
and environmental strains of VY produced biofilms at the
acidic pH value of 5.5, a mechanism that could protect the
viability of VV and preserve its ability to infect humans.
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Crverall, it seems that VW and VP can survive in acidic
conditions (as low as pH ~2.0) for very short time perinds,
but they thrive in fairly neutral (pH ~6.0-7.0) to alkaline
conditions (as high as pH ~10.0) for extended time peri-
ods (Mudoh et al., 2004). Jones and Oliver (2009) stated
that at low pH, a biological stress-response mechanism was
induced within Vibrio, which in turn triggers a protective
response element to subsequent environmental siresses on
the bacteria. This phenomena was demonstrated in sepa-
rate studies where 75% VP cells were still viable after 2 h
exposure to a pH of 4.0 and during the peneration of VV'
biofilms at a pH of 5.5 (Cam & Brinkmeyer, 2020; Wang,
Kong, et al, 2020 With evidence that oyster meat can
protect potentially pathogenic strains of VP and WV, con-
sumers should exercise caution when consuming raw oys-
tEers.

3.2 | Temperature effects on Vibrio
abundance

The significant correlation between emvironmental tem-
perature and the growth and proliferation of Vibvio in
shellfish and in water columns has been extensively dis-
cussed (Cruz et al_, 2015; Ford et al., 2020; Galanis et al,
2000; Hartwick et al, 200% Love et al., 7020; Mok et al,
2019}). Though Vibvio normally proliferate in warmer waber
temperatures, they have shown the ability to survive
in cold water sediment in nutrient dense environments
{Collin & Hernroth, 2020; Doyle & Buchanan, 2012). An
example of this ococumence detailed the ability of VP cells
to enter & viable but nonculturable state upon exposure to
temperatures of 10°C and below (Dliver et al, 2013). Short
periods of increased water column temperabures can even
resultin “Vibrio blooms™ or rapid rises in Vibrio population
(Froelich et al_, 2019; Takemura et al., 2014; Westrich et al.,
2016). Generally, however, preferred temperatures for Vib-
rio range between 15 and 35°C (Esteves et al., 2015; Wang
et al., 201E).

3.3 | Salinity effects on Vibrio abundance

Even though many studies note the dominant infloence
of water temperature on Vibrio proliferation, salinity is
also a very important factor affecting the survival of Vib-
rio in environmental and clinical systems (Table 1). Often
either salinity or temperature is mentioned as the sole
driving factor of Vibrio abundance; howewer, Kaspar and
Tamplin (1993) suggested Vibrio abundance in environ-
mental water systems is dependent on both tempera-
ture and salinity simultaneously. Thus, it is lkely Vibrio

abundance and its relationship to salinity is more complex
than was previously researched. Randa et al. (2004) drew
attention to the inconsistencies of prior studies when deter-
mining the optimal salinity range for the survival of envi-
ronmental strains of VV. In their study, water salinity mng-
ing from 5 to 10 ppt was optimal for VV growth regardless
of temperature in that particular water system {Barmegat
Bay, New Jersey, USA). Another study stated 5-20 ppt as
being the optimal conditions for ¥V growth (Chase & Har-
wood, 2011; Deeb et al, 2018). VP has been detected in
saline environments ranging from 15 to 25 ppt; yet others
claim that salinity from 20 to 25 ppt is the best condition
for VP growth (DePaola et al., 2000, 2003; Jones, 2004).
To demonsirate more extreme conditions encountered in
summer months when brackish water systems evaporate,
Kalburge et al. (2014) subjected endogenous (emviron men-
tal) stmains of VP to 60 ppt water salinity for 60 min to 16
h. The authors noted increased survival of VP as a result
of stress-induced, genetic modulation factors that protect
the cells from lysis. Conclusively, the most accommeodat-
ing environmental water salinity range is from 5 to 10 ppt
for VWV and 15 to 25 for VP

3.4 | Other factors influencing Vibrio
abundance

Other factors that affect Vibrio growth and proliferation
include silicate, water turbidity, nitrogen, phytoplankton,
chlorophyll, nitrite, zooplankton, and dissolved organic
carbon {Greenfield et al., 2017; Johnson et al., 2012; Paran-
jpve et al., 20015; Thickman & Gobler, 2017; Urquhart et al.,
2016; Zimmerman et al, 2007). Although it has been
worthwhile to analyze these environmental variables con-
currently when considering ¥ibrio growth and prolifera-
tion, Takemura et al. (2014) noted that only temperature
and salinity are powerful predictors of total Vibrio pat-
terns compared to other parameters. In addition, Davis
et al. (2017) sugpested considering turbidity and salin-
ity as important factors for VP persistence in the water
column. Furthermore, Takemura et al (2014) suggested
monitoring specific Vibrio species as a result of particular
environmental variables to better understand those rela-
tionship dynamics since the total Vibrio predictors may
not sufficiently represent more virulent species. Although
these aforementioned factors may not sipnificantly impact
Vibrios in oysters in a well-maintained recirculating depuo-
ration system, they may create enriched conditions for the
bacteria in a flow-through system. Moreover, these factors
may influence the presence and abundance of VY and VP
in freshly harvested oysters that will be subject to further
processing.
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TABLE 1 Obseraiions on the survival of VP and Vv al different sal tnitles

Salinity for optimal Vibrio Environmental or

Salinity scale abundance (ppt) Vibric specles clinical® Reference

Livw 510 L) Emvironmentzl Randa el al, 2004

Madium 520 ¥V Emviranmental Dbyt al , 3018

Midium 15-30 L Clinkical Chase & Harwood, 2001

Miadium 1515 ¥F Emviranmental Civens ef 8l 7014

High 30-15 ¥ Emviranmental Kalarge ef al., 2014;
Whilaker et al., 2010

High [01] ¥P Emviranmental Kalerge of a1, 2014

*Emvironmental indicaies endogenos sirins, while dinical indicates inoculaied oo

3.5 | Environmental factors’ influence on
pathogenic strains of Vibrio

Since not all VV and VP are penetically pathogenic, there
has been special interest given to the role of environmen-
tal pammeters on the occurrence of pathogenic strains
of Vibrio in water and in shellfish. VP contzins two
adhesin hemolysin virulence factors, thermostable direct
hemolysin (tdk) and TDH-related hemolysin (trfk). They
are also equipped with type 11 secretions systems (T355)
like T3551 and T3552 that allow for the release of bio-
chemical products that aid in the kysis of the host cell
and are integral virulence markers in bacteria that cause
diarrhea in humans (Burdette et al., 2008; Letchumanan
et al., 2004; Makino et al, 2003). VV express the vir-
ulence genes, multifunctional antoprocessing repeats-in-
toxin (MARTX), VVH, VwpE, and vegC during infection of
the host; howewver, a robust virulence marker has not been
identified ( Dickerson et al., 2021; Jeong & Satchell, 2012; Lo
et al., 2011; Yamazaki et al., 2019).

Granted higher water temperature is a significant indi-
cator of greater Vibrio abundance and can even contribute
to Vibwio blooms, it is not likely that pathogenic strains
of Vibrio follow the same pattern. Williams et al. (2007)
noted that 64% of pathogenic VP isolates from oysters
in their study were harvested during colder months with
water temperatures below 18°C. Perhaps this anomaly is
explained as one report sugpested inadequate binding of
potentially virulent Vibrio strains to particulates filtered
into oysters from the Pacific Northwest, accounting for
low accumulation of the pathogens. Although, Vibrio con-
centrations were high in the surrounding water ecosystem
(Milsson et al, 2019). It is important to note that no correla-
tion between Vibrio abundance and pathogenic subpopu-
lations has been found to date (Williams et al., 2007). More
research must be done to fully understand the infloence
of environmental factors (e.g., pH, temperature, salinity)
on virulent strains of Vibrio in oysters versus nonvirolent

strains. These findings could further lend to design opti-
mization of oyster depumtion systems.

4 | RAW OYSTER SAFETY
MANAGEMENT RELATED TO
DEPURATION

Typically used for “light to moderately contaminated
bivalve molloscan shellfish,” depuration is not usually
employed for the reduction of heavily contaminated
seafond products in the United States (Lee et al., 2008).
This fact is largely due to depuration being used in con-
junction with water monitoring efforts {monitoring of
shellfish growing waters for harvesting purposes); gener-
ally, molluscan shellfish are not harvested from highly pol-
luted prowing waters (Lees et al, 2010). In the United
States, shellfish can be harvested from restricted areas and
subsequently depurated as long as samples do not exceed
T0 Most Probable Mumber total coliftrm and B8 MPN
fecal coliform per 100 mL water and 10% of samples are
230 MPN total coliform and 260 MPN fecal coliform per
100 mL water for a five-tube decimal dilution test (NS5F,
2017). Internationally, organizations have been established
o oversee and enforce their own mandates for the safe har-
vesting and processing of fresh shellfish including live oys-
ters in particular.

Most countries have governing bodies that have a shell-
fish harvesting designation system based on water quality
(Su & Liu, 2013). The Centre for Environment, Fisheries
and Agquaculture Science of the United Kingdom states
that “Bivalve mollusc (shellfish) harvesting areas are clas-
sified according to the extent of microbial (faecal) con-
tamination as shown by monitoring of E. coli in shellfish
flesh™ (CEFAS, 2020 Samples are labeled in order to meet
European Union (EU) health regulations according to the
following standard: (1) Class A molluscs must have <700
Escherichia coli/100 g, 30% of samples <230 E. coli/100 g,
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and can be consumed by humans directly; (2) Class B mal-
h=cs must hawve less than 46,000 E. coli/100 g, %0% of zam-
ples <4600 E. coli/100 g, and undergo further processing
before human consumption; and {1} Class C molloscs must
be <46000 E colifl) g and can only be consumed by
humans after depuration for an approved time (CEFAS,
2000)

Canada also controls shellfish harvest based on extent
of water contamination with pathogenic microorganisms
(CFIA et al, 2021). Shellfish harvest areas are classi-
fied as approved, conditionally approved, and restricted
based on the magnitude of fecal contamination. Depura-
tion processes for shellfish harvested from conditionally
approved and restricted areas (geometric mean =230 fecal
coliform/100 g and no sample <100 fecal coliform/100 g)
must have validated the process for 20 successive lots of
shellfish using 2 minimum of 44 h with each lot yield-
ing a peometric mean of 20 fecal coliform/100 g and an
upper 1% value of 0 fecal coliform/100 g (CFIA, 2008).
Other requirements may apply according to the Safe Food
for Canadians Regulations established in 2019. Similarly,
a mandatory depuration step for shellfish harvested from
restricted or conditionally restricted harwest areas is in
place in Australia. The New South Wales Food Authority
requires depuration for 36 h to achieve a 3-log reduction
for E. coli (North South Wales Government Food Author-
ity, 2007). In Japan, shellfish harvested from areas with
greater than T MPN coliform/100' mL seawater are sub-
ject o depuration (Lee et al., 2008).

On account of many South American molluscan shell-
fish industries’ small operation statuses, many endeavor
to export their seafood product to other countries, notably
those in the EU and United States, to help grow their
brands {Medina et al., 2014). However, seafood regulation
is largely left up to the country to determine how they
want to govern the harvest of molluscan shellfish prod-
uct Currently, Argentina, Chile, and Uruguay have iden-
tified many shellfish toxins (e.g., paralytic shellfish poison
and lipophilic toxins) as immediate hazards, but not nec-
eszarily causes for depuration or further processing. Med-
ina et al. (2014) particularly noted Argentina, Chile, and
Uruguay as needing more time and respurces to betber
develop programs that fully meet the requirements of EU
or American seafood markets.

Although not an official shellfish regulatory entity, trial
studies from the Gambian Mational Shellfish Sanitation
Program noted “remarkably good water guality™ when
describing coastal shellfish harvesting waters compared
to its European and North American counterparts due to
the lack of a centralized sewage system depositing wastes
into these water systems { Rice et al,, 2015). Collected envi-
ronmental water samples met or surpassed the estab-
lished fecal coliftrm standard during shellfish harvesting

season, suggesting safer Crassostren tulipa oysters for local
and traveling consumers (Rice et al., 2015). The authors
noted that this program was modeled after the US, Nation
Shellfish Sanitation Program (MS5F) program that estab-
lishes necessary depuration protoco] if needed and could
ultimately lend to Gambian molluscan shellfish products
being exported to international markets.

Other entities poverning shellfish harvesting in other
countries in Africa were not found. While coliform indi-
cators (eg., total coliform, fecal colifrm, and E coli)
are widely accepted indicators for overall filth in water,
they are not good indicators for the presence of Vibrio in
water or in oysters {Gyawali & Hewitt, 2020; Koh et al,,
1994; Ddonkor & Ampofo, 2013; Thickman & Gobler, 2017;
Yeung & Boor, 2004},

4.1 | Approved PHP methods for oysters

Shellfish growing waters are tested for fecal coliform indi-
cators, human pathogens, or harmful substances and are
classified as approved, conditionally approved, restricted,
conditionally restricted, or prohibited according to NSSP
guidelines (5. Food & Drug Administration, 2017). Con-
ditional status and restricted shellstock (live molluscan
shellfish in the shell) can be processed, relayed, or depu-
rated to obtain approved status for safe human con-
sumption. Additional US. Food and Drug Administration
(FDA}approved PHP techniques include low-temperature
pasteurization, itradiation, high pressure, and flash freez-
ing and frozen storage (Baker, 2016). Table 2 shows
approved PHP methods with advantages and disadwan-
tages of their use in oyster processing. Researchers have
tried new methods to reduce Vibrio growth in raw oysters
aswell. Thomas (2016) used an onboard icing unit for their
boat to immediately cool harvested oysters to slow Vibrio
reproduction; however, VYV and VP concentrations were
not significantly reduced, and oyster mortality was height-
ened. Another review discusses other PHP technigues for
the reduction of VP in oysters (Spaur et al., 2020). While
many approved PHP techniques can successfully reduce
VP and VV in oysters, almost all result in oyster mortality.

Depuration is 2 PHF method that offers the ability to
reduce harmful bacteria in oysters in a controlled environ-
ment while keeping them alive, thus maintaining prod-
uct freshness. Depuration also has the advantage of being
applied to shellstock harvested from restricted waters in
order to “reclaim [the] product which is not =afe for con-
sumption™ (Otwell, 1991). In the United States, depura-
tion can be approved and certified by the FDA, while each
seafond processor that utilizes these methods is subject to
separate, stringent auditing by the FDA to ensure proper
observation of NSSP protocols (Otwell, 1991). As a result
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TABLE I FDA-approved mw oysber postharvest processing lechniques and thedr advandages and dissdvantages

Technigue Advantages
Low Ipmperaturs Spoflage bacieria rduced by 2-3 log
pastpurizmtion MPM,fg; last processing time
Irmadiation Elminated Vibrios msing <15 kily;
ySlEns were Blive
High-pressure processing. Ylelded raw, caslly shucked oysiers

Fash fresring and Erocen Reduced VI*by mare than 352 log
slorage MPN/ig; quakty preserved
Abbreviation: VF, ¥ifrie porahosmofytios.

of these regulations and the capital costs associated with
operating a depumation system, there has been a decline in
use of this processing method in the United States com-
pared to other countries (Lees et al., 2010; Otwell, 1991 ).

42 | Vibrio risk management in live
oysters

In recent years, it has been suggested that increased Vib-
rio abundance duee to extended climatic varations, as a
result of elevated water temperatures in marine and coastal
waters, may cause more outbreaks in huomans that eat
raw oysters (Baker-Austin et al_, 2002, 2017; Froelich et al.,
2%, Heméndez-Cabanyero et al, 2020; Le Roux et al.,
2015). American states have attempted to reduce bacterial
infection in humans via consumption of mw shell-
fish by implementing illegal harvest periods and time-
temperature controls (NSSF, 2017, These illegal harvest
periods are typically during summer months when waters
are warmer and Vibrio proliferate more readily (United
States Covernment Accountability Office, 2011).

‘With knowledge of mw shellfish zafety concemns, the
FDA and the Interstate Shellfish Sanitation Conference
(ISSC) established the NSSP in 1984 (U'S. Food & Dirug
Administration, 2017). The NSSP ensures the zafety of
shellfish throughout the supply chain across state borders
through federal regolation and approved FHF methods.
The IS5C provided a year-round validation protooo] that in
order to make labeling claims about pathogen reduction,
oysters having gone through PHP methods must reduce
VP andfior VW with initial concentrations from 10,000 to
100,000 MPN/g to nondetectable levels (below 30 MPN
per gram of oyster meat) and achieve at least a 3.52-log
reduction of VP and,/or VV (U5, Food & Drug Administra-
tiom, 2017). Producers would also need an approved Haz-
ard Analysis Critical Control Point plan to make pathogen
reduction claims with labeling. Specifically for VV, 2 sub-
stantial decrease in human health risk was established

Disadvantages Reference

Uilimed Lemp. wp io 50°C Bar 10 min; Andrews el al., 2000
yielded dead product

Negalive consumer perception;
utilized large amount af energy

Increased pH; slighl color change;
Increased protetn denaturation;
yielded dead product

¥ielded dead product

Andrews el al., 2003

Cruz-Romern ef al., 2004

Linatal, 2009

when Vibrio concentration was limited to below 30 MPN
(Waorld Health Organization, 2009).

4.3 | The importance of the 3-log
reduction for Vibrios

Before the FDA can approve a PHP technique, validation
testing must demonstrate the efficacy of the process in
reducing microbial loads, A study conducted by Cook et al.
(2002} showed concentrations of VP or VV in market-sized
Gulf oysters were about 100,000 MPN per gram during
summer months. While these high initial concentrations
of Vibrio were not easily reproduced in oyster in other loca-
tions, the IS5C suggested an overall reduction of 3.52 log
(comparable to 100,000 MFPN to 30 MFN) for validation
{15, Food & Drug Administration, 2017). Another study
showed significant reductions in human health risks asso-
ciated with pathogenic strains of VV when the concen-
tration was less than 30 MPN per gram of oyster (WHO
& FAQ, 2005). Based on this information, new validation
guidelines dictate an initial ¥ibrio load of 10,000-100,000
MPN per gram of oyster and a reduction of Vibrio by
3.52 log (about 1000-fold) to below 30 MPN per gram of
oyster (U5, Food & Drug Administration, 2017). Temper-
ature abuse is usually employed to help achieve increased
initial Vibrio levels in some lab studies {Spaur et al., 20200,
Moreover, the NSSP requires operating depuration plants
to comply with inspection on a monthly basis to ensure the
process’ continued compliance with established standards.

5 | THE SIGNIFICANCE OF
DEPURATION FOR AQUACULTURED
OYSTERS

Glohal aguacnlture comprised X% bivalve molluscs in
2018, according to the FAD, with about 5.6% share of total
edible weight (Belton et al., 2020; FAQ, 2020). They also
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noted agquaculture as the leading source of the world's
bivalve molluscs, including oysters. Although past issues
concerning disease, habitat destruction, and overfishing of
the Eastern oyster, Crassostrea virginica, limited oyster pro-
duction in the United States, there has been new, increased
demand for oysters in the country due to increased human
population and loosened regulations (Bostock et al., 2010;
Botta et al_, 2020; Rothschild et al_, 1994 ). To maintain cur-
rent advancements and further develop the oyster aquacul-
ture industry to meet consumer demand, depuration could
be utilized as a process to better enhance oyster seafood
product.

