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The objectives of this project were to evaluatedfficacies of electrolyzed
oxidizing (EO) and ozonated waters as antimicroagants for enhancing the
microbiological