Due to growing huoman populations, environmental
chanpes and pollution, as well as limited harvesting zones,
oysters cannot abways be reared in noncontaminated waber
systems (Ferndndez et al., 2016; Geary & Lucas, 2019; Zhu
et al, 2019 Depuration, however, can solve this issue by
allowing for harvesting from sites that may be deemed
restricted as long as requirements for coliform reduction
in the oysters are met, as administered by the U.S. NSSP
(U.5. Food & Drug Administration, 2017). This exception is
aleo observed in Annex II, Chapter | guidelines authored
by the EU, which state that “live bivalve molluscs may be
collected, but placed on the market for human consump-
tion only after treatment in a purification centre. .. .[and]
must not exceed the limits of a five-tube, three dilution
Most Probable Mumber (MPM) test of 4,600 Escherichia
coli per 1) g of flesh and intravabvular liqguid™ { European
Union, 2004). Furthermore, in Japan, raw oysters are to
have no more than 230 MPN of E coli per 100 grams, a
MPHN of VP no more than 100 per gram, and overall bac-
teria count should be no more than 50,000 per gram ( Lee
et al., 200E). All of these requirements involve aquaculiure
in water environments that are less than ideal. Successful
application of this FHP technique would also lend to mak-
ing aquacultured oysters more economically competitive
in the seafood industry (Martinez-Albores et al_, 2020).

6 | DEPURATION PROCESSING FOR
MICROBIAL REDUCTION IN OYSTERS

Richards (1985) describes depuration as a “land-based pro-
cess where shellfish are cleansed in tanks usually contain-
ing flow-through or recirculating seawater.” An efficient
depuration process cleans and sanitizes inflow and out-
flow water to prevent further contamination of the oyster
while undergoing processing. The purpose of depuration
is to maintzin the viability of the shellfish, enhance prod-
uct safety through reduction of pathopenic and spoilage
microorganisms, and subsequently extend product shelf
life.

6.1 | Oyster condition before, during, and
after depuration

The biochemical and physiclogical condition of the oys-
ter prior to, during, and after processing is key to suc-
cessful depuration. Oysters should be handled carefully,
frequently inspected for good health and quality, and envi-
ronmental stressors should be limited throughout process-
ing (Fleet, 1975; Lees et al., 2000).

Though oysters” exterior shells are rigid, care should be
used during pre-processing and handling to prevent dam-
age to the animals. suggested loading depuration tanks
with oysters first before filling the tanks with water to pre-
vent contaminating the water and preventing open oysters
from ingesting resuspended material in the water. Usually,
oyster condition index, a ratio of the dry weight of the oys-
ter meat to the size of the shell cavity, is monitored as an
assessment of quality before, during, and after processing
{Larsen et al., 2013; Lawrence & Scott, 1982). A high value
for condition index indicates a greater amount of oyster
meat inside the shell and overall gond quality oyster, while
low values are usually indicators of disease or environmen-
tal stress on the animal, which contributes to less oyster
meat {Haven, 1960; Lemasson et al., 2019).

Bio and MNunes (2021) demonstmated a significant per-
cent decrease in the condition index of Crossostrea gigas
when depumation was extended to 42 days. The same
was observed in a M-day oyster depuration study (Larsen
et al., 2013). However, Larsen et al. (2015) later noted this
decrease in oyster condition could be attributed to lack
of feeding. In their later stody, oysters were fed a diet of
microalgae and experienced no significant changes in con-
dition indices. Bagenda et al. {201%) further confirmed this
observation when oysters fed during their 14-day depura-
tion study experienced no significant changes in condition
index. The authors noted oysters with low initial condition
indices increased after feeding during depuration process-
img. It was also suggested that low temperature (<25°C)
and high salinity (28-31 ppt) can stave off negative oyster
condition indices, especially since oyster respiration signif-
icantly increases at higher temperatures ( Percy et al., 1971).

In biology, stress has been defined as any response to
environmental demands imposed on an organism that
disrupts homeostasis (Schulte, 2014; Selye, 1950). Typi-
cal environmental stressors on oysters incluode variables
such as temperature, food availability, pH, oxygen awvail-
ability, salinity, presence of fouling organisms, disease,
water movement, suspended sediments, and the presence
of predators {Brown & Harbwick, 1985}, Many studies have
summarized the physiological response of oysters to these
factors (Bayne, 2017; Bio & Munes, 2021; McMenemy et al_,
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2018; Méthé et al., 2010; Roano et al., 2012; Wang, Kong,
et al., 20200

In particular, Lemasson et al. (2019) observed decreased
nutritional quality {reduced protein, lpid, and carbohy-
drate} due to prolonged periods of increased temperaiure
and acidification on certain species of oysters during an
ooean warming simulation. These findings were corrobo-
rated in an oyster depuration study when longer process-
ing times (42 days) yielded increased oyster lipid peroxida-
tion values in a static system at 21°C (Bio & Nunes, 2021).
Further, Jeong et al. (2021) observed mo change in oyster
freshness determinanis like pH or ghycogen content during
shorter depuration (5 days) with cooler water temperature
{(15°C) in a flow-through system. Pardio-Sedas (20015) also
wamed of oyster protein degradation as a result of ozone
disinfection efforts during depuration.

Finally, sustained depuration conditions that accommao-
date oyster spawning (e.g., warm depuration water temper-
atures especially during summer/warm season months)
should be avoided (Wallace, 2001). Spawning not only cre-
ates increased susceptibility in oysters to Vibrios and other
bacteria due to weakened immune systems, but also dimin-
ishes the nutritional quality of the oysters due to energy
expenditure (Aapesen & Hise, 2004; Li et al., 2007). Ult-
mately, it is the duty of the operators to ensure that good-
gquality product goes into the depuration system, so guality
oyster product can be achieved at the end of processing.

62 | Typesof depuration systems

Before depuration can begin, it is recommended that pre-
viously cleaned, live oysters be positioned on a tray in the
tank before filling with water to prevent contamination
(Lee et al., 2008). A basic setup for oyster depuration con-
sists of a container that can hold a volume of salt water,
air stones or water spray bars to introduce air into the sys-
tem, and oysters spaced out from each other to prevent
impediment to their filter feeding processes. Finally, oys-
ters should be positioned above the container’s bottom to
prevent recontamination from depurated particles that fall
to the bottom of the system. Three types of oyster depu-
ration systems are typically utilized: (1) recircolating, (1)
flow-through, and (3) static.

Recirculating depuration systems consist of an inflow
for seawater into the depuration tank and an outflow for
the seawater. For example, the recirculating depuration
process flow for a small-scale laboratory system follows
the numbering system in Figure 1. After oysters have been
arranged in the tank and the seration system tomed omn,
the tank is filled with salt water from the holding tank (1).
Salt water is typically simulated or pomped in from a kocal
body of water, purified and/or disinfected, and recirculated

.-

in industrial or laboratory systems (Lee et al., 2008). The
salt water then passes through a particle filter (2) to remove
amy large particles that may be in the water. While a biofil-
ter can be included here, it may be omitted from the system
to examine the efficacy of whatever treatment is applied to
the oysters in a laboratory setting. A pump (1) moves the
salt water through an in-line flowmeter (4). The flowmeter
assists in maintaining a steady flow throughout the depu-
ration process. A water spray bar (5) will load the tank with
water while also acting as a method of introdocing air to
the water system for the oysters. An seration component,
like air stones (6), can also be placed throughout the tank
to provide the necessary dissobved oxygen level of at least
5 mg/L, depending on the size of the system (Lee et al,
20008; Pan et al, 2018). Once the water is above the oys-
ters, depuration can begin. In some lab-scale systems, an
ultraviolet (UV) disinfection unit is utilized to aid in reduc-
ing bacteria depurated from oysters. While depuration in
industrial settings is usnally completed in about 2 days,
lab-scale studies hawe been conducted for up to 14 days or
longer. Once complete, outflow water (depurated water)
flows out of the tank through a suction bar (7) and back
through the filtration system. The tank should be equipped
with a drain {8) for easy cleaning Salt concentration, dis-
solved oxygen, temperature, and water flow rate should be
measured periodically throughout the depumation process
(MNSSF, 2007)

Lastly, since Vibros can attach to particulate mat-
ter, turbulent water flow should be limited to prewent
resuspension of particles on the bottom of the depuration
tank (Froelich & Moble, 2015; Lee et al, 2008). Moreover,
an advantage of using a recirculating depuration system is
that the operator can use artificial seawater. Artificial sea-
water, if prepared from good-quality water and salt mix,
can provide convenience, cleaner water, and water consis-
tency (e.g., control of salinity ) unlike natural sea water {Lee
et al, 2008). In a previous study, Phuvasate et al. (2011}
effectively reduced VP in Pacific oysters using a closed,
recirculating depuration system equipped with a UV
unit.

In contrast to recirculating systems, flow-through sys-
tems are often used in depuration facilities that are in close
proximity to a body of free-flowing seawater. These systems
divert natural flowing water to holding tanks and then
to filters that separate out any particulates in the water.
From the filtering system, the water is disinfected and/or
directed to flow to depuration tanks containing live oys-
ters. After processing, the filtered seawater is discarded
and not returned to the oyster tanks. One challenge noted
with flow-through depuration systems is the lack of con-
trol of water properties. Lewis et al. (2010) reported incon-
sistent salinities and water temperatures from daily incom-
ing water, although under high saline conditions they were
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FIGURE 1

able to reduce VV in oysters in their study. Also, pumping
in natural seawater could be a separate engineering chal-
lenge if the necessary mechanical systems are not already
in place.

Dissimilarly, static depuration systems function using
tanks with no inflow or outflow of water Instead, salt
water filtered by the oysters is replaced with clean salt
water daily, as in a batch-type system design. The oys-
ters are allowed to filter the salt water naturally with no
forced water flow, water recirculation, or other depuration
water additives; however, an aeration component is usu-
ally incloded. A= a control to their study on the effects of
electrolyzed water on reduction of VV and VP in inocu-
lated oysters, Ren and Su (2004) used a static tank of arti-
ficial seawater at 29.6 ppt and reported no reduction of VV'
and VP after a day. Similar results from Sorio and Peralta
(2007) further assert the main dawhack of static depura-
tion being that depurated bacteria can recontaminate the
oyster if the depuration water is not replaced often.

7 | PARAMETERS AFFECTING THE
DEPURATION OF Vibrio FROM LIVE
OYSTERS

Effective depuration systems are largely dependent on
parameters such as depuration time (length of processing),
water salinity, water temperature, and water flow rate. This
section considers the impacts of these factors on the reduc-
tion of VV and VP in oysters undergoing depuration based
on existing studies (Table 1). Hydranlic retention time was
also calculated to normalize the flow rates of the various
depuration systems discussed. Additionally, resulting V'V
and ¥P reduction trends were determined and nsed to sug-

.ﬂ.gmtur i - - i

DMagram of 3 proposad |shoratory, bench-scale, recirculating depuration sysiem for aysiers

gest the optimal depuration processing conditions for live
oysters (Figure 2). Finally, other minor considerations are
described to provide a more comprehensive view of recent
oyster depuration work.

7.1 | Time (length of processing)

Usually, a cost-effective, induostrial depuration system
should not operate for more than 2-3 days before product
tumover (Lee et al, 2008). Due to the nature of the food
processing industry, reduced processing time means more
product throughput and potential for increased profit.
However, it has been acknowledged that extending the tra-
ditional depuration process to about 5 days can enhance
the removal of bacteria from bivalve shellfish (Lee et al,
2008).

Diepuration studies dedicated to the reduction of Vibrio
in oysters were conducted ower the course of 1-14 days.
Reductions in VV and VP were lower (<3 log MPN/g)
when processing took place over 1-3 days compared with
longer processing times (Chae et al., 2009). Other stud-
ies demonstrated higher reductions of VW and VP (=3 log
MPN/g) in oysters when depuration time was more than
3 days (Ming et al., 2018a; Phuvasate et al_, 2011; Phuvasate
& Su, 2003; Su et al., 2000; Wang, Yu, et al., 20010).

In the study by Wang, Yu, et al. (2010), this effect is
exemplified as they reported a relatively steady increase in
VP reduction in oysters corresponding with longer depu-
ration time. Crossostren gigas from Shanghai, China were
held in a recirculating depuration system at about 17-19°C
with a salinity of about 18-20 ppt, and water flow rate of
approcimately 13 L/min for 14 days (Wang, Yo, et al, 2000
The system's water was replaced with new, clean water
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FIGURE 2 Threedimensional scatter plots depicting overall research trends in the reduction of (&) Vibrio vulnifices (VV) and (b) Vibrio
parchaemolyticus (VP) In oysters as a result of lemperature (*C, x-axis), low rate (Lpm, y-axis), and salinity (ppL, z-axis) during depuration.

Log reductions depicted as black squares (Il = 0) were Increases In VV

every 12 h and the oysters’ digestive glands and gills were
examined after the 14-day depuration to determine the
reduction of artificially inoculated VP in the oysters. After
14 days, depuration reduced VP in the digestive glands and
gills by 3.15- and 2.95-log CFU/g, respectively.

In contrast, two studies noted the gradual increase in VV
as depuration time was extended longer than 3 days. By

the end of a 6-day depuration test, two experiments yielded
slight increases in endogenous (environmentally contami-
nated) VV as reported by Lewis et al. (2010). Another study
demonstrated a decrease in endogenous VV up to day 2
and an increase in VV from day 3 to day 6 during a 10-
day oyster depuration study (Larsen et al., 2015). While
no explanation was given to describe this phenomenon, a
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possibility could be related to the biological stress response
in VV that activates intermal, biochemical profective mech-
anisms to contribute to the survival of the bacteria when in
hostile environmental conditions for prolonged periods of
time (Jones & Oliver, 2009). Although not the focus of this
review, special interest should be given to understanding
the mole of quorum sensing, biofilm formation, and viable
but nonculturable states of Vibrios as preservation mecha-
nisms in response to depuration and reduction efforts over
time as well

Ultimately, research trends indicate that depuration pro-
cessing times from about 4 to 6 days can produce VP reduc-
tions of =3 log MPN/g of inoculated oysters compared to
shorter imes ( Table 3. However, reduction of endogenous
(emvironmentally contaminated) VP may require more
than & days processing and manipulation of other depu-
ration parameters to achieve even >1 log MPN/g reduction
in oysters. Similar to VF, oysters inoculated with V exhib-
ited reductions of >3 log MPN/g when processed for about
6 days. Endogenous strains of VV in oysters seemed to
achieve reductions from 1 to <3 log MPN/g when depura-
tion was from 10 to 14 days. Howeever, for industrial use this
elongated time frame is not conducive to gquick through-
put and process budgeting. Cverall, it may be best to lmit
depuration for oysters contaminated with ¥V to <6 daysto
prevent anomalous increases in the bacteria and to reduce
processing costs.

7.2 | Salinity

Salinity i= another important depuration factor for reduc-
ing ¥V and VP in molluscan shellfish, as most oysters
require salt water to survive. Water salinity ranging from
15 to 35 ppt was beneficial to the survival of Eastern oysters
from the Breton Sound, Louisiana, USA, for both spat and
adults, during a previous study by Rybovich et al. (2006).
In industrial depuration systems, however, salinity should
match that of the oyster harvesting waters to prevent imi-
tial shock and subsequent harm to the animals (Lee et al.,
20081

Depuration water salinities ranging from 9 to 35 ppt were
analyzed in this review (Figure 2). There was a tendency
for reductions of both endogenous (environmentally con-
taminated) and inoculated {clinical ) VV in oysters to be =3
log MPM/g when =alinity ranged from 25 to 32.2 ppt. For
reductions =1 to <3 log MPN/g, salinity was between 12
and 35 ppt for endogenous VV and more consistently 30
ppt for inoculated VY. For VP reductions >3 log MPN/z,
salinity was most consistently 30 ppt. Salinities ranging
from 10 to 35 ppt were necessary for VP reduction of at
least 1 log MPN/g. The causes for these salinity variances
in V¥ and VP reduction efforts in oysters are unknown,

but are likely due to the high =salt tolerances of VV and VP
(Table 1). Froelich et al. (2007) likewise reported negative
correlations between water salinity and ¥V in wild oysters
and no correlation between water salinity and VP in wild
oysters harvested along the coast of Morth Carolina.
Depuration salinity alone may not be enough to effec-
tively reduce VV and VP in oysters; instead, combinations
of depuration parameters may need to be employed to gain
significant reductions. For example, another study found
that a combination of low temperature (15-17"C) and high
salimity (28-31 ppt) during depuration had more effect on
reducing both VY and VP populations while maintaining
oyster quality throughout processing (Hagenda et al, 2009).

7.3 | Temperature

Orperators should maintain water temperatures that keep
the oysters alive and healthy with little or no additional
capital costs. Optimal temperature for oyster depuration
varies depending on harvesting site and species. However,
as demonstrated in previous studies, water temperature
can be manipulated to improve VV and VP reduction in
live, depurating oysters.

For example, a study demonstrated a lessened reduoc-
tion of WP in Pacific oysters, Crassostrea gigas, harvested
from the Yaquina Bay in Oregon at temperatures below
5*C and high oyster mortality at temperatures greater than
30°C (Phuvasate et al., 2012). Others were successful when
reducing VV in Eastern oysters harvested from Louisiana
at a lower depuration temperature, 10°C, as opposed to a
higher depuration temperature of 22°C (Tokarskyy et al.,
2019). Another study by Larsen et al. (2015) tested the
effects of temperature (20, 22.5, and 25°C) held at constant
salinity {35 ppt) on Eastern oysters harvested from Grand
Bay, Alasbama. The oysters were depurated for 10 days and
the reduction of both VV and VP was evaluated. Authors
noted that the high salinity had a more significant effect
on the reduction of VV and VP than temperature, and VV
was reduced more readily than VP. However, reductions of
VV and VP were not sufficiently consistent to validate the
method by FDA standards.

In another stody that examined the effects of 5, 10, 15,
and 22°C on VV- and VP-inoculated Eastern oysters from
the Gulf of Mexico, 15°C proved to be the ideal tempera-
ture for the highest reductions (Chae et al, 2009). After
24, 48, and 94 h, reductions of VP were L&7, 2.09, and 2.60
log MFM /g, respectively. Likewise, respective reductions of
VV were 178, .88, and 3.3 log MPN/g after 24, 48, and 9%
h. Seemingly in this study, processing time and tempera-
ture had a synergistic effect that led to improved reduc-
tions of ¥V and VP; however, for industrial use, depura-
tion time should be Imited while trying to achieve the
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maximum reduction of VW and VP in oysters for economic
benefit.

Depuration temperatures across the reviewed studies
ranged from 2 to 3.35°C (Figure Z). Cooler temperatures
(15-18"C) were most effective in reducing VV in inoculated
oysters by >3 log MPMN/g. Likewise, temperatures between
5 and 18°C produced =3 log MPN/g reduction of VP in
inoculated oysters. No trends were seen among tempera-
ture data correlated to reductions of endogenous strains of
VW and VF. Overall, depuration temperatures lower than
20°C seemed to vield the greatest reductions of ¥V and VP
in oysters across most of the studies. However, the operator
should be careful to not stress the oysters by cold-shocking
them (Lee et al., 2008]).

7.4 | Flow rate

Camphell and Hall (2019) reviewed the influence of hydro-
dynamics in oyster aquaculture. They reported that in
nature hydrodynamics significantly affects the mixing and
transport of feed for oysters. Similarly, the hydrodynamic
effects imvolved in depuration are just as important. Waber
flow rate in a flow-through or recirculating system should
be at a rate that does not harm the oysters in the pro-
cess and helps aerate the tanks while not disturbing settled
detritus.

Lewis et al. (2010) used a flow-through depuration sys-
tem that pumped in seawater from the Gulf of Mexico
at different flow mtes (11, 46, and 68 L/min} to measure
the effects on VV reduction in Eastern oysters. VV was
decreased in oysters using higher flow rates (>46 L/min);
horwever, the study was not conclusive due to low initial VV'
counts and daily seawater salinity fluctuations. A recircu-
lating depuration system would provide 2 more controlled
environment to measure the effects of water flow rate on
limiting Vibrio during oyster depuration.

Another study examined flow rates from 15 to 35 L/min
and confirmed higher flow rate might enhance depuration
in oysters; however, the authors did confirm that depu-
ration time had a more significant impact in the reduc-
tion of VP in Pacific oysters than flow mtes (Ming et al,
201Ea). The authors also noted depuration flow rate may
contribute to modulating an oyster's pumping activity. It
seems that higher water flow rates result in greater pump-
ing action exerted by the oyster contributing to a greater
elimination of endogenous bacteria.

Flow rates employed in these stodies vared between O
(static) and 68 L/min (Figure ). While reductions of VvV
and VP of >3 log MPN/g did ocour at flow rates of 35, 34,
and 68 L/min, it seems that rates as low as 11-25 L/min are
just as effective. Nevertheless, flow rate does not appear to
have as significant an effect on YV and VP reduction in

L R

oysters as salinity, temperature, and depuration process-
ing time. New studies on how flow mte influences Vibrio
reduction are needed to understand experimental trends
more fully.

7.5 | Other considerations for reducing
VV and VP in depurating oysters

Onrsters are adaptive feeders influenced by their environ-
ment and can filter up to 55 L of water per day (Pietros
& Rice, 2003; Wang, Song, et al., 2020). To measure the
effects of oyster to seawater ratio on VP reduction in Pacific
oysters, Shen et al. (2019) tested oysters in a recirculating
depuration system for 5 days. The ratios were 121 (40 L),
151 (60 L), 21 (B0 L), and 2.5:1 (100 L) of artificial seawater
per 40 oysters. Initial concentrations of VP in the oysters
were 10° MPN/g before the depuration process began. The
seawater—oyster ratios 1:1, 1.5:1, 2:1, and 2.5:1 reduced VP in
the oysters by 2.45, 3.74, 1.91, and 3.00 log MPN/ g, respec-
tively. Consequently, the highest sexwater to oyster ratio
reduced VP in the oysters to a lesser extent than the ratios
151 and 2:1. The authors hypothesized that a seawater-
oyster ratio greater than 2:1 may have reduced the available
dissolved oxygen in the depuration system, which subse-
quently led to slowed oyster pumping activity and reduced
VP To put their findings into context, perhaps the oysters
in the highest treatment ratio, 2.5:1, were not able to filter
the 100 L of water in a5 many cycles as the smaller volumes
of water. This could have contributed to fewer opportuni-
ties for the oysters to eliminate the VP strains from thedir
tissues

Further, Ming et al. (2018b) hypothesized that feeding
Pacific oysters during depuration would provide sufficient
biochemical energy for the oysters to pump and purge
themselves of VP more readily. They found that while
depuration redwced VF in the oysters, feeding had no sig-
nificant impact. Likewise, Bagenda et al. (2019) examined
the effects of feeding an algae diet to Pacific oysters. Feed-
ing the oysters during a 14-day depuration period did not
significantly reduce VV or VP in the oysters and did not
negatively affect overall oyster quality. Therefore, no evi-
dence to date indicates that oyster feeding helps or hinders
VV or VP reduction during depuration.

Although no literature specifically examines the im pacts
of dissolved oxygen, water turbidity, and total organic car-
bon in VV and VP reduction in oyster depuration systems,
these factors are also essential components in creating an
environment conducive to maximizing the pomping and
filtering activity of live oysters (Bayen et al_, 2007). Future
depuration studies could consider these parameters. Les
et al. (2008) echoed this fact noting that most depuration
systems should provide at least & mg/L dissolved oxygen for
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oysters. Especially in flow-through systems, these minor
depuration considerations should be weighed.

& | MODES OF DISINFECTION FOR
OYSTER DEPURATION SYSTEMS

In addition to the aforementioned depumation specifica-
tions, use of process aids and water additives may assist
in bacterial disinfection. In most depuration systems, out-
flow water from depuration processes typically undergoes
disinfection treatment before retuming to the depuration
tank. Methods of disinfection in industrial and labora-
tory systems have included UV light radiation application
and chemical treatments such as ozone and chlorine addi-
tives. This secti highlights the contributions of such stud-
ies to the area of oyster depuration research. Furthermore,
recent studies detailing novel techniques such as the addi-
tion of electrolyzed water and other antimicrobial addi-
tives to oyster depuration systems to reduce VV and VP in
outflow (depurated) water are reviewed.

8.1 | UV radiation

Fleet (1978) rewiewed live oyster industrial depuration pro-
cessing systems. They stressed the importance of a reli-
able water disinfection system, such as a UV light system
(Fleet, 1978). They found that UV near 254 nm is effective at
destroying pathogenic bacteria and viruses by cansing pho-
tochemical reactions in microorganisms that oltimately
dismupt cell function and damage cellular DN A (Fleet, 197%;
United States Environmental Protection Agency, 1999). For
effective bacterial disinfection, 10 mW/cm®/s has been
identified as an acceptable UV intensity for industrial
recirculating depumtion systems with about 2200 L of
water (Lee et al., 2008). UV light system manufacturers
should provide acceptable water flow rates for maximum
U'V-water contact time resulting in successful disinfection
(Timmons et al_, 20018}

‘While UV treatment to outflow water is common in
depuration systems, certain Emitations exst. Depending
on the power and design of the UV system, UV light will
exthibit 8 maximum depth to which it can penetrate the
water. This challenge was demonstrated in older UV sys-
tems, where the UV was positioned above the outflow
water. At that ime, water needed to be at an optimum
depth for UV radiation to sufficiently penetrate and inac-
tivate microorganisms in the water. However, most mod-
ern UV systems made in tubular or other novel designs
allow for water flow around the UV lamp in order to over-
come the challenge of effective UV penetration (Whithy
& Scheible, 2004). However, water turbidity remains as a
hindrance to effective UV disinfection in depuration. Tur-

bid outflow water will not be sanitized efficiently when
flowing through a UV system; clear water is suggested for
application to a UV light system in depuration. Large par-
ticulates and general opague filth must be remowved for a
UV system to work efficiently (Lee et al., 2008; Mamane
et al, 200%). The US. NSSP states that when using UV
dizinfection, =... turbidity of the water to be disinfected
shall not exceed twenty (20) nephelometric torbidity units
(NTUs)..." (US. Food & Drmg Administration, 2017). To
reduce water turbidity, filters are often employed in depu-
ration systems equipped with UV disinfection units. Lastly,
the flow of water through the UV system should be at a
flow rate that provides adequate contact time between the
water and UV light radiation so bacteria in the water can
be adequately inactivated (Paidalwar & Khedikar, 2005).
Water flow that is too turbulent may prevent sustained LTV
contact ime with microorganisms and may require mul-
tiple passes of outflow water through the UV system, thus
increasing depuration time, and ultimately incurring more
capital cost for the processor.

UV treatment of outflow depuration water was shown to
sufficiently reduce VP and VV in oysters from about 4.80
and 2.56 log MPN/g to about 2.30 and 0.40 log MPN/g,
respectively, within 48 h of treatment (Famos et al., 2012}
Phuvasate and Su (2013) tested UV-disinfected seawater
daily to verify the reduction of VP in Pacific oysters dur-
ing depuration for 5 days. Oysters in their study expe-
rienced a VP reduction from 1.7-2.0 log MPN/g on day
1 to 3.0-3.3 log MPN/g on day 5. Similarly, Jeong et al.
(2021) was able to achieve close to a 4-log MPN/g reduc-
tion in Crossostrea gigas artificially inoculated with VV
from Tong-Yeong, Gyeong-sang-namdo in the Republic
of Korea. Oyster depuration transpired for 60 h using a
recirculating system equipped with low-pressure mercury
vapor UV lamps (13 mJ/cm®) and water at 15°C, 35 ppt, and
B L/min.

Sorio and Peralta (2017) examined the effectiveness of a
UV disinfection system on the reduction of WP in oysters,
Crassostrea iredalei, harvested from Miagan, Iloilo, Philip-
pines after undergoing 2-day depuration in a recirculat-
ing system. A 55-Watt UV unit treated outflow depuration
water with flow rates of 5, 10, and 15 L/min in their study.
Onyster densities in the systems were denoted as D1 for two
oysiers in a tank and D2 for four oysters. Three separate tri-
als were conducted with initial VP levels of 240, 240, and
200 MPN/g for trials 1, 2, and 3, respectively. The combina-
tion of high flow rate at 15 Limin and UV disinfection low-
ered final VP concentrations to 64, 64, and 75 MPN/g for
trials 1, 2, and 3, respectively, for oyster density D1 Equally,
flow rate at 15 L/min and UV treatment lowered final VP
concentrations to 93, 75, and 93 MPN/g for trials 1, 2, and 3,
respectively, for oyster density D2. While UV disinfection
isa factor in reducing ¥V and VP in depurating oysters, the
authors noted that perhaps oyster stocking density should
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alsn be considered and kept at 2 minimum depending on
the water penetration power of the UV unit.

82 | Chlorine

Chlorine is a chemical disinfectant commonly added to
depuration water. It is one of the least expensive and most
available options. Utilization of chlorine also allows the
user to disregard depuration water depth as opposed to TV
penetration. Bacteria are lysed when cell walls and mem-
branes are damaged after oxddation reactions with chlorine
molecules (Wirto et al, 2005). As with UV, potent bacte-
rial disinfection via chlorine can be hindered when organic
matter and other particulates are present in significant
concentrations in the water. Lee et al. (2008) mentioned
chlorine additives are usually incorporated into depurated
waters by means of 2-3 mg/L of sodium hypochlorite solu-
tion with contact times up to 1 h. It is also suggested that
free chlorine in the water be reduced to below 0.1 mg/L to
prevent impeding the filtration activity of the depurating
oysters (Martinez-Albores et al., 2020; Richardson et al,
15982 ). Although chlorine is a cost-effective water ireatment
option, caution should be employed when handling this
corrosive chemical to avoid harm to operators. In addi-
tion, very high concentrations of chlorine added to water
in depuration systems could cause increased oyster mor-
tality rates; likewise, very low concentrations of chlorine
will not effectively inactivate bacterial contaminates (Lees
et al., 2010). A few studies have utilized chlorine and its
derivatives in reducing microorganisms in oysters during
depuration.

Wang, zhang et al. (2010) found chlorine dioxide (C10y)
to be an effective depuration disinfectant during reduc-
tion of inoculated VP strain, ATTC 17802, in live C. gigas
oysters purchased in Shanghai, China. A concentration of
20 mg/L Cl0; reduced hacteria levels by 9%.29% in 5 min
at 19°C, while static depuration at 4°C achieved almuost
100% reduction of VP by & h. Ramos et al. (2002) demon-
strated the useful combination of chlorine (1-2 mg/L) and
'V when reducing VV and VP to undetectable limits in
Pacific oysters harvested from the Morth Bay of Santa Cata-
rina in Brazil. Initial counts of VP in the oysters were about
5.2 log MPN/g, while final counts of VP were about 2.1 log
MPN/g. Additionally, initial ¥V lewels were about 2.7 log
MPN/g, while final levels of VV were reduced to about
0.3 log MPN/g.

Concerns about the production of muotagenic com-
pounds (e.g., trihalomethanes) produced from reactions
between organic compounds and chlorine should be of
interest to processors, since these compounds can affect
the pumping/filtering action of oysters (Lee et al., 2008).
To offset the negative effects of chlorine disinfectants in

-

depuration, sodium thiosulphate has been used 2z a new-
tralizing agent (Lees et al., 2000). Another study dechlori-
nated inflow depuration water by introducing air into the
water through a cascading water set-up (Polo et al., 2004}

83 | Ozone

Ozone has also been utilized as a chemical additive to con-
taminated shellfish depuration water The United States
Department of Agricolture (USDA) and the FDA have
approved ozone regarding direct contact with foods; and
ozone has been given GRAS (Generally Recognized as
Safie) status (US. Food & Drug Administration, 2016). Bac-
terial membranes are oxidized, and DNA is damaged as
the result of ozone treatment. Ozone added to depuration
systems should not exceed 05 mg/L due to the formation
of bromates that could impede or harm the oysters (Lee
etal, 200E; Martinez-Albores et al_, 2020). Moreower, ozone
is extremely toxic and should be handled with care in a
depuration facility. Additionally, ozone has been shown to
slightly denature proteins in oysters, which results in less
firm oyster meats {Pardio-Sedas, 2015).

Though some studies detail the use of ozone on other
bacteria in depurating oysters, very few studies have
demonstrated the effects of ozone on the reduction of VV
and VP in oysters {Lipez Hermdndez et al., 2018). One
study, however, effectively reduced Vibrio cholerge in oys-
ters from 2654 0.7 to 0.3, 135+ 0.7 to <03, and 155 £ 0.7
to 0.1 MPN/g, respectively. More experimental results are
needed to ascertain the effects of ozone on VV and VP in

live, depurating oysters.

8.4 | Electrolyzed water

A newer method that can aid in reducing bacterial con-
taminants in water is the utilization of electrolyzed water
in depuration systems. When sodium chloride in water
solution is passed between two electrodes with a cur-
rent applied, electrons are transferred into the water
resulting in the production of gases (ooygen, chlorine,
and hydrogen), free hypochlorite ions, hypochlorous and
hydrochloric acids, and sodiom hydroxide (Xoan & Ling,
2019). Hypochlorite, an oxidizer, has been identified as
the main, active bactericidal product of electrolyzed water
(Easai et al., 2000, Dissociation of sodiom hypochlorite,
a chemical typical in indostrial cleaning solutions, forms
hypochlorous acid, hypochlorite ion, and free protons
when in solution. These compounds inactivate bacteria by
penetrating the cell membrane and oxdizing intracellu-
lar components like DMA and mitochondria (Fukuezaki,
2006).
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Electrolyzed water can be used in the water for
depuration systems, providing a cheaper and more
environmentally-friendly alternative to traditional chem-
jcal additives. The process is also more economically
valuable since the water must be made on site thus
reducing transportation costs and reducing safety hazards
associated with its transport {Dewi et al., 2017). However,
a major limitation of electrolyzed water for depuration
involves the reaction between the water’s bactericidal
chemical compounds and the presence of organic mat-
ter in the depuration system. The presence of organic
matter in the water can reduce microbial inactivation
efficacy or may even contribute to the creation of harmful
by-products as a result of a reaction between chlorine
in the electrolyzed water and nitrogen from the organic
compound (eg., chlomform) (Al-Holy & Rasco, 2005
Dewi et al., 2017; Oomaori et al, 2000; Waters & Hung,
2014).

Ren and Su (2004) examined the effectiveness of an elec-
tmolyzed oxidizing water treatment on Pacific oysters arti-
ficially contaminated with V'V and VF. The oyster samples
harvested from Yaguina Bay in Mewport, Oregon were held
in a static depuration system in water at room temperaiure
with a salinity of 29.6 ppt for B h. The electrolyzed water
used was 30 ppm free chlorine with 1% sodium chloride.
The greatest log reduction, about 1.25 log MPN/g, for VP
was seen after processing for 4 h, while an overall reduc-
tion of about (.85 log MPN/g was achieved after 8 h. Like-
wise, the greatest reduction of VV in the oysters was about
0.9 log MPN/g accomplished after & h. More studies are
needed using electrolyzed water on oysters contaminated
with VV and VP during depuration. Also, this treatment
could be used on other microorganisms that colonize oys-
ters.

8.5 | Other methods for disinfection

Additional studies have explored alternative antimicro-
bial water treatments in oyster depuration systems. Some
advantages of these substitutes are that they are natu-
ral, economically feasible to produce or extract, and may
be the products of recycled waste that benefits the envi-
ronment. For example, bacteriophage is an antimicrobial
and an effective treatment for targeting and lysing spe-
cific bacteria in foods, while maintaining a food's biolog-
ical microflora (Moye et al., 2018). Similarly, lactic acid
bacteria (LAR) are naturally occurring and produce com-
pounds like bacteriocins and organic acids that inhibit the
growth of spoilage and other pathogenic bacteria in foods
(Abee et al., 1995; Rusmana et al., 2020

Rong et al (2014) employed the bacteriophage, VPpl,
during depuration against VP in artificially inoculated

oysters, Ostrea plicatula, from (Jingdao, China The
multiplicity of infection (MOI) value of VPpl was a factor
used to determine the highest reduction of VP after static
depuration at 16°C. MOI values of 10, 1, 01, and a control
produced average reductions of VP of 2.18, 2.35, 261, and
1.68 log CFU/E, respectively, after 36 h of processing. Fur-
ther, MOI = 0.1 was used in conjunction with a water tem-
perature of 12*C to verify whether cooler depuration tem-
perature would enhance VP reduction in the oysters. Tem-
perature was not found to improve VP redoctions since
the average reduction was 1.34 after 36 h of depuration.

Competitive bacteria have been used to reduce microor-
ganisms inm kive oysters as well. Khooadja et al. (2007)
demonstrated the inhibitory effects of LABR cultured from
conserved fish against pathogenic VP strains in inoculated
Pacific oysters in a static depuration system. When Loc-
tobacillus delbrueckii and Lactobocillus cosei were injected
into oysters, VF levels in the oysters were reduced from 108
to 10° MPN/g after 3 days and almost completely reduced
o nondetectable lewvels after 7 days of depuration. It was
stated that probiotics like LAB produce substances that
limit the growth of competitive pathogens. Xi et al. (2014)
used Lactobacillus plantarum ATCC 8014 in a recirculat-
ing depuration system at 10 + 1°C and 15 £ 1°C to reduce
inoculated strains of VP in Pacific oysters for 5 days. VP
was redoced from 3.91 + 0,45 to 0.4% 4 (L0 and 3.91 £ 045
to (.61 + 0.20 at the temperatures 10 + 1°C and 15 £ 1°C,
respectively. Their study showed the competitive effects of
L. plantanem against VP growth were the result of organic
acids produced by the former probiotic bacteria. More
research will need to be done to measure the effective-
ness of competitive bacteria and bacteriophages against
endogenous strains of Vibrio in oysters.

Chitosan microparticles have also been used to reduce
Vibrio species in depurating oysters. Chitosan derived from
chitin are products of crustacean exoskeleton waste from
seafood processing, thus making this compound envi-
ronmentally friendly and economically beneficial {Knorr,
1984; Muthu et al., 2021). While the FDA has not granted
chitosan a GRAS food additive status in the United States,
it is a legal food additive in Japan, Republic of KEorea, and
Italy (JFCRF, 2004; EFDA, 2005; Riaz Rajoka et al., 2020).
When Eastern oysters from Florida were treated with 0.5 %
chitosan microparticles in a static depuration system, arti-
ficially inoculated samples reduced VV and VP by about
4 and 3.3 log CFU/ g, respectively, after 48 h processing
(Fang et al., 2015). Endogenous strains of VWV and VP were
reduced by 3.42 and 2.99 log CFU/g, respectively, after the
same treatment conditions.

Shen and Su (2017} demonstrated the potency of grape
seed extract {GSE) at 1.5% concentration as an antimicro-
bial additive to artificial seawater during the refrigerated
depuration (12.5°C) of Pacific oysters. Inoculated VP loads
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in Pacific oysters were reduced from 5.17 + 0.21 log MPN/g
on day 0 to 099 + 027 log MPN/g on day 2. The authors
reported the antimicrobial effects of GSE are a result of
proanthocyanidin compounds. Future studies may con-
sider other additive treatments to depuration water such
as green tea extract, polyphenols, anthocyanins, and astax-
anthins.

9 | BENEFITS, CHALLENGES, AND
FUTURE CONSIDERATIONS FOR OYSTER
DEPURATION

Whether wild-caught or aguacultured, live oysters are
a desirable food product fir many humans worldwide.
Enowledge of Vibro behavior in ecological systems has
enabled researchers to successfully engineer depuration
systems considering particular parameters for the optimal
reduction of VV and VP in live oysters. Moreover, disin-
fectants offer opportunities for further improvement of the
processing method. While depuration has been an incon-
sistent PHP technique for the reduction of Vibrio in lve
oysters, thizs review hopes to provide the framework for a
synthesis of existing quantitative data for more reliable val-
idation studies in the future since more work is needed to
fully support its adoption in oyster processing operations
(Baker, 2016; Spaur et al., 2020).

For esample, new oyster depuration studies that
describe the reduction of endogenous (environmentally
contaminated) ¥V and VP are needed. Previous research
calls attention to this knowledge gap and prowves that
oysters containing endogenous VV and VP are not as
easily depurated from oysters as those inoculated with V'V
and VP strains (Eyles & Davey, 1984; Groubert & Oliver,
1994; Kelly & Dinuzzo, 1985; Tamplin & Capers, 1992).
Some researchers have suggested that this coourrence
is due to certain genes, like the pild-encoded type IV
pilus attributed to the preservation of endogenous VV
in oysters (Paranjpye et al., 2007). Others have proposed
that endogenous strains of VIV and VP in oysters enter
a viable but monculturable (VBMC) state under stressful
conditions. Upon the introduoction of inoculated Vibrios,
VBNC Vibrios are signaled to resume multiplication,
thus displacing the inoculated strains and imitating
an easier depumtion from oysters (Froelich & Oliver,
2013). Future research should explore use of biological
methods like probiotics and bacteriophages coupled with
depuration to reduce endogenous VV and VP in oysters
since commercially available wild and coltured oysters
are not artificially contaminated like those used in many
laboratory experiments.

In addition, future studies should explore the use of
novel depuration water additives for limiting V¥ and VP in
live oysters. Disinfectants have been described as a poten-

s, BE

tial “hazard control point for surfaces or oysters”™ {Spaur
et al., 2020). Disinfectants that do not produce harmful by-
products unsafe for consumers and are not a detriment
to overall oyster quality are needed. For esample, while
not & depuration study, Xi et al. (2012) demonstrated the
advantage of using green tea extract to limit the growth
of VP in oysters stored at 5°C. The authors suggested that
the total phenolic content of the green tea extract was an
active antimicrobial inhibitor to the VP strains used in
their study. Dther suggestions for further studies include
determining the efficacy of depuration as a result of oys-
ter species, oyster ploidy (e.g., diploid versus triploid ), and
wild-caught versus cultured oysters.

10 | CONCLUSIONS

Although many oyster depuration studies demonstrate sig-
nificant variability when detailing the reduction of VV and
VT, evalnation of these findings showed the greatest reduc-
tions of ¥V and ¥VP were when processing time was from
4 to & days, water temperature was less than 30°C, water
salinity ranged from 25 to 32.2 ppt, and the water was
flowing (non-static systems). Overall data trends seemed
consistent throughout our analysis. Numerous studies tell
of the benefits and challenges encountered during oyster
depuration for Vibrio reduction; however, more work is
needed. Future research should investigate the effects of
oyster depuration on endogenous strains of VV and VP
Exploration into bactericidal activity of novel depuration
water additives and optimization of process parameters is
also necessary. Chverall, research shows that depuration is
a useful PHP technique that could help reduce VW and VP
in live, raw oysters making them =safer for humans to eat.
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Abstract

Background: Some filter-feeding molluscan shelifish can concentrate hanmful bactera in
their intestines during feeding, thus posing a potentlal food safety risk to human con-
sumers. Plasma-activated simulated seawater (PASW) generated from non-thenmal
plasma may help reduce bacterta in lve, molluscan shelifish when used as a disinfectant
in depuration systems. This study determined the physicochemical properties of FASW
and its antiri crobial efficacy against Escherichia coll DH5a. These results were then com-
pared to similar data from a plasma-activated water (PAW) study:

Results: FASW yielded temperatures ranging from 310 £+ 0.2 to 4597 + 1.0°C, pH from
T21 & 00 to 270 £ 0.0, cvddation-reducton potential (ORP) from —15.7 4+ 10 to
2460 + 0F m, and dectrical conductivity from 354 4+ 03 to 481 4 15 pS/om after
activation by plasma for 1-10 min. Temperature, ORP, dectrical conductivity, rtrate
(MO s~), and nitrite (NOs ™) concentrations of PASW increased while pH decreased with
increased plasma activation tme After 2 and S5-min incubations, E coll treated
with PASWS and PASW10 both resulted in the highest reductions (-3 log CPUmil). Further,
while MOy~ and MOy~ concentrations in PASW were higher than in PAW of the same
plasma exposure time, PAW yielded higher E. coll reduction values across treatments.
Conclheslon: Results from this study demonstrate the potential of PASW as a disinfectant
for lve, molluscan shelifish depuration to provide a microbdologically safer seafood prod-
wot fior human conswmers.

KEYWORDS
depuration, disinfecant, Estericve coli plasma-activate d smulated seawater, s=afood

digestive sysbem and purge itself of 1 wwifile main taining
s wiakifity.” Ozone and chlorine have been effective microbial disn-

While live molhscn shelliish can be a soure of nuirition for humarns,
oomnsumpiion of fhese raw ongani POsES 3 ial food safety
rise. In filtr-feeding mohsan shdlfish, enteric bacteria such as
Excherichia wff can oror due to water pollution ™ For example,
human mthogens have been found to be conentrated in the inbes-
tines of aysiers.” Dy ian, h . is & pmoesing methad that
can reduee pathogens in shelifish ssafood product ™ This procsss
allows the organim o filter dean, disinfeded sadtwater through its

fectants when inmrpomted n the water of oyster depurafion
systems " Hiowsver, these additives can be tosic to the shelfish if
nat managed mmedtly. 12

Plasma, the fourth state of matter, consists of resctive speces,
ehedrons, and iors and is a nowvel, ervironmentally-friendly food disin-
fection technakogy.™ Recently, non-t+ l pl: has been applied
o waber to creabe plasma-adivated waber (PAW)], 2 potential sanitizer
for foods "™ Liso =t al. noted the redudion of hacteria and sowed

This & amopemacotss arfde under fe tems of the Creative Commors A dbotor-dor ommencial Lic arce, v bic b pemits use, didbudion ard meproduecion imary
madiom, provided S cdginal veori is propary died and & rot wsed for commendal parposes.
= 02T The Aty F5FA Regans pulbished by Joba Wikey & Sons Lidon Befal of Sodety of Chemical indusiey.

728 | wievonlinelbrary. com o 2
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los of shrimp quality after stosing fresh shiimp on PAW fioe cubes *%
Since there is economichenefit in keeping seafood afve, shelifish mary
need to be kept in ltwater env ni=; h ., Fewr studi
hawve examined phesma divectly appled to seawater 70 For
exampie, astudy showed that PAW containing 0U#% wifval N2
effectively reduced planktonic Listeria monocytogenes and E. coli
O0157-H7_¥ Another study mined PAW with simulated seawater
(55) to reduce Vibrio alginolytices, Vibrio harweyi, Vibrio para-
haemolyticus, and Edwardsiela tords attachment on the cysis of
Anemia saina ?®

To ow lnowiedge. the antimiorobial efficacy of non-thenmal
plama applied directly to 55 o oeate pleme-actvated Smulated
sezwater (PASW) B nowel Since PASW could be a posible
environmen tally-friendly alie mative to cument indu sirial dsinfectants:
used in e shelifish depuration systems, the ohjectves of this study
were to: (1] determine fhe physcochemial propertes of PASW,
(2] determine fhe effizcy of mioobial mectivation of PASW against E
colf i witra, and (3) compane the physicadhemical and micrabialinacdi-
vation resulls to data from a PAW study published previously_

MATERIALS AND METHODS

Preparation of 55

SSvmmduﬁgﬁ'\dﬂSn‘M:hmir. Marne Enterprises
Intermationa, LLC, Baltimone, MD, USA) a progrietary brand, synthetc
s milt contaming sodium dhlodde gst other trae elements and
minerals (eg. alumium manganese, nickel, and molybdeuml n
water filleed wsing a defoniztion system (Purdlog™ Water Ser-
wices, Inc, Gamer, NC, USA)] unfl the sty of the desonized

FIGURE 1 BEpoimental set-up for plema generation in
mmulsted srwater (55 n a 1000 mi beaker. The phama noede was
antered 5 om above the surface of 200 mil of 55.

Analysis of physicochemical properties of PASW

(D) water was 31 gl Sait coneenirafion wes measured wsing a Y5
madel 85 probe (Y5l Inc, Yellow Springs, OH, USAL Al 55 sefenenosd
n the shudy was 31 g/l o match e silindy of waber used to grow
shelifish at a bl aquaculbure fasm.

Plasma setting and PASW preparation

PASW was prepared usng a CDS0 et and OPEMAIR™ FGS001
plsma genorator (Plsmatreat, Bgin, IL USA) with a rotating nozze
locted an the plasma jet. Compressad air (1190 mBar) was the wark-
ng gas medum (feed gas) used to produce fhe pheam dsdage The
ouber norde on fhe phsma jet was posiioned 5 om abowe the surfsce
of the 55 (200 mi) in 2 1000 mi bealsr (Figure 1] The height of the
nizze was adpusbed o marntam temperatune g tion at the water
surfae 25 well 25 to oblain the desred reactive peces. Plasma was
discharged from the plema generator with an input wollage of 295 Y,
a total output of 1 KV, and a feequency of 225 iz New batdches of
55 wene prep | for =ach expers t, were activated with phema
discharge separately for 1,2, 5, and 10 min each, and were denoted
2 PASW 1. PASW PASWS, and PASWIQ respectively. 55 was used
s the oonteol.

Temperature, eedrical conductivity, pH, and oxdation-sedudion
poiential (ORP of PASW were measured mmediately after 55 was
artivated with pk The temperature was d using a digital
theamameter probe (Fehaebrand™ TraceableT™ Waltham, bA, LSA)
plzosd in the middle and conter of the PASW and control solutions.
The pH and ORP were messured wing a benchiop pH probe
(Thermo Sdentific™ Orion Star™ 4211, Waltham, MA, USA) Bec-
frical mndudivity was mexsuned using a portable elecirical onduc-
fwity probe (Thermo Scientific™ Odon Star™ AJ25 Woaltham,
A, USAL

10y~ and N0y~ concentrations wene messured aoconding to the
method developed by Mianda et al™ Afier 55 wa acfvated by
plamma for 1, 2 5, and 10 min, dilutions {100-fold) were made in DI
waber_ The tofl B0y~ and B0, conentrafions: (mi] in the PASW

e were determined by t g 100l aliquot of PASW
=mple toa F-well dear plate Immediately followang. 100 pl aiquots
of 08 gidl vaadium (M) dhiodde (WO, Aoos Onganics, Geel
Belgiam] in 1 M hydmchionic acid (B0, Thermao Fisher Scienffic™,
LSA) weere transferred to esch well, fhen S0ipl of 01% sulbnilemide
(SULF, duoms Organics, Geel, Belgiom) in Dl water and 50 pl of 2% M-
(1-Naphtindlethy bnediamine  diydrochioride (Ale Assar, Haverhill,
M, USA) n 5% HO (Themmo Fisher Scientific™, LISA] were ragidly
alded . After inoulbation for 30min, absorbance was meaxured sing a
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spectraph (Th Scientific™ bulbzhan EX, Waltham, MA,
USa) set to 540nm ROy~ alsorbance wes defemmined in a smibr
fashion ewcuding W3, Concentrations of fotal ROy~ NO,~, and

HO,;™ albne wee d mned by refering the k= ah=sodhance to
their comesponding dilution facior and standasd @urve data shown in
Tables 51 and 52 NOy~ o Son was de ined by subiracting

KO~ from the total concentation of MO, and O,

Bacterial culture preparation

E. cof DH5a was used 2 the model bacteria in this study. Stodk fro-
e abures 2t = 80°C were resctivaied by shrealdng fhe oultures ona
tryptic soy agar (T54, BDTH, Frankdin Lakes, M) plate stored at 4°C
for k== than 4wesls unfl use Upon expe dmentation, the bacberia
were enriched owemight (X024 b at 37%C in typiic soy broth (TSB,
BT, Frramidin Lalkes, MU Cuures were contrifuged tevice at 10000
RCF for 2 min & 20°C, washed, and suspended in DI water to olbtain
an mitial bacterial mncentration of approamately 8 logy, colomy-
fomming units (CIFULYmi before each replication.

Determination of microbial inactivation efficacy of
PASW on E. coli

To determine the micrabial inactivation efficacy of PASW1, PASWL
PASWS, PASWIG and DI water and 55 controls against E. oolf, the
folowing method was wsed E ool suspension (001 mil] was mmeds-
ately trarsfered to a particular PASW treatment (W99 mi) at approsd-
mately 220-250°C to ensume there wes no themmal effect on
microbial mactivaton and mixed fharoughly in 2 sherile Eppendodf
tube to a fial concentration of approcamately & logy, COFUmL

The bacterial susperss waes  mnauk i at room temperature
(220 + 2070 for 2 and 5 min to d X hether incubaton tme
mfuenced mioobal mectivaton Samples that were rasfeed toa

pantioular PASW t and @ fiotely plated on TSA without
maubation were wsed to determine the nifal bad of becheria for 2-
and 5-min inoubaded smples. Samples were sesally diuted with DI
water, piated on T54 and incubaded ovemnight at 37°C OFU were

determined afterward Backesal reductions due to the treatments
were @iboulated by subtacting surviving OFL‘mi from inifial OF LU mI
of none noubated semples.

Statistical analysis

Al =mperaments were performed i triphicade on three seporate oocx
=ons and with new baderial aubture. Data were | using one-
way aralysis of variance and Tubeys honest signifiane difference
st for = L0 in R Project for Stafstial Computing software ™

RESULTS
Analysis of physicochemical proparties of PASW

Temperature nomased with noesed plhema adivation  time
Tabke 1] Tempeabhwre vales wee 310202 392+ 047,
76+ 18, and 497+ 10AC for phsma activation fimes of 1, 2,
5 and 10 min, espedively. The 55 conteol was 218 + Q0P Tem-
perature was signifcantly different (p < 005 for PASWL, PASIWWD,
and the mnirol. However, there was no signifiant difference in the
Empeture of the 55 for PASWS and PASWI0.

ORP increamed with moesed plasma adivation: time. ORP valies
were =157 + 10 911 +1.4 2290+ 10, and M40 + 09 m for
plasma adivation times of 1, 2 5, and 10 min, repedively. The 55
mntral was ~103.0+ 04 m. Fnal ORP values demonstraded sgnifi-
antdiffrenoss jp < 0U05) for all PASW smples and the control.

Bectical onductivity noressed  with  inoressed  plama
atrwvation tme Bechicl conductivity valees were 354 + 03,
363+ 04, 401 +10, and 481+ 15 pS/fom for plasma activafion
fmes of 1, 2. 5, and 10 min espedively. The 55 control was
253+ Q3 pS fom. Spnificant differences p < 0U05) were olserved n
the PASWS and PASWI0 samplks adivated for 5 and 10 min,
e chivehy.

pH degreased with moreased plasma actwation tme . pH values of
ativated samples were 721+ 00, 536+ 00, 299+ Q0. and
270+ QA0 for phmma acfvation times of 1, 2 5. and 10 min,

TABLE1 Thephysimdhemical properties of plesma-adivated simubied seawaber (PASW) mmediately after prepasation.

[Plasma artivation thme (min) Temperature (<C) O] ation - resduc tion potenial (i) Bedricl conductivity [pSiom) pH

o* 218 = QF -1030 = 049 253 =030 879 = 0
nn=ax -157=10" 54 =030 121 =00

2 »2=a® PL1=14" 353 =04 534 = Qo

5 g4 =18 2290=10° a1 =107 299 = QF

1a 27 =16 2480= 09 281=158% 270= 0

Wate-Data shown are the mean values = standard ewors of #hee independent expesiments. Within 2 oolumn, means lackinga common betier ane

significanty differentip < Q05

0 mmim repr i

onirdl not adated by plasma.
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respectively. The 55 conteol had a pH of 879 2+ 00 Sgnithicant differ-
enices (p < 0U05) were ohserved for all PASW treatments.

M0, and MO, ™ cone e of PASW e, increared with
mnoresed plasma acivation of the 55 over time (Rgue 2). 55 adi-
vated by plasma for 1, 2, 5. and 10 min had N0y~ onoenfrations of
1500+ 003, 259+ 037, 415 + 0.8, and 584 =+ 1_10 m, respec-
trvely. The 55 conbod (0 mn) had a NO,~ oncenfration of
0% + 0013 mM. B0y~ conontrations for 55 acivated by plasma for
1.2, 5 and 10 min were 104 + @0, 2208 + 024 324 =+ 0030, and
3482 =01 mM, repedively. The 55 onbral (0 min) had a RO,
ooncenitration of 055 + Q0SmM. Signifiant differences in KOy
and MO ;™ concenbrations (p < 0U5) were olserved for PASW S and

WO, concent mtian (mM)
ek LA B - @

O 1 T 3 4 5 & 7 B 9O I
Plazma activabion time (min)

JSFA Reports ml =

PASWI D compared to the cnbrol (0§ mn) In addition, diffrences n
WOy~ oonentrafion betwesn PASW1 and PASW2 treatments were
dimerved when mmpased to PASWI0. Sgnifiant differences were
dso evident when NO,;” onoenfrations betwesn PASWI and
P52 weere companed to PASW 5 and PASWI0L

Determination of microbial inactivation efficacy of
PASW on E. coli

Generally, microbial nactivation effiecy of PASW agaist E. cof
noeased with noexed plsma acfhvation time (Figure 31 The

Z
Wooos
wois & L

MO, “concentration (mbd)
- P
= ia o a

=]
i

001 2 3 4 %5 & 7 B 9 10
Plasma activation time (min)

FIGURE 2 Concentrafons (mb) of (2) nitrate, MO, ~, and (5] nitribe, MO, in smulated sexwater (55) a5 2 result of plasma adivation for 1,2,
5. and 10 min. 55 not acivated by plasma was wvsed 2 the contral and s represented by O min. The data shown in figure 0= fhe mean values +

standard =rors of thee e ndependent e opeiments.

& 2 min incubation = 5 min incubation
5
z ah aA mA
4
= -
E . =
¥ - -
o — —
& 3 —_— -
= — —
B — —
§ o - -
] bA —_— —
= —_— L]
# BA bA bA - -
. — —
L by b L - bA bA = =
e e
R g B 1L BmS =
I walex =5 PASW 1 PASWI PASW 3 PASW 10
Treatment

FIGURE 3 Imctvation =fficcy of plesma-activated simulated sexwater (PASW] treatments and deionioed warter (D) and simulsted seswater
£55] contels on Eschevichia coli after 2 and 5 min incubations. Diata shown are fhe mean values =+ standoard eros of thres ndependent
expaiments. Means amongst teatments ladking a common lowercse ktter show significant differenees (p < 0.05) in treatment ty pe (DI water,

55 PASWL, PASW, PASWS, and PASWI0L Mears

g < Q0T in Incubation duration (2 and 5 min].

t= bcling a ¢

upperaee iber show Sgnificant differenos
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TABLE 2 Compasison of resctive nitrogen species (RINS) and micobial ectivation e fficacy of PASW 1o PAW generated using the sime

plmma sysbem.

RNS concentstion mik) Reduction of Excheriohia coll (kog CPU mi)
Sample MO N0y~ 2 miln inqubation 5 miln Incubation
Fasw1 LEUERT 197 = 024" 084 =034 a0 = 043
Fawl 113 =08 145=1013 012 =005 07 = s
FASW2 149 = 0% A08 =027 —02 = as® 18 = 0as*
A2 189 =014 290= 017 112=024 445 =030
FASWE 288 = 030 441 =0% 27 =048 475 + 008"
FaWs 159 = 0 451 =055 »§ L]
FASW 10 1xmsan’ adl=108 A48 020" 473 £ ool"
FAW10 214 = 010 4% =017 *5 ]

Matez Data shown are the mean values = stndard erors of #heee independent expesiments. PASW result that is sgnifianty diffierant fom i

cormesponding FAW i denabed by supesrscript bether *27.
Al PAS, pla ctvated dated

average it E cof bocksrial koads for fhe Dl warkesr and 55 conbrols, and
the PASWL, PASW2, PASWS and PASWI0 samples wese &0 01
S0+04, &0+ 04 56201 57 200, and 57 = 00 kogy, TRUmL
respectively. The DI water, 55, PASWL, PASWD, PASWS, and PASWID
sampls with 2 min inwbadon fme nactiated £ ol by 00 Q0
0F +08, 05+ 04 0005 28 £ 04, and 35+ 03 kogy, TRAUML
respectively. Spnlficant differences (p < 005) n bg eeducion of E colf
for samplss that were inoubaied for 2 min were observed in PASWS and
PASWLD cmmpared o the m=t of the sumples. The Dl waber, 55
PASWL, PASW 2 PASWS and PASWID mples fhat wesre incuboted
for 5 min produced approdmate reductions of E cof of 0= Q0
0405 04+ 04 02203 A7 200, and A7 = 01 kogy, TRML
respectively. Spnlficant differences (p < 005) n bg eeducion of E colf
for samplss that were inoubaded for 5 min were observed in PASWS and
PASWIO No signifiant diffesenoss (p < 005) n log reducion of E cof
due to varying noubsdon time were demonstrabed. Owverall, PASWS and
PASWLD treatments for 2- and Smin inubafons demonstraied an
increxed reducton of Ecof invite.

Comparison of reactive nitrogen species (RMNS) and
microbial inactivation efficacy of PASW o PAW
generated using the same plasma system

RNS and micobial nactvation data geneated from this shudy were
compaend i smilar P dada provdded by 'Wang and Salvi o amess
antimiorohial effeds against planktonc £ ol DHSx (Table 212 The
phema et used by Wang and Sl was fhe mime 2 fhe one wsed in this
study. The details of the squipment and PAW prepeation were fhe sme
s exphined in the Phema seting and PASW prepeation methods ™ 0l
warber samples artivarbed by plasma for 1, 2, 5, and 10 min were denoted
s PAWL, P2 PAOWS and PAW 10, respecively. DI water not ack-
warted by plasma was the contral.

Dl water samples artivated by plesma for 1, 2, 5, and 10 min to
oreate PAW had WOy~ concentrafions of 144 +0413, 290+ Q17

P, pllas ma-activabed waber.

A51 + Q55 and 4.99 + 0.17 mbd, repedively 7 Lieewise, Dl water
artivated by plesma for 1. 2. 5, and 10 min to yield P& had Oy~
mnoentrations of 113+ Q0E 189 + 016, 259+ 020, and
218+ Q10mM, respectively @ When NO,~ and HO,~ coneenta-
Bors m PAW were cmpased io the BNS concentraBors of PASW o
this study, PASW ultimately generated more RNS ower the 10min
plarsma adivation perind?? Mo signifiant differences (p < 0O05) in
Oy~ conoenirations were obseneed when comparing PASW and
PAW samplex however, sgnifiant differences in NO, ™ cononitrar
Bors were abserved for PASWS and PASWI 0 sampes compared to
their PAW contmols.

Redudions of plankdonic E colf treated with Dl warter, PAW1,
P2, PAWY S, and PO For 2 min of inoubadion: fime were appros-
imately 0.1+ @0, 01 +01 11+03 *5 and *5 logy OFUmML
l=:|:|=v|:|i'\|-tllr.n Reductions of planktonic E coli trexted wath Dl water,
P PAW 2 PAW S, and PAWLD for 5 min of moubation time were
pproamately 00 +00, 08 +01 47 +031 5 and *5 logy,
AU mi, rupﬂ:iwlr.” Sgnificant differences (p < 0U05) were noticed
n PASWZ, PASWS PASWI0 PAW2 PAWS, and PAW D treatments
for both the 2 and 5 min inoubation periods (Table 21 In addition, the
2 min incubation showsd sgnificant difference for the PAW2 trext-
ment There was ako a sgnificant difference nnoukstson time s, with
5 min noubation yielding higher moubation values for both Py
and PASW.

DISCUSSION
Analysis of physicochemical properties of PASW

Inthis study, signifiant differences for temperature were dhserved n
P S, PASW2_ and the control ssmples only. Inoeased temperature
= aresult of noresmed plema activation time wes due to excitation
of 55 malecules by the apphed plasma For shelifsh depuration appl-
ction, Rybowidh et al noted 50% mortalty of oysbers kept
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sabwaber at 32°C, whilk her shudy cosnol | this effect??4
Howewer, when cooling fresh PASW for use with e seafood, the
short-frved reactive speces may be disipated, therefor dharacteriz-
ing temperature & impodant 744

ORP noeased with moreased plasma adivation time n owr study
Bteh:ptﬁimsstdrtﬁi"?m.“ﬂplﬁ‘ﬂmﬂsadﬂzmn-
trol demonsirated Sgnificant diffrences. Inoresmed ORP values are
the result of reactive species penerated in PASW.T PASW with
higher ORP wvalues, and subssquent resctive species, can case dam-
age to the barterial osll membrans, thus madivating the mioroongan-
Bm™ Dissmiatly, the ORP valie of the PASWID treatment wa not
2 high 2= another study fhat used 0.9 Na(l solution treabed with air
pl=ma for 10 min resulting in an ORP of §12 mV_* This difference
could be due to the varied chemial compasition e g . addition of @l-
cium and sodium sits and mneols) of the 55 wsed to malke PASW,
thie different pk sy shem, and pr ang cond tons: uliied.

Elledirial conducvity i direcly reladed to the amount of joms gen-
evated insohtion and can contribube to micobial nactvafion when the
o creaie perforations in the ool membane of bacedia ™ Becicl
oonducthity of the 55 ncressed with increased plasma applfication sami-
o to PAW shudies, with significant differences dlmerved in PASWS
and PASW 10 smple ™% Yet dedrial conductivity of PASWI0 in
this study wars higher fhan in 09'% Na solution artivabed by phsma in
another study that yislded 2 value of 2410 pS/on after being treated
for 10min™ Diffesences in values may be due to different st soluti
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Determination of microbial inactvation efficacy of
PASW on E. coli

The micrabial inactvation results of this study were compared to
previows studies usng phsma-activated it water snoe there are no
shudies on PASW. After 2- and S5-min incubations, PASWS and
PASWID demomstated significant differences to other treatments.
i study showed that after 5 min of exposure to PAW ontaining
9% wiival sodium chioride, plnkionic E of O157H7 wes
mduced by 4.13 log OA/mL*® Whik not specifically mexsured in
our shudy, it was suggested by Bark et al that feee available dhiorine
(FAQ) ke hypachlorows acid (HOO) and hypochlarite jon (OCF)
muld be produced by Nall solution adivaied by plesma and may
have some aeidation effect on a backerial o=l ™ In their study, pro-
dudtion of allalne FACs in phama-activated saline droplets contril-
wted to an morease 0 pH over plasma achhvation tme, unilke N owr
study and others in whidh the pH decreases in plsma-activated salt
sobitions T4 The canme for this variabilty may be due to the fad
that air was not mjected into the plama generation system weed n
the study by Back et al, thevefore, generation of RNS that form
aidic compounds was neglighle The pi poneration sysbem in
this shudy and others, vsed compresesd air asa feed gas, thus dhang-
ing the dhemisiries and lowesng the pH values of the PASW and
PAW solitions?% Another study neinf fhis ph of

compasifion, as wellas different plasma geneation methods, and differ-
en't processng conditions.

pH of 55 decreased with noreased plasma activation fime n fhis
study and yielded signifient differences forall PASW treatments. Our
results are ¢ I try to pr abservations of #he pH of
PAW sohutions 5% This ocourence & abo Smilar to the pH of 2.7
adhieved in a shudy using phsma-acivated saline solufion after freat-
ment fior 10 min? De oezse in the pH of water sdivated with phsma
can be atirik | to the & san of monganic ackds e HMOL and
HMNO, oeated by disociation of RNS and oxygen in the ar 747 This
acidic mmviranment can ako bower hacterial regstnoe 1P Specif-
aally n rve oyster depuration sysbtems, PASW may nead to be buff-
ered or diluied to noresse the pH or contsd tme wih the shelifish
Emited to prevent adverse effects in the animak

While RNS coneentrafors i our PASW shudy were higher in
comparson to shudies using PAV, the rend of noreased RMS com-
pounds 2= a et of noesed pleama activafion time wes comsis-
tent?? PASWS and PASWL0 yielded sgnificant differences in N0,
and N0, ~ mnomniations compared toother treadments_ RMNS can dif-
fuse into 2 backedial el and disrupt s biological funcBon, in wm
cmsing mactivafion of the c=ll?” The anfmicobial activity of PASW
due toRHS may be useful in depuration systems sinoe pevios stud-
e howe emposted the high toleonce of shelifish o oysters and dams
to noressed concentrations of MO, om?8? Epibnio and Sma
reported exposing hard dasms and Eastern oysbers to, M0, ~ oconcen-
trations feom 10 o 20 mM with o advese effeds o the mal-
=z?® Since the RMS gemented in ths study were in the
aforemenfioned range. PASW & not fkely o harm ve shellfsh.

g FACs by eliminating RMS f an in gk ctivated sal
solition by wsing an oxygen-helium feed gas mincure 7 Ultimately,
future shudies will need o detesrmine the specific dhlorine species
formed m PASW and the smpact of ther concentrations on micobal

rctrvation.

Comparison of RMNS and microbial inactivation efficacy
of PASW to PAW generated using the same plasma

system

[& | o PAW o | with the same conditions, PASW o=
abed mare RHS owver the 10-min activafion period @ In the o= of
P, N0, ~ concentration was olserved 1o inorease inthe fisst 5min
of plasma activation before graduolly decreasing over fhe remaining
10 min*? The anly significant diffesences were dhserved in PASWS
and PASWI0 for RO, This chservation indicated that B0y~ weas
Ity to be conwerted into other RMNS, whidch might not be peesentin
PASW. These results could be due to the dhemial formubtion of the
55 used in this shudy.

G 1 oy e af fioned mioobial rectivation values of
PASW for 2- and 5-min noubations, PAW yielded higher E colf nact-
wvabon results perieps duee o lower pH valbies for PAW trextments
which yislded superior micrabial nadivation ability. Sgnificant differ-
enoes (p < 05 were noticed i PASW2, PASWS, PASWIO, PA'W2,
PS5, and P10 treatments fior both the 2- and S5-min inoubation
peviods. The it composition of PASW mary have provided the plank-
tonic E. colf oells shght Bo-osmotic effects fus reducing oslubar
desrution in contrast to PAwW -4
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COMNCLUSION

Orveral, this study evaluate d the physicochemica properfies of PASW
oreated by applying non-t | pk to 55 and demonstrated the
effectiveness of PASW on the maciivafion of planictonic E i
in witso. Incresmed MO, ~ and N0, species, ORP. slectricl condudiv-
ity, and deaeased pH were olserved 25 2 function of phema adiva-
tion time, whidch oould play an important role in the mactivation
efficacy of PASW. Microbial inadivation efficagy of PASW improwed
with ncrezmed plema activation tme and noubafion time of E coli n
PASW. However, compared to PAVY. Pl SW exhibited a sighfly e
mirobial nadivation =ffect PASW coull be an effective, chemial
residue -free, abemafve dinfectant uilined n deporation procesing
for Fve, moluscan shelifish, thus malking them micobiobgicaly sfer
for b [ and keeping the economic potential of e
shelifish for seafood proo=ssos. Studies on the microbial mectivation
medhansms of PASW compared to PAW and s optimizaton ane
nesaded in the future.
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CHAPTER 4: ANTIMICROBIAL EFFECTS OF PLASMA -ACTIVATED SIMULATED
SEAWATER (PASW) ON TOTAL COLIFORM AND ESCHERICHIA COLI IN LIVE
OYSTERS DURING STATIC DEPURATION

Abstract

Recently, our in vitro study on the effects of the novel plaantwated simulated
seawater (PASW) demonstrated its potential as a disinfectant in oyster depuration. In this current
study, the physicochemical and microbial inactivation properties of PiSiVo were
identified. Further, the effects of PASW on oyster quality were observed. Simulated seawater
(SS) activated by plasma for 10 min (PASW10) followed a trend of increased temperature,
oxidationreduction potential, and electrical conductivitylwé decrease in those parameters
after 1.1 dilution with SS. Dissimilarly, pH decreased and increased after pdasivetion and
dilution, respectively. Nitrate and nitrate concentrations were higher in PASW10 (1:1). No free
available chlorine was detedten undiluted PASW10. Processing via SS and PASW10 (1:1)
depuration and refrigeration &f coli-bioaccumulated oysters were studied. Significant
differences in total coliform ani. coli concentrations were noted in SS and PASW10 (1:1)
samples after 24.iNo significant differences in values for condition index or biting force of
oyster meats were observed for the processed samples after 24 h. Overall, PASW can be used as
an antimicrobial agent in oyster depuration and does not negatively affecta@ gystemo r t al i t vy
or quality.
1. Introduction

Nonrthermal plasmaactivated liquids have been investigated extensively recently for
applications in medical treatments, foods, and agricu(tdegianto et al., 2022; Sato et al., 2018;

Thirumdas et al., 2018; Wang & Salvi, 2021; Zhou et al., 20B@gse solutionare created as a
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result of the separate chemical reaction between cold plasma (partially ionized gas at
atmospheric pressure) that subsequently dissolves into the adjacen{Tigjuiendas et al.,
2018) Due to the absence of chemical residue and negative environmental impact; plasma
activated water (PAW) hdseen observed as a candidate for use as a sanitizer on food surfaces,
food preparation surfaces, and equipn{®atinge et al., 2019; Tan & Karwe, 2021; Wang &
Salvi, 2021) Studies show PAW can be used in various steps of the food production process like
pre-harvest and podtarvest processin@sao et al., 2022; Hashizume et al., 2021; Kostolani et
al., 2021) PAW also offers diversity in modes of application, as it can be utilized as a dip, spray,
droplet, or in larger volumes standing solutiofAndrasch et al., 2017; Kang et al., 2019; Mai
Prochnow et al., 2021; Wong et al., 20Z@)evious studies explain the benefits and drawbacks
of PAW on the food¢Hu et al., 2021; Thirumdas et al., )1

Although PAW has been broadly applied to many different foods, studies examining its
use on seafood are still lacking and the opportunity for more information still @gigésvik &
Kumar Tiwari, 2019)Moreover, oysters and other bivalve molluscan shellfish often undergo a
process called depuration that can reduce endogenous bacteria and viruses by exploiting the
organi smb6s dindclan sdawater epviramroedslitionally, to maintain
freshness, many aquatic organisms are kept alive in tanks of seawater before processing to delay
the rigor mortis stag@Hong et al., 2017)Thus, northermal plasma applied to natural and
simulated seawater could be useful.

Our pevious study reported that plas@aetivated simulated seawater (PASW) could
potentially be utilized as a disinfectant for live seafood due to its ability to inactivate pathogens
(Campbell, Wang, et al., 2022 owever, the study lacks evidence to support the benefits of this

claim as the effect of PASW on oyster mortality was not stu@edhpbell Wang, et al., 2022)
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One study, however, described the +iatal and nortoxic effects of orallyadministered PAW
in live, immunodeficient mice for safety purposes, thus providing promise for PASW use on live
oysterg(Xu et al., 2018)PAW used in their study was created by treating water for 15 min with
a dielectriebarrier discharge plasma instruméxXu et al., 2018)Further, in our previous study,
simulated seawater (SS) that was plasma activated generated very acidic PASW solutions, so in
order to prevent premature mortality, PASNdy need to be diluted.

To continue our investigation of the antimicrokaaility of the novel PASW, an in vivo
study in live oysters was conducted. The objectives of this present study \iiesedetermine
the physicochemical properties of diluted PASW and the concentrations afdative nitrogen
speciesn thesolution Secondlytheimpact of PASW on oyster viability was observed and the
microbial inactivation efficacy of diluted PASW dotd coliform andE. coli in live oysters in a
laboratory benciscale, static depuration system was analyzed. Finally, quality indicators,
condition index, and biting force, helped quantify the effects of PASW depuration treatment on
the oysters.
2. Material s and Methods
2.1  Preparation of Simulated Seawater (SS)

Simulated seawat€¢6S)was prepared in a manner similar to our previous study
(Campbell, Wang, et al., 2022Il SSused in this study was 31 ppt to match the water
conditions used to grow the oysters and to prevent shocking the arti@alsas kept at room

temperature (~22.0 2°C) unless noted otherwise.
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2.2 Plasma Generator Settingand Plasmaactivated Simulated Seawater (PASW)
Generation

Plasmaactivated simulated seawat®&ASW) was prepared in a similar fashitmour
previous study with some modificatiof@@ampbell, Wang, et al., 202Zor instance, the plasma
nozzle was 3.5 cm above the surface of the 400 8iaple to prevent the nozzle from
coming into direct contact with the SS. Also, the SS was treated with plasma for 10 min to make
PASW10. Dued the high output of plasma discharge generated above the solution, solution
occasionally splashed out of th@00mL beaker. To maintain consistency throughout
experimentationput of the 200 mL PASW10 solutiopd50 mL solutiormixed withfresh room
temperatureSS(450 mL)to make600 mLand cooled for about 10 min (final temperature 24°C)
This solution was denotesPASW10 B8:1). Out ofthe 400mL treated PASW1(B00 mL
PASW10 waslsomixedwith 300 mLfreshrefrigerated S$ make600 mLsolution This
solution was denoteasPASW10 (11). The volume of the tot&®# ASW10solution was raised to
600 mL to ensure theolution would sufficiently submerge the live oysters, to coolitugd
immediately after plasma activaticandto slightly raise the pH of the PASW10 to prevent
prematureoyster mortality.
2.3 Analysis of Physicochemical Properties of Diluted PASW10

Physicochemical properties of diluted PASW such as temperatidation reduction
potential electricalconductivity, and nitate and nitrite concentratiomsere measureds
previously reportedCampbell, Wang, et al., 2022jhese properties were measured in SS
before activation with plasm@ontrd), immediately after plasrractivation, and aftgplasma

activation and dilution. Free available chlorine (FAC) in the diluted PASW10 sawtias
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measured according to the instructions included in a chlorine kit (CHEMets® visual test kit,
CHEMetrics, Midland, VA, USA)The minimum method detection limit for FAC was 10 ppm.
2.4  Qyster Preparation

About 80 aquacultured Eastern oyst€isgssostra virginica, were obtained frorBogue
soundin Morehead City, North Carolina in June courtesthef North CarolinaShellfish
Mariculture Demonstration Center aa@eretCommunityCollegeand North Carolina State
University (NCSU) Center for Marine Scieexand Technology. Oysters were stored on ice (<
10°C) during transport from the coast. Before oyster conditioning, oysters were scrubbed under
room temperature tap water to remove fouling organisms. About 13 oysters each were held in six
tanks in about & of SS and were fed a microalgae solution mix (5 mL) contailsochrysis
Pavlova TetraselmisandThalassiosiraveissflogiiandpseudonan#éShellfish diet 1800®, Reed
Mariculture Inc., Campbell, CA, USA) daily until experimentation for about four.d&yse
oysters died upon transport and after oyster conditioning. Upon retrieval for microbial and
guality testing, the average mass, lengtit, width of oysters were recorded.
2.5 Bacterial Culture Preparation and Bioaccumulation in Oysters

Two strains ofE. coli (0157:H7andA T CC 3 3 @e2ebuged in this study. Stock
cultures stored aB0°C were revived after streaking on separate tryptiagar (TSA, BDTM,
Franklin Lakes, NJ, USA) plates stored at 4°C for less than four weeks unfilouserease the
inoculum concentration, a modified method from the U.S. Environmental Protection Agency was
used(US Environmental Protection Agency Office of Pesticide Programs, 20p9h testing,
cultures were enriched o separate L centrifuge tubes withO mL of tryptic soy broth
(TSB, BDTM, Franklin Lakes, NJ, USA) in an incubator set to 37°C £ 1°C overnigt&42).

The enriched culturef 0157:H7 was then streaked on 12 TSA plates andfheCC 336 2 5 E
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was streaked on another TSA plates. The 25 plates were incubated overnigB7 &€ + 1°C
Sterile, buffered peptone water (BPW, 5 mL) was added to each plate and stehiged
spreaders were used to gently resuspend the colonies in the BPW. The resuspended colonies
were comhied into about 7 centrifuged tubes each, for 0157:H7AahdC C 3 3 Th2 futkes
were thercentrifuged at 1300 rpm at approximately 4°C for 15 milve resultingpelleted cells

were resuspended }2L of SS for oyster bioaccumulation. This volume of S6vad for total
submergence of oysters in the water.

After about 10 min, a water sample was collected and 1:10 serial dilutions were
performed in sterile deionized water. Diluted water samples were plated in dupliéate on
coli/Coliform count Petrifim® ME, St . Paul , Padifilmswers loeld for aboutS A ) .
20-24 hin an incubator set to 37°C + 1°Colony forming units (CFU) were expressed as log
CFU/mL. Oysters were left for 72 h to bioaccumulate suspeBdeali inoculum in a tank with
two airstones. After the bioaccumulation period, another water sample was retrieved from the
tank and the aforementioned dilution and plating was repeated to determine concentrations of
coliform andE. coli after bioaccumulation and at the start of the depuratiocess. This step
also served the purpose of ensuring the bacterial strains were still viable after 72 h.

2.6 Depuration Setup and Processing

Six glass bowls were sep to function as static depuratisyistems (Figure 1). Each
bowl held up to three oysters and 600 mL of either SS or PASW10. Each system was equipped
with one air stone to provide air to the depurating oysters. After physicodieesting it was
found that, PASW10 (1:1) had a slightly higher temperature, lower pH, higher oxidation
reduction potential, electrical conductivity, and nitrate and nitrite concentrations compared to

PASW10 (3:1). Due to the increased antimicrobial peaeaf PASW10 (1:1), this particular
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dilution was used to conduct the depuration and quality experiments. After gatireion in a
1000mL beaker, 300 mL of PASW10 was added directly to the bowl of oysters andl360

cooled SS was added immediatafter to prevent oyster mortality. After 1 and 3 hours, old
PASWI10 (1:1) was discarded and newly prepared PASW10 (1:1) was added to the system as
previously mentioned. Depuration took place over 24 h. Other oysters were put in an open plastic
container ordamp paper towels and were left undisturbed at the bottom of a refrigerator at 5°C

during the processing period. Refrigerated and SS depurated oysters served as controls.

Figure 1. Diagram of laboratorypenchscale static depuration setp for live oysters. Glas:

bowls were filled with 600 mL of treatment solution and contained three oysters and a si

stone
2.7  Determination of Microbial Inactivation Efficacy of PASW10 (1:1) Against Total
Coliform and E. Coli in Oysters

Microbial tests were conducted over the 24 h oyster processing period at the intervals 0,

1, 3, and 24 h for all treated oysters. Refrigeration processing followed the same pattern of oyster
sampling. At the aforementioned time intervals, treated oystenms gathered and shucked in an
aseptic manner. One oyster was treated at a time and a total of three oysters were used per time

interval for each treatment. Oyster meat was transferred to a sterileREk& homogenizer
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blender filter bag and weighed. A1D dilution was made by adding sterile BPW to the oyster
meat. The diluted oyster sample was placed in
80 Biomaster Blender 110V, Worthington, West Sussex, UK) set to the normal setting for 120 s.
After blending,1:10serial dilutiondn sterile deionized watevere performed and aliquots of
sample were plated in duplicateBneoli/ Col i f or m count Petrifilm (3I
USA). Petrifilms were held overnight (224 h)in an incubator set to 37°C + 1°Total coliform
andE. coli colonies were counted and expressed as log CFU/ g of oyster meat.
28  Oyster Quality Testing

Condition index and biting force tests were measured as indicators of overall oyster
guality. To reduce variability betwesamples, oysters were sorted and weighed and oysters
within the same weight ranges were used per treatment. Oyster quality measurements were
conducted at the beginning (0 h) and end (24 h) of processing in a separate experiment from
microbiological testingOne oyster was treated at a time and a total of three oysters were used
for each treatment. Refrigerated, SS depurated, and PASW10 (1:1) oysters used in quality tests
were not inoculated with bacteria prior to experimentation. Biting force analysesanehacted
using a TA.XTPlustexture analyzer (Stable Micro Systems, Godalming, Surrey, UK). The load
cell used was 5 kN. A knife blade with a 45° chisel end was used as the shear fixture. Shucked
oyster meat was positioned perpendicular to the knife lwadeTA90 heavy duty platform
with an aluminum plate with thiickest part of the ventral side directly under the blade.
Exponent Stable Micro Systems software (Version 6.1 Build 10 Issue 0, Godalming, Surrey,
UK) wasused to plot peak force (Myer tine (s).The tesspeedwvas set to 1.0 mm/s and
distance was 1.0 mm, enough for the blade to touch the platform. Values for peak force were

recorded per sample.
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Condition index testindpr the treated oysters followed the procedure described by
Larsen et al(2013)andLawrence & Scot{1982) Whole wet oysters, alive in the shell, were
weighed and their mass recorded. After shucking, oyster meats were placed in a convection oven
(Precision Scientific 25EM, Chicago, lllinois, USA) set to 80°C48 h. Oyster shells were left
to air dry at room temperature (~22.@®°C) for 48 h. After drying, both oyster meat and shells
were weighed. Using the study bgrsen et al(2013) condition index was calculated using
equation 1:

(Eq. 1)

PTITO € &€ QAUOERR W
2.9 DataAnalysis

Experiments were performed in triplicate. Statistical analysis for data was performed
using Tukeyds honest si gni f i-wapamalysis ofivarfaricein e n c e
R Project for Statistical Computing software version 3(B.&ore Team, 2022)
3. Results and Discussion
3.1 Physicochemical Properties of PASW10 (3:1 and 1:1)

Values for the physicochemical properties of PASW10 3:1 and 1:1 are shown in Table 1.
For PASW10 (3:1), the temperatuof SS increased immediately after activation with plasma but
decreased after cooled SS was added to dilute the PASW10 solution. Similarly, values for
oxidation reduction potential and conductivity followed the same trend before activation,
immediately &er activation, and upon the addition of SS diluent. Values for pH, however, began
in the basic region at 9.06 for SS and was reduced to the acidic region at 2.93 after plasma

activation. After dilution with SS, pH was 5.49.
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Within treatments for PASW1(B:1), dl temperature, oxidation reduction potential,
conductivity, and pH values were significantly different. Likewise, values for temperature,
oxidation reduction potential, and conductivity increased and decreased after-atdsaiion
and dilution respectivelyThe value opH decreased and increased after plaaoiavation and
dilution, respectivelyWithin treatments for PASW10 (1:1)l) salues for temperature, oxidation
reduction potential, conductivity, and ptrere significantly different. Whecomparing
PASWI10 (3:1) to PASW10 (1:1), significant differences between the two treatments were
observed in temperature and oxidation reduction potential values immediately after plasma
activation and after dilution with SS, respectivéyhen comparinghe pH values of PASW10
3:1 and 1:1, all values were significantly different before activation, after plastivation, and
after dilution.Conductivity values were only significantly different immediately after plasma
activation for both PASW10 3:1 andl1

Reactive nitrogen species such as nitrate and nitrite generated in PASW10 (3:1 and 1:1)
and a SS control are given in Table 2. The values for nitrate and nitrite concentrations for
PASW10(1:1) were higher than that of PASW18:1). All values for nitite and nitrate
concentrations were significantly different for all treatments and the control. No \WAEs
detected in either PASW10 3:1 or 1:1.

Increasing temperature, oxidation reduction potential, and conductivity, and nitrate and
nitrite concentratin of SS immediately after plasraativation and decreasing pH after the
creation of PASW is similar to a previous sty@ampbell, Wang, et al., 2022)jhese
physicochemical trends are also similar to other studies that applied plasma to phosphate
buffered saline and saline solutigigaek et al., 2020; Hadinoto et al., 2022; Jin Zhang et al.,

2022) Unlike the study byaek et al. (2020\hich used a 0.9% w/v NaCl plasraativated
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solution and generated 0-8458 mg/l of FACs, none were generated in our study. This could be
the result of reactions between the various mailsg(e.g. aluminum, nickel, etc.) in the

proprietary synthetic sea salt brand used in this stadyddition, the method of detection limit

may have been too high at 10 ppm, so another method of detection may need to be used in the
future.The increasedoncentrations of nitrate and nitrite after plasmetivation compared to the
PASW in vitro study could be due to the increased volume of SS used to create PASW in this
work (Campbell, Wang, et al., 2022)Vhile the increased nitrate and nitrite in PASW10 (1:1)
offered antimicrobial benefits, careful consideration was taken when generating these reactive
nitrogen specieditrite concentrations close to 20 mM affected oystenping in a previous

study, but did not kill the oyste(Epifanio & Srna, 1975)While concentrations in this study did

not reach the aforementioned level, in a future scaled up system, this challenge would need to be
considered for effective depuration proéegsLikewise, nitrate species should not harm oysters

as long as they are below 186 mM as demonstrated in a previougEpifdyio & Srna, 1975)
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Table 1. The physicochemical properties simulated seawater (SS) h@ésma activationimmediately afr activation by plasm.

for 10 min (denoted as PASW10), ardSW10after dilution with S§3:1 or 1:1)to a total volume of 600 mL.

Oxidation reduction potentia
Treatment Temperature (°C) pH Conductivity (uS/cm)
(mV)

PASW10 (3:1)

Beforeactivation 18.7+ 0.6 Bc 9.06 £ 0.0 Bc -116.6 £ 0.3 Bc 44.0+0.1 Bc
Immediately after activation 55.3+15 Cb 2.93+0.0 Db 249.8+2.1 Cb 575+ 0.6 Db
After dilution with SS 23.0+ 0.0 Ea 549+0.0 Fa 76.30 £ 0.6 Ea 46.4 +1.4 ACa

PASW10 (1:1)

Before activation 19.0+ 0.0 Bc 9.00+0.0 Cc -114.0 £+ 0.8 Bc 446 +0.0 BCc
Immediately after activation 48.3+1.5 Db 299+0.0 Eb 243.0 £ 0.6 Db 522+1.0 Eb
After dilution with SS 27.0+0.0 Aa 3.43+0.0 Aa 201.4 + 0.3Aa 47.2 + 0.4 Aa

Data shown are the mean valuestandard errors of three independent experiments. Within a particular treatment, means lacking a
common lowercase letter are significantly differgn& 0.05). Between both treatments and within a columeans lacking a common

uppercase letter are significantly differept(0.05).
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Table 2.Concentrations (mM) of nitrate, NQ and nitrite, N@, in PASW10(3:1 and 1:1)

Treatment NOs™ (mM) NO2 (mM)
SS (control) 0.00 0.00 b 0.00 0.00 b
PASW10 (3:1) 521 1.84 c 6.71 0.01 c
PASW10 (1:1) 34.3 143 a 11.3 0.11 a

Data shown in figure are the mean values * standard errors of three independent experiments.
Within a column, means lacking a common lester significantly differentd< 0.05).
3.2  Oyster physical properties

A total of 43 oysters were used in the experiment due to mortality before experimentation
(afterbioaccumulatioh(Table 3).After bioaccumulation, fathe 43 oysters, the average mass
was 2.9¢, length was 5.7 cm, and width was 30 cm. Three oysters pehedafter
conditioning in the 31 ppt oyster tanks before experimentation poskiblyo weakness and
being in an unfamiliar environmerRrior studies have demonstrated low cumulative mortality of
oysters held at about room temperature seawater andat@dalinity of 15 ppt or lower, so the
increased salinity in this study may had a negative effect on oyster mortality alone before
processindLa Peyre et al., 2016; Rybovich et al., 2016)

Table 3. Averages of physical properties of oysters used in this study.

# of Oysters Mass (g) Length (cm) Width (cm)

Processing tests 30 33.8 6.96 5.84 0.68 3.38 0.44
Quality tests 13 30.8 6.70 5.00 0.54 3.15 0.59
Average 329 694 5.57 0.75 3.30 0.49
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3.3  Bacteria Bioaccumulation in Oysters

At the start of bioaccumulation in the oysters, concentrations of total coliforis. ant
in theSSwere 7.91 £ 0.0 and 7.83 + 0.0 log CFU/mL, respectively. After 72 h of
bioaccumulation in the oysters, concentrations of total coliformEamdliin the SS were
reduced t@.85+ 0.1and 3.62+ 0.0 log CFU/mL, respectively. The lower concentration of
baderiamay have possibly hinted at thptakeof E. coli in the oysters.

E. coli (ATCC 11303) was used to inoculate natural seawater pumped in from the Bogue
Sound, North Carolina, USA, for uptake@nassostrea virginicaysters sourced from the sound
in a previous studfiLove et al., 2010)Initial E. coli concentration in the seawater was about 9
log CFU/mL, slightly higher than the approximately 8 log CFU/mL concentration in our study
(Love et al., 2010)This could possibly be due to the varying seawater conditions. In the study
by Love et al.(2010)water salinity was 28 ppt compared to 31 ppt used in this study.
3.4  Microbial Inactivation Efficacy of PASW10 (1:1) against Total Coliform and E. coli
in Oysters

The initialtotal coliform (TC) count at hour 0 was 5.6 + 0.4 for all treatmemitf no
significant differences across treatmefitgure 2a). After hour 1, TC counts were 5.2 + 0.4, 5.6
+ 0.4, and 4.3 + 2.6 log CFU/g for refrigerated, SS, and PASW10 oyster samples, respectively.
No significant differences were observed across treatmE@Gtsounts were 6.2 £ 0.8, 5.0 + 1.6,
and 3.7 1.9 log CFU/qg for refrigerated, SS, and PASW10 oyster samples respectively after
hour 3with no significant differenced.astly, after 24 h, TC counts were 5.4 £ 0.2, 4.8 £ 0.2, and
4.7 + 0.2 log CFU/g oyster for refrigerated, SS, and PASW10 sam@psctively. After 24 h
of processing, the TC in oysters were reduced by 0.2, 0.8, and 0.8 log CFU/g in refrigerated, SS,

and PASW10 samples, respectivehygnificant differences were observed for SS and PASW10
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samples compared to the refrigerated samplesss the 24 h period, significant reductions in
TC were only observed after 24 h.

The initial E. coli (EC) countwas 6.2 £ 0.0og CFU/g for all treatments at hour 0
treatmentsvith no significant differences across treatmérigure 2b). After hour 1E£C counts
were 5.3+ 0.4, 6.4+ 0.3, and 6.1 =+ 0.7 log CFU/q for refrigerated, S®,8/10 oyster
samples, respectively with no significant differences across treatments. EC counts were 7.1 +
1.6,6.1£0.5, and 4.6 + 2.0 log CFU/qg for refrigerated, &8 PASW10 oyster samples
respectively after hour 3 with no significant differences across treatments. Lastly, EC counts
were 5.6 £0.2,5.1 + 0.3, and 4.8 =+ 0.1 log CFU/g oyster for refrigerated, SS, and PASW10
samples respectively, after 24 h of pr@ieg. Again significant differences were observed for
SS and PASW10 samples compared to the refrigerated samples. After 24 h, EC concentrations
were ultimately reduced by 0.6, 1.1, and 1.4 log CFU/g oyster for refrigerated, SS, and PASW
samples, respectilyewhen compared to hour 0 samples. Across the 24 h period, significant
reductions in EC were only observed after 24 h. At the end of processing, there were no oyster
mortalities.

The microbialreduction trend for TC in oysters demonstrated a slight deeiaahe
refrigerated sample and increases in the SS and PASW10 samples after 1 h. After 3h TC
concentration in the refrigerated and SS sample increased, while the PASW10 decreased. After
24 h, all samples demonstrated decreases in TC. After hoursligtitedecrease in TC in the
refrigerated samples could be due to the inhibition of TC proliferation due to the 5°C storage
condition; this effect is similar a previous stu@ace et al., 1988The increase in TC in SS and
PASW10 samples could be due to the effects of the room temperature water in SS and slightly

higher tempeature of the PASW10 solution. Further, the salt in the PASW solution combined
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with the higher temperature could have provided afognotic barrier around the bacterial cells

to insulate them from cellular destructi@ehmigen et al., 2011; Ren & Su, 200&fter 3 h,

the increase in TC in the refrigerated and SS sample could follow this same pattern as the
samples at 1 h and has been noted before in a study examining cofttarimgh pressure
processing treatment and storage-dt@ over timgHe et al., 2002)it shoud be noted that

oysters in depurated treatments were observed to open their valves after being left undisturbed
which might suggest their filtering resumption. However, nitrate and nitrite arelsteokt

reactive species and decreases in nitrite corat@mrand lessened antimicrobial efficacy against
E. coliandL. innocuaover 60 min at 22°C have been noted in a PAW sfudgng & Salvi,

2021) A similar reductiortrend was observed in EC samples over the 24 h period.

Replacing the PASW10 treatment at 1 h and 3 h with fresh treatment seemed to slow TC
and EC growth over time, especially by 24 h compared to refrigerated treatment. While
reductions in TC and EC whegeeater in PASW10 treated oysters after 24 h, they were not
significantly different from SS treated oysters. In a study by Ren and Su, depurated oysters
treated with electrolyzed oxidizing (EO) water containing 1% NacCl at every hour, significantly
reducednoculatedVibrio vulnificusandVibrio parahaemolyticuafter 4 h when compared to 0
h (Ren & Su, 2006)However, past 4 h and up to 8 h, no significant changes were demonstrated
in their study. The authors hypothesized that while the salt may encourage the filtering
mechanism in the oysters, it may also decrease the antimicrobial ability of the EO Wwater. T
authors also mentioned that the particular group of oysters may not have been immediately active
when resuming their filtering process, which contributed to a longer period for the reduction of
Vibrio in the oysters. This possibility could be the sameur study since the SS and PASW10

depurated oysterso6é highest reductions appeare
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different from each other. If the oysters in our study were not immediately pumping in and out
the PASW10 water, the reaati nitrogen species, ORP, electrical conductivity, lowered pH, and
other shoHived species may have dissipated over time as demonstrated in the PAW storage
study by Wang and Sal(Wwang & Salvi, 2021)In order to fully inactivate any bacteria, the
PASW10 treatment solution needed to be circulated through the intestines of th¢Ryst&r
Su, 2006) If the oysters were initially inactiugpon the introduction of the PASW10 treatment,
this may have contributed to the reduced inactivation of TC and EC in the oysters over time
when compared to the SS treatment.

Nevertheless, these results are comparable to a study that determined thenrefl &3
in oysters during depuration after environmental contaminétion et al., 2017) Their
recirculating depuration system consisted of a 39 W UV system with a sand filter that fed 400 L
of seawater held at a temperature ranging frorg-12.8°C and salinity ranging from 3238.4
ppt into a tank at 10 L/min. After 24 h of depuration, ECrassostrea gigasysters were
reduced by 1.1 log MPN/100(&im et al., 2017)In another studyCrassostrea madrasensis
oysters in a stat depuration system with 200 L seawater at a pH of 8.1, salinity of 32.5, and
temperature of 30.3°C were measured to quantify microbial reductions of TC and EC after a 48 h
period(Chinnadurai et al., 2014%tatic depuration either took place near the surface of the water
or at the tankodés bottom. For TC counts after
oyster at the surface and bottom, respectively. For EC caftats24 h, reductions were 2.28
and 1.32 log MPN/ g oyster at the surface and bottom, respectively. Significant differences in TC
and EC microbial reduction were only noticed up to 24 h and not at 36 giCt8rimadurai et

al., 2014)
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Considering the novelty of this study, these results can provide a basis for future studies
of PASWoyster depuration efforts. However, a few studies have examined cold atmospheric
plasma CAP) applied directly to oyster me@hoi et al., 2022; Csadek et al., 202h)the
study byCsadek et al2021) their CAP treatment inactivated enveloped RNA virus in blended
oyster meat slurry. EC in untreated, shucked oyster controls wedog5CFU/g in the study by
Choi et al.(2022) After treatment for 10 min with DBD, ngmathogenic EC and EC O157:H7
were reduced by 0.31 and 0.18 log CFU/g, respectively. While the aforensehsituadies only
treated the surfaces of the oysters unlike in our study, both the antimicrobial effects of CAP and
PASW have been attributed to radical species like reactive nitrogen species, lowered pH,
reactive oxygen species, and other shived reacive chemical species creating perforations in
the cell membrane of the bacteft@latunde et al., 2019)

In the future, freshly generated PASW10 treatment should be introduced at more frequent
time intervals to increase contact time with the oysters and hopefully allow the oysters to
comfortably resume their filtering proses. This could help lend to increased reductions of
endogenous bacteria. Also, static depuration processing at colder temperatures (< 20°C) could

act as an additional hurdle in reducing bacteria in oysters.
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Figure 2. Microbial reduction efficacy of refrigeration, simulated seawater (SS) depuratior
plasmaactivated simulated seawater (PASW) depuration processirgg) total coliform and
(b) E. coli in live oysters over 24 Data shown are the mean valuestandard errors of thre
replications Means lacking a common lowercase letter are significantly diffepen(05) at
a specific time point amongst treatmentdeans lacking a common uppercase letter

significantly differentover the 24 h processimgriod(p < 0.05).
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3.5  Oyster Quality

Condition indices of oysters before and after depuration and refrigeration processing are
shown inTable 4. After 24h of processing, oysters that underwent SS depuration retained the
highest conditionridex value. RefrigeratioisS depuration, arfdASW10 depuration
experienced condition index reductions of 1.886,and 2.16, respectively. Overall, however,
there were no significant differences between processing treatments.

A higher condition index value is indicative of a greater amount of oyster meat in the
shell and generally healthy oys{@ampbell, Chouljenko, et al., 2028ince the oysters used in
this experiment were small in size, condition indices were smaller than larger oysters in a
previous studyLarsen et al., 2013However, these results follow a similar trend in relation to
former oyster depuration studies in which conditioices were reduced, but not significantly
different after processin@agenda et al., 2019; Bio & Nunes, 2021; Larsen et al., 2013; Ruano
et al., 2012)Even in depuration trials where oysters were fed, condition index values after
processing were not significantly different to values before proceBaggenda et al., 2019)

Ruano et al(2012)noted that higher glycogen, protein, and triacylglycerols contribute to higher
energy reserves in some bivalve molluscs making them more resistant to significanbmedaocti
condition index values. Moreover, depuration at temperatures lower than 25°C can help reduce
oyster respiration and wasteful energy expenditiaescy et al., 1971ysters in this study

were held at room temperature, about 22 2°C, and were not significantly stressed after 24 h

of depuration or refrigeration enough to reduce glycogen, protein, and triacylglycerol levels.
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Table 4.Condition index (CI) of oysters before (0 h) and after 24 h of processing.

Treatment Cl Yy Cl
Control (0 h) 5.51 +2.49
Refrigeration 3.65+1.11 -1.86
SS depuration 5.15+1.49 -0.36

PASW10 depuration 3.35+0.87 -2.16

Data shown are the mean valuestandard errors of threeplications and were not significantly
different(p > 0.05).

Biting force, recorded as peak foyéer oysters beforand aftelprocessing treatmeate
presented iTable 5. After 24 h, peaKorcevalues of oyster meats were greatest as a result of
refrigeration. Following refrigeration, peak force values were increased in PASW10 depuration
samples, then SS depuration samples when compared to the control. No significant differences
were observed aomgst processing treatments or the control, however.

Al t hough there are no studies that report
biting force properties, previous studiesdo te
processcnmgoenedy ®t er meat s. I n a study that e
shellstock oysters over a period of 10 days, an increase in peak force on shucked oyster samples
was observed after storage at 5, 10, and 20°C for(R4utoh et al., 2014)Peak force values
were about 340 g for samples stored at 5°C after 24 h and were not significant for the three
storage temperatures during the first three days of st{kéggoh et al., 2014)Another study
examined the impact of 120, 30, and 66min dielectric barrier discharge (DBD)ing
nitrogen gas medium on the texture profile of shucked Pacific oysters positioned 0.3 cm from the

discharge jefChoi et al., 2022)On samples treatedtv DBD for 10 min, mean hardness
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(g/cn?) was 102+ 15.17 compared to 100.3#411.38 of the untreated control (0 min). All

samples were not significantly differgi@hoi et al., 2022)Cutting force of oysters stored at 4°C
decreased significantly from 0 to 5 days and ultimately over@a2@eriodJinglin Zhang et

al., 2017) Loss in biting/cutting force in oysters is due to loss of freshness determinants over
time such as glycogen content, water content, pH reduction, drip lossipprontent, and

enzymatic activityJeong et al., 2021; Jinglin Zhang et al., 20While depuration for 24 h

should not negatively affect this quality parameter, extended depuration periods might alter the
biting force of oyster meats.

Table 5.Biting force of oysters before (0 h) and after 24 h of processing.

Treatment Peak Forceg/mm) Y Peak Forcég/mm)
Control (0 h) 177+ 3.54
Refrigeration 339+ 147 +162
SS depuration 117+ 7.72 -60.0

PASW10 depuration 198+ 49.0 +21.0

Data shown are the mean valuestandard errors of threeplications and were not significantly
different(p > 0.05).
4. Conclusions

PASW could be used as a disinfectant in oyster depuration systems. The effects of
increased oxidaticneduction potentialconductivity, reactive nitrogen species, and lowered pH
all play part in the antimicrobial efficacy of PASW on total coliform &nadoli. PASW
depuration presents an alternative processing method for oysters compared to traditional methods
like refrigeiation or depuration in seawater. Future studies should consider application of PASW

depuration on other microorganisms affecting oysters and other bivalve molluscan shellfish,
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especially endogenous species. Conclusively, the novel application of PASWeauddd to

help maintain the microbiological safety of live oysters for human consumers.
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CHAPTER 5: PROPOSITIONS FOR INDUSTRIAL -SCALE DESIGN AND
OPERATION
1. Introduction

To-date, plasma activated water has demonstrated promise as a potential disinfectant for the
surfaces of foods, food preparation and processing equipment, and in food ni@ticetbel et
al., 2020; Wang & Salvi, 2021b; Xu dt,&016) Depuration is a pogtarvest processing
method that exploits the filtering ability of live oysters, causing them to purge themselves of
internal bacterial contaminants when placed in clean, sanitized water for a period of time
(Richards, 1988)Considering the requirement of salt water environments for most bivalve
mollusks, like oysters, plaspativated simulated seawater (PASW) could be used as a
processing disinfectant aid in industrial oyster depuration sysi€arapbell, Wang, et al.,

2022)

If PASW is adopted as a method toward enhancipgi@dion by reducing endogenous
bacteria in live oysters, the system will need to be sagbetd meet the production needs of the
industrial processor. An efficient PASW system will need to adequately treat large quantities of
oysters at once. It is imgld that this disinfection processing step will not only benefit the
processor, but also the end user, the consumer.

Additionally, the design of a PASW depuration system should be such that it does not
constrain the user or create a bottleneck in the gughalin. As will be discussed further in this
chapter, the PASW system will be designed in a way for easy use during processing and without
too many extra components. In addition, multiple users will be able to convert a normal

depuration tank systemtdPaASW system without extensive trai
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The purpose of this chapter is to demonstrate the potential usefulness of an irstadial
PASW depuration system. This chapter will also propose a design for the PASW unit, explain its
operation, and potential advantages and limitations of the system. Finally, the estimated costs of
an industrialscale PASW depuration system will be considered.
2. Industrial -scale design and operation

As previously mentioned, industriatale PASW deputian systems could further enhance
the human consumer 6s raw oyster seafood exper
add economic value to the seafood industry. Besides reducing harmful internal bacteria in raw
oysters, PASW coupled with oystdgpuration processes may also increase the potential revenue
of oyster vendor§Campbell, Hall, et al., 2022))ptake and bioaccumulation of fecal indicator
bacteria is common in oystersd natural water
PASWenhanced oyster depuration could enable oyster processors to charge more money for
their processing servicé®lalemi et al., 2016)in addition, PASW may reduce oyster processing
efforts contributing to overall lower capital co§&ampbell, Hall, et al., 2022; Campbell, Wang,
et al., 2022Finally, PASW is also an environmaitit/-friendly and residudree alternative to
ozone and chlorine, chemical additives traditionally used during oyster depuration. This section
aims to describe and illustrate a conceptual, commescaé PASW depuration system, as well
as provide suggeshs for its operation based on previous research and depuration processing
parameters.

Currentlythere are no published studies related to PASW as a disinfectant for use-in pilot
scale or industriascale, oyster depuration systems. However, previodsesthave described a
pilot-scale system utilizing plasma processed water (PPW) as a food disinfectant for endive

lettuce(Andrasch et al., 2017; Hnbng et al., 2018; Schnabel et al., 2019, 202be
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aforementioned plasma system generated PPW by treating compressed air with a microwave
plasma torch. The studies also report application of PPW during the washing process step,
resulting in reduceddxterial counts on the surfaces of endive lettuce sarffhesasch et al.,
2017; Frohling et al., 2018; Schnabel et al., 2088ich attempts can suggest the feasibility and
functionality of a scaledip PASW depuration system.

The design of an operational pHatr industrial scale PASW system will largely follow the

same generation mechanism as a laboradoaje system. For example, in the studyAbgrasch

et al. (2017)amicrowave setup allows for plasma to be ignited through a coaxial power

connection and compressed air passed through the plasma to create plasma processed air. In turn,
the air was forced through tubing or piping into water to create PPW. The PPW watothdn

in a bulk container until processing had commenced. The bulk PPW was used in rinsing and
washing processing steps of endive lettuce. In the same way, a PASW depuration system using
cold atmospheric plasma would generate PASW as follows:

1) Compressedir flows through dielectric electrodes of an atmospheric plasma jet (APJ) at
room temperature where electrons are excited and reactions take place, thus creating
activated plasma.

2) Free electrons in the activated gas medium (compressed air) collide athpatticles,
creating reactive nitrogen species (RNS) and reactive oxygen species (ROS). These
species react with other particles and create more-bhedlt secondary species
(Campbell, Wang, et al., 2022)

3) The APJ is positioned close to (~5 cm) to the simulated seawater surface, but not
touching, where electrons in the gas medium react wit &hd are dissolved in the

liquid creating OH, Oy, and HO.. Ozand NQ diffuses into the KO as well. NQ
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creates HO*, NOs', NO;, and ONOO(Katsigiannis et al., 2022This step produces

PASW.
In an industriailscale oyster depuration system, good engineering design dictates that PASW
would be introduced toysters in the podtarvest step of the supply chain as in traditional
systems. For previous plasraativated water (PAW) studies and this current sapleoncept,
one of the most important aspects of the system design involves storage of thegotaste
water solution. While several PAW studies have noted the stability of pH over time during
storage, other physicochemical properties like oxidatamtuction potential and RNS decrease
over time(Shen et al., 2016; Thirumdas et al., 80Wang & Salvi (2021plso noted the
reduction in bactericidal effects of PAW after prolonged swtages (up to 48 h) and increased
temperatures (~ 22 °C). A useful PASW oyster depuration unit should perform in a way that
maintains cool water temperatures and minimizes the storage of PASW.

As mentioned in Chapter 2, a typical recirculating depuraystem should be fitted with at
least a depuration tank, a filtration/debris settlement component, a disinfection component, and a
drain(Lee et al., 2008)Studies byNambudiri et al. (1995andAntony et al. (2021)vere
successful at reducirif,. coliand both, fecal coldrm and fecal streptococci, respectively, in
clams in their conceptual depuration systems. Using the design principles of a traditional,
recirculating depuration tank, two conceptual depuration systems are proposed.

Figure 1 depicts a proposed PASW oyster depuration system for industrial use. Like
traditional depuration tanks, this tank is made of fgoable contact material such as marine
grade steel, glag®inforced plastic, or high density polyethyldfDPE). A holding tank stores
and provideseawater to the depuration tank (1) after first, filtering any large particulate matter

(2) and traveling through a pump (3). A water spray bar (4) then introduces seawater into the
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tank and also provides aeration for the oysters already loaded onto, $itidfeH trays
positioned at | east 2.5 ¢cm above the tankds b
tank and are positioned to allow for at least 3 cm of space between each tray for the oysters to

adequately resume their filtering processes.

Water-sealed 5
connector to
power PASW disinfection
\ / (Atmospheric plasma jet grid
/- = = arranged on underside of tank
)/ \ )( \ '/ \/ \f O( )f:) ‘/ fO cover that closes when in
\/ \ I/ ( \/ y ( \/ P p: operation.)
( w'w (_) \) - r}%r\) - ‘\)r\) (_)r\)
Yo Y Y oNYOYAYAY
6 Qy’\)fu r\/ \J\()r\/()t\)t\)
Electri p Ve . ¥ Y
ectric f )r\_)r )K ) \) \J(Jt )(\/ \,E ( 3
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— A
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— —

Figure 1. Schematic of an industrigicale plasmactivated depuration system for oyste

customized for traditional depuration tanks. Adapted f@ampbell, Chouljenko, et al. (202:

Added seawater is maintained at a level where all oysters are completely submerged in the
water for depuration to proceed. The tank is fitted with a tank cover that completely seals the top
of the depuration tank, thus trapping air in between the depuration water surface and the tank
cover (5). This tank cover is standardized in such a way &l fhe depuration tanks in a given
facility if they need to be switched onto another tank. Rows of APJs line the underside of the

depuration tank cover. The APJs in the tank covers are supplied with energy via detachable,
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waterproofsealed wires from a aeby electrical unit in the facility power control room (6).
Upon start up, the APJs activate the air trapped between the underside of the cover and surface of
the seawater. The newly generated plasctavated air diffuses into the seawater where the
oystrs continue their depuration process and reduce any internal bacteria. Depending on the
volume of seawater in the tank, plasawivation of the seawater can take up to one hour and
can be repeated multiple times throughout the depuration process s@BE¥®SW contact time
with the oysters. Finally, the bottom of the tank features a slight slope to help remove any settled
detritus or debris eliminated from the depurating oysters (7). After plasthation, the normal
industrial process for oyster deption can proceed as describeddampbell, Chouljenko, et al.
(2022)

Figure 2 offers a more novel approach to the oyster depuration process. Afigagihéeng
freshly harvested oysters to remove general filth, the oysters are transported on a conveyor (1)
into an empty depuration tank. The conveyor belt is also suspended abarkthettom and
slotted where small organic matter can sink to the bottom and be dispelled from the tank. In a
seawater holding tank connected to the main depuration tank, sanitized, filtered natural seawater
or simulated seawater is indirectly treated veithAPJ for up to an hour or more to generate
PASW (2). The PASW is then released from the top of the depuration tank onto the oysters with
a hydraulic retention time of aboutl® min. Submerged oysters are then allowed to depurate as
in a normal depurain system. If additional PASW treatment is needed, used PASW water can
be emptied out of the tank and filtered to remove any waste (3) and transported back to the
PASW treatment holding tank (4) and the process can be repeated. After the necessary PASW
treatment, the live oysters can be transported from the depuration tank where they are air dried

via the conveyor and prepared for sorting, packaging, and cold storage.

84



2

Atmospheric

Plasma jet
—
1 Oysters on conveyor belt
= ]
PASW
Depuration tank with PASW
Seawater returning to the
4 plasma activation tank
e
[ — — —

Figure 2. Schematic of a novel, continuous plasmetivated depuration system foysters for

industrial use.

3. Estimated costbenefit analysis

As discussed, there are numerous advantages of PASW as a disinfectant for food use

elucidated in recent and current studies that could be applied to a conceptualgéathdstrial

system.There are limitations as well. Overall, the motivation to adopt PASW as a method of

disinfection for oyster depuration processors would be to provide a microbiologically safer, raw

oyster product to increase profits. This section will present an estic@eokenefit analysis of

PASW for oyster depuration use compared to other traditional disinfectants.

Besides its potential as an environmentally friendly and residue free disinfectant for foods

and food

equi pment ,

PASW mayphyseocleemicat h e r

benef

composition is very similar to PAW, it has been shown to have some of the same properties

(Campbell, Wang, et al., 202A8ndrasch et al. (201 fjoted that PPW used in their scaje
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study exhibited reversible chemical reactions, microbial inactivation, application tafrésh
delicate food surfaces like lettuce, and there was no need for chemical storage because it could
be produced on site. In addition, PPW was inexpensive. As illustrated in Figure 1 in Section 5.2,
the conceptual PASW cover attachment also has the addefitlof fitting traditional oyster
depuration tanks, therefore making it an-atdoption instead of processor having to buy a
completely new system. While the advantages of an indust@dé PASW oyster depuration

system seemingly outweigh the disadtemes, there may be theoretical limitations as well.

Since PASW has not been thoroughly researched aside from studies described in this
manuscript, more studies focused on PASW applied to different live seafoods and
microorganisms would be helpful. Alsarganoleptic and consumer sensory studies must be
done to determine the effects of PASW on consumer desirability aspects of raw oysters.
Andrasch et al. @17)also noted that licensing may need to be secured for industrial operation
of plasmaactivation systems. There was also no mention of storage conditions and whether or
not PPW would corrode storage containers or have any chemical reactions \aijle stessels.
Lastly, there is the question of whether or not oyster processors will be interested in the
innovative technology. However, the likelihood of industry adopting a novel, PASW oyster
depuration technology will be based on doshefit estimates.

A costbenefit analysis for a hypothetical oyster depuration facility in North Carolina was
prepared. The goal was to offer preliminagpital and operation cost estimations based on the
conceptual PASW oyster depuration cover-addlepicted in Figure 1 (Section 5.BEhllowing
estimations of PASW in industrial oyster depuration systems, these values were compared to

traditional depuratin disinfection methodsuch as ozone, chlorine, and uialet radiation.
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Estimates for a traditional depuration facility

Assuming a new, large depuration plant would be built, estimated initial investment was
calculated Table 1). Based on calculatis detailed later in this section, it was determined that a
typical oyster depuration facility in North Carolinauldprocess about 15.8 million oysters
duringthe legal harvest period from October to March. For a facility to proce26 iillion
oysters over the period of six months and with the averatgg 2lepuration process, roughly
30,000 oysters would need to be processed in edely batch. This wouldebabout 290 bushels
every processing period for thietitious depuration facility. Twentfour tanks holding four
trays each with a maximum of three bushels each would be needed. For an operation this size, a
plant would need to be about 40,000 sq. idequately house these depuration tanks.

Moreover, the plant would need to be easily accessible (within two hours of numerous
operations on the coast), so Lenoir County NC was selected as a good, proposed location. Land
and building costs would cost ab&@480,000 (estimate based on information from
https://wwwloopnet.com/Listing/10@V-New-St-Pink-Hill -NC/17709529/). Equipment costs
including depuration tanks, filters, standard UV sterilization systems, pumps, blowers, chillers,
and coolers were estimatatiabout $150,000 (adjusted for inflation via U.S. Bureau of Labor
Statistics using the consumer price index inflation calculator
https://wwwbls.gov/data/inflation_calculator.htrfiVilliams Jr et al., 1980)

Materials including tubing, flow meters, other meters (salinity, oxygen, salt,
temperature), tank trays, aiffdsers, preparation tables, and replacements are estimated to be
about $25,000 while state lab testing costs are estimated to be $10,000 based on estimates by
Chen et al., (2017ther costs (i.e. emergencies) would total about $10,000. Annual labor costs

were adjusted for inflation bad@n a previous study and is an estimated to be about $177,000
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(Ladner et al., 1986; Williams Jr et al., 1988) this hypothetical depuration facility it was
determined that in half a year, about 20,000 gallons of water would be used for depuration. After
adjustment for inflation and facility sizeperation of a typical ultraiolet (UV) water treatment
system would be about $590,00@&sed on Williams Jr et al., 1980)

The North Carolina Division of Marine Fisheries reported oyster production for the state
was 158,000 bushels or $5.6 million in 2017, befduericane FlorencéNorth Carolina Coastal
Federation, 2018Personal communication with local oyster fisherman, Ryan Bethea, and North
Carolina State University extension researcher, R§ally, estimated about 1 bushel of oysters
to be about 100 oysters worth on average $0.50 per oyster. Oyster harvesting in North Carolina
takes place for six months between October and March to lower risk of human infection from
Vibrio-related illnesse@~roelich& Oliver, 2013; Jones & Oliver, 2009)Vhen including the
span of six months, a total of about 15.8 million oysters were assumed to have been harvested in
2017. If it is assumed production is back to normal or continuing to grow in the years post
Hurricane Florence, it can be estimated that an average profit of about $7.9 million can be made
harvesting from open waters in North Carolina.

The main benefit depuration offers is the ability to harvest oysters from closed water
areas. Currently, about 760 b&cres of water areas are clofiddrth Carolina Coastal
Federation, 2019)This large area could potentially bring in an oyster harvest of about 8.5
million oysters and an additional avgeaprofit of about $4.25 million during thenBonth
harvest period. An added benefit of oyster depuration is the option for farmers to harvest during
Aof fo months from both c¢closed and open water
is estinated to be $12,125,000. The estimated benefits totaled to $24,300,000 profit for the

hypothetical facility.
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Table 1. Estimated operating costs in North Carolina for a standard recirculating «

depuration facility using ultraiolet (UV) light as the \ater disinfection treatment.

Estimated Operational Costs

Estimated Initial Investment

Land $480,000
Equipment $150,000
Materials $25,000
Lab testing $10,000

Other $10,000

Estimated Variable Costs

Labor $177,000

Estimated UV Water Disinfection Treatment Operation

$592,570

Estimated Total
$1,444,570
Cost of Operation
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Table 1.(continued).

Estimated Profits

Estimated Benefits from Oyster Harvesting

Avg. profits from

$7,900,000
open waters in NC
Avg. profits from $4,250,000
closed waters in NC
Avg. profits from
$12,150,000
harvesting in the
Aof f o s«
Total Estimated
$24,300,000

Benefits

Estimates for a traditional depuration system with a PASW component

Based on the preliminary cost estimates and equipspetifications in the previous
section, the following describes the most important factors for PASW oyster depuration
operation. This section specifically considers equipment, labor, and energy costs for a system
depicted in Figure 1.

The U.S. Bureau of Labor Statistics estimates the average energy price in North Carolina
to be $0.124 per kwiSpecifically for a depuration plant that treats raw oysters with PASW, it

has been previously noted tlzatiow rate of about 5 gallons per miaus effective in
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disinfecting foods, compared to conventional treatments like ozone and cliferster, 2017)
Since costs are difficult to estimate for industrial plasma systems for food application, we used
estimates from a company that developsased plasma treatment systdidemira, 2012)
The company, Flowrox, estimated that the energy rate used to treat water using their plasma
systems is about 0.23 gallon per k{#towrox, 2020) Based on this information, plasma
systems that use air aggas medium would cost an estimated $27 to treat five gallons of water
for 1 minute.

Based on this logi@ plasmaactivated water system that uses 0.23 gal per kwh would
have a total energy usage of 860,227 kWh . At the current rate of $0.124 pénéidial cost
for plasmaactivated water systems at this facility would be about $107{;Délle 2). After
adjustment for inflation and facility size, ozone and wiret (UV) water treatment systems
would be about $868,260 and $592,570, respecti@lgez Hernandez et al., 28; Williams Jr
et al., 1980)Based on a report from the Environmental Protection Agency, water treatment with
chlorine would be about $135,00Roy, 2010) Total cost of operation for a plasraativated
water system was estimated to be $959,000, much lower than conventional methods. Other
methods would total an estimated $1.72 million (ozone), $987,000 (chlorine), and $1.44 million

UVv.
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Table 2.Estimated oysir depuration operating costs for a hypothetical plant in North

Carolina.

Water Disinfection Treatment

PASW Ozone Chlorine Ultra-violet

Estimated Operational Costs

Estimated Initial Investment

Land $480,000 $480,000 $480,000 $480,000

Equipment $150,000 $150,000 $150,000 $150,000
Materials $25,000 $25,000 $25,000 $25,000
Lab testing $10,000 $10,000 $10,000 $10,000
Other $10,000 $10,000 $10,000 $10,000

Estimated Variable Costs

Labor $177,000 $177,000 $177,000 $177,000

Estimated Water Disinfection Treatment Operation

$107,000 $868,260 $135,000 $592,570

Estimated Total
$959,000 $1,720,260 $987,000 $1,444,570
Cost of Operation
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Table 2.(continued).

Estimated Profits

Estimated Benefits from Oyster Harvesting

Avg. profitsfrom
$7,900,000 $7,900,000 $7,900,000 $7,900,000
open waters in NC

Avg. profits from  $4,250,000 $4,250,000 $4,250,000 $4,250,000

closed waters in NC

Total Estimated
$12,150,000 $12,150,000 $12,150,000 $12,150,000
Benefits

Overall, it wasdetermined plasmactivated water offered the best ebenhefit Table 3).
Chlorine was also a close contender based on costs alone, but the likely organoleptic benefits of
PASW suggest significant enhancement in value of a high quality final produdbembét cost
ratios for plasmactivated, ozone, chlorine, and UV water treatment systems were calculated to
be 12.7, 7.06, 12.3, and 8.41, respectively. This analysis demonstrates tbkectiseness of
plasmaactivated water if adopted into food presig systems at the industrial level as previously
assumedLee, R., Lovatelli, A., & Ababouch, 2008; Lees et al., 2010; Powell & Scolding, 2018;
Yong et al., 2014)Ultimately, whether PASVis used or not, depuration is cestective could
generate new income for the state of North Carolina by allowing for the harvest of additional

oysters from closed water areas and would contribute to the growth of the seafood industry.
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Table 3.BenefitCost Ratio of various water disinfection treatments for a hypothetical oy:
depuration plant in North Carolina.

Water Disinfection Treatment

PlasmaActivated Ozone Chlorine Ultra-violet

Benefit-Cost Ratio (BCR)* 12.7 7.06 12.3 8.41

*A ratio higher than 1 indicates a benefits (profits) outweigh costs. The highest BCR is most

desired.

4. Conclusions

Industriatscale PASW depuration systems for oysters could be useful for seafood
processors and consumers alike. Eventually, processors coulthbaportunity to maximize
their profits while reducing processing costs. However, consumers would ultimately benefit by
receiving an enhanced and safer quality raw oyster product. More research into the chemical
activity and microbial inactivation aspgeaf PASW that could be affected by scaling up would
need to be determined over time.

Microbial inactivation data on major species affecting oys¥itwip, fecal coliforms
and other bacteria) and impacts of relevant parameters (e.g. PASW concentrations; flow rates;
contactholding times) should be evaluated in laboratory and-piate studies. Initial economic
costbenefit studies as discussed in this work suggest thid etso be a cosdffective, raw
oyster disinfection techniquelowever, factors such as plasma generation installment and
operation, variability in run time for adequate PASW properties, PASW depuration throughput,
and differences in material costs sashstandard depuration versus PASW should be

considered.tlis hoped that the organoleptic properties and consumer acceptance of this
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technology would make this a premier value added seafood product. More economic studies are

warranted as new results oftbdoiological and technological aspects of the work move forward.
Finally, prototypes of pilescale and industrial systems would need to be designed and

constructed for testing before the adoption of this novel technology in depuration plants globally;

ard relevant regulatory and safety concerns would need to be addressed akisvelirrent

study provides a basis for future work in these related areas as the process moves toward

commercialization.
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CHAPTER 6: FUTURE WORK AND CONCLUSIONS

The demand for seafood

Globally, there is a growing demand for seaf@dO, 2020) The demand is expected
to increase by the year 2030 with 89% of all fish production resulting in food for human
consumption(FAO, 2020) Especially within the aquaculture sector, heightened production is
required since in 201&,represergd 46% of the total global fish production wHl2% of
seafoodvas wild caughas reported by the Food and Agriculture Organization of the United
Nations(FAO, 2020) Aquacul turebés i mpact also has the
strain due to agricultural and livestock farming ef@University of California- Santa Barbara,
2018) Farming oysters can help address the future demand for other sources of protein for the
worl dés growing human popul ati on.
Concerns for consumers of raw oysters

A majority of bivalve molluscs like clams, oysters, and mussels are aquacultured
produckcompri sing a total of 22% of theeAWworl dés
2020) About 33% of this production encompasses raw oysters, but consumers must exercise
caution due to health risks associated with consuming ther(Batta et al., 2020; U.S. Food
and Drug Administration, 2018Dysters ingest nutrients through a filtering method where they
filter surrounding water contaimg nutrients, detritus, and other matter. The ingested material is
passed over their gills in a process by which some particulates are retained and waste
(pseudofeces) is eliminat¢delson, 1923)Consequently, whatev bacteria, viruses, or other
potentially har mful mi croorganisms inhabit t

the oyster. This factor is of main concern for humans who consume raw oysters.
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Raw oysters are routinely inspected for organidmasindicatgotential contamination
like coliform, faecal coliform, ané&. coliaccording to standards established by the governing
body of a particular country or regi¢@ampbell, Chouljenko, et al., 202Brevious studies
have suggested these organisms are good indicators for the preséitc@afulnificus(VV)
andVibrio parahaemolyticugVP). Brackish wateloving species, VV and VP are prevalent in
the life cycles of oyster@ones, 2014)Due to climate change and rising sea surface
temperatures, VBnd VV arebecomingubiquitous in coastal bodies of water, and subsequently
oysterg(Ferchichi et al., 2021; Hartwick et al., 2019; Martiéizaza et al., 20100ther
ecological variables like water turbidity, satin and dissolved organic carbamay be correlated
with the presence and proliferation\éibrio in water.

While not all VV and VP are pathogens, the presence of pathogenic VV amdy/Be
harmful to humans, particularly those predisposed to illneSsase contaminated oysters do not
smell, look, or taste different from namntaminated oysters, consumers should be vigilant
(Tack et al., 2019)Vibriosis illness can result from infection with VV or VP after the
consumption of contaminated raw oysters. Symptoms include vomiting, diarrhea, cramps, fever,
chills. VV could also lead to death in immune compradisdividuals. Since many researchers
forecastanincrease in VV and VP globally, there are no physical determinants for contaminated
oysters, and there is steady demand for raw oysters, the seafood industry should continue
researching new methods and amting existing methods for the reduction of bacterial
pathogens in live oysters destined for consumgi@anters for Disease Control and Prevention
(CDC), 2020)

The importance of depuration for oysters
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One tool for reducing the bacteri al l evel s
viability is depuration. Depuration involves moving contaminated oysters to a system with
disinfected water and allowing them to filter in the water and purge themsékeyg o
contaminate$¢Richards, 1988)There are three main types of depuration systems: recirculating,
flow-through, and static systems. Recirculating systems megewater through the system and
allow the user more control over the process to limit recontamination.

While typically used for the reduction of coliforms, studies show that depuration could be
used to reduce VV and VP in oystéiSSP, 2017)Prior findings highlight the manipulation of
key depuration parameters (length epdration, water salinity, water temperature, and water
flow rate) for the reduction of VV and VP in oysters. Our study found that a depuration length of
four to six days, water temperature less than 20°C, water salinity of about 25 to 33 parts per
thousaul, and moving water were essential when maximizing VV and VP reduction in live
oystergCampbell, Chouljenko, et al., 202Further, the process could be enhanced by other
modes of water disinfection like the addition of chlorine, ozone, and the generation of-plasma
activated simulated seawater (PASW). There are numerousiairefor future studies
investigating the effects of oyster depuration. First, there is a need for more research efforts on
depurationbdéds influence on endogenous VV and V
methods that could be adopted in depurafiailities worldwide. In addition, oyster ploidy,
oysters being wilscaught versus aquacultured, and oyster species could all be observed variables
in future oyster depuration studies. Depuration coupled with other hurdle technologies could
providenew irsighsi nt o depur ationds i mpact on raw o0ysteEe
and VP, but on other bacteria, viruses, and microorganisms. Finally, exploration into the

application of novel water disinfection methods offer a plethora of new researchunyieEs.
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Plasmaactivated simulated water (PASW): a novel method for depuration water
disinfection

Plasma is the excitation of gas molecules via the application of energy to the gas medium.
Often considered the fourth state of matter, plasma has beatigated as an antimicrobial
method for food industry use. Moreover, plasma has been applied to water and other liquids to
lessen the harsh thermal effects of plasma yet retain its microbial inactivation properties, thus
creating milder conditions for caith delicate food produc{®liveira et al., 2022; Wang &

Salvi, 2021; Xiang et al., 2019 onsidering rast bivalve molluscan shellfish like oysters are
saltwater dwelling organisms, the novel, plasactivated simulated seawater (PASW) was
analyzed in botln vitro and in vivo studies for its antimicrobial effects on live seafood.

In our in vitro study taletermine th@hysicochemical properties of PASW, it was found
that temperature, oxidatieneduction potential, nitrate and nitrite concentration, and electrical
conductivity increased with increasing plasawivation timg(Campbell, Wang, et al., 2022)
However, pH values decreased over the sarmih(plasmaactivation period. These
physicochemical properties facilitated the synergistic antimiatafiect of PASW on
planktonicE. coliin the study. When comparing the microbial inactivation activity of simulated
seawater (SS) activated by plasma for 5 min, denoted as PASWS5, to samples activated by plasma
for 10 min, denoted as PASW10, applied to plankt&nicoli, longer activation tira resulted in
higher microbial reductions. Longer incubation timesaf@ 5min) of planktonickE. coliin
PASWS5 and PASW10 also resulted in higher microbial reductions comparedrtd @min
incubations. Also, when compared to a similar study usingnatastivated water (PAW),

PASW had a slightly lower microbial reduction effect. Overall, it was determined that PASW

could be useful it vivo studies for live seafood disinfectiolue to a reduction d&. colithat
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was greater than 3 log CFU/mL compatedhe standard reduction of 1 log CFU/mL outlined in

the Model Ordinance of the National Shellfish Sanitation ProgN®&$P United States Food

and Drug Administration, 2017) Fut ure research could deter min
reducing other bacteria, especially Gram positive bacteria, biofilms, viruses, and parasitic
microorganisms itive seafood.

PASW10 was used in laboratory bersdale, static depuration systems to determine the
effects of the treatment on the reduction of total coliform Endoliin live, inoculated oysters,
Crassostrea virginicain thein vivo study (Campbell, Hall, et al., 2022 o mitigate stress or
mortality in the oysters caused by acidic conditions, PASW10 was diluted with fresh, sterile SS.
Similar to then vitro study, the physicochemical properties (temperature, pH, oxidagdrction
potential, conductivity, reactive nitrogen species concentration) of diluted PASW10 were
analyzed. Measurements were taken before PASW generation, immediately after, and after
actvation and dilution with SS to determine the influence of plaantevation on these properties.
Temperature, oxidatiereduction potential, conductivity, nitrate and nitrite concentrations
increased after activation with plasma in PASW10. After PASWdiated with SS in two ratios,

1:1 (300 mL PASW with 300 mL SS) and 3:1 (150 mL with 450 mL SS), the aforementioned
physicochemical properties decreased but all values before, after activation, and after dilution were
significantly different. Due to the Yeered pH value and potential antimicrobial effeximpared

to PASW10 (3:1)PASW10diluted to the ratio oi:1 was chosen to continue experimentation.

PASW10 (1:1) was applied to live oysters during depuration for 24 h and the treatment
was reapplied aftenour 1 and hour 3 to increase contact time between the oysters and reactive
species in the PASW10. Initial total coliform (TC) counts were abdéogy CFU/g of oyster. TC

reductions were significantly different in refrigeratagters compared to PASW{D1) samples
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at 1 h and refrigerated oysters compared to &#and PASW10 (1:1)epuratedysters after

24 h. After 24 h, all treated samples had significantly reduced TC levels compared to 0, 1, and 3 h
samplesBy hour 24, S&nd PASW10 (1:1) depuran had the greatest reductmaf about0.8

log CFU/geach Initial E. coli (EC) counts were abo@t2log CFU/g of oysterEC reductions in

SS and PASWI10 (1:1) depurated oysters were significantly different from refrigerated samples
after 24 h only. Ovall, all treated samples were significantly different after 24 h compared to 0,
1, and 3 hBy hour 24,PASW10 (1:1) depuratiohad the greatest reduction of abdw log
CFU/g.Ultimately, PASWI10 treatments seemed to have the greatest antimicrobiat affainst

E. coli in the oystersBoth types of depuration treatments were superior to the traditional,
refrigeration method. Also, when considering the condition index and cutting force tests, it was
concluded that there were no significant differences in the overall quality of the cgftéers
refrigeration and depuration with SS and PASWs is encouraging and demonstrates that PASW
treatment has no deleterious effect on oyster meat quality.

Future studies could improve upon our results via further replication of existing
experimentamethods, applying PASW to Grapositiveor other modebacteria in oysters, and
determining the microbial reduction effectiveness of PASW on endogenous bacteria in oysters.
Studies should be completed in vitro then in vivo to achieve the desired logaadacthe model
bacteria before scaling up the PASW systekiso, the properties of PASWheeds tobe
investigated in a smaficale recirculating depuration system as a precursor to pilot and industrial
scak applications
Design, benefits, and limitatiors of a scaleelp PASW oyster depuration system

Previous research into pilot and industrial systems for the application of PAW to vegetables

hint at the feasibility of a largecale PASW oyster depuration system for industria{Asdrasch
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et al., 2017; Frohling et al., 2018; Schehet al., 2019)A scaledup PASW oyster depuration
system could be economically beneficial to the local seafood industry. When compared to other
depuration disinfection methods like chlorine, ulralet radiation, and ozone, the cdmnefit

analyss of PASW validated its adoption in depuration facilities in the long term assuming
depuration is a method validated by the Food and Drug Administration. Even more, such a system
could help enhance the safety of the final raw oyster product for consumers.

Two types of PASW depuration systems were proposed. One design relying heavily on a
Aone size fits all o depuration tank cover fit:
of a tank of seawater, could activate the gas in between the cotbeamater surface and dissolve
in the water to create PASW. The other system featured a continuous processing design. A PASW
generation tank separate from the depuration tank would ultimately fill an empty oyster depuration
tank with PASW while oystersaiconveyed into the system, allowed to depurate, and transported
to cooling and packaging. Both types of PASW systems offer onsite disinfection treatment, thus
eliminating the need for handling dangerous chemicals. However, considerations such as,licensing
the consequences of PASW storage on processin
on active antimicrobial compounds over time do exist. Future studies should collaborate with
oyster processors to identify bottlenecks in depuration processidgdasign scaledp
experimental, PASW studies around their needs. Further, conceptual models of pilot scale and
industrial scale systems need to be built and assessed. Combined with more detdiledefibst
analyses, PASW oyster depuration prototypeddcprovide the framework for future patenting,
licensing, and incorporation into depuration facilities worldwide.

Conclusion

107



Overall, the longestablishegrocessing methodalled depuration is a reliable technique
to reduce microorganisms and particulatesive oysters.Specifically according to the Model
Ordinances in théational Shellfish Sanitation Program Guide for the Control of Molluscan
Shellfishestablished by the U.S. Food and Drug Administration gegtirated oysters should not
exceed 23. coli per 100 g, 300 fecal coliforms per 100 g. Further, for depuration efforts aiming
to reduce VV and VP in oysters, greater than 3 log reduction should be achieved with reductions
to nondetectable levels, below 30 Most Probable Number/ g. Implementatibesa guidelines
can help ensure a safe oyster product after depuration.

With increased chances for bacterial infection from raw oysters due to rising oceanic
temperatures, depuration is a useful tool for food safety risk mitigation in human consumers.
Numerousresearch opportunities for improving the depuration process exist and some are
presented in this study. Overall, this research shows depuration can significantly reduce bacteria

and provide a safer raw oyster product for human consumers.
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APPENDIX A i Lab-scale Oyster Depuration Pictures

Figure 1. Oysters in lakscale, static depuration systems (a & b).
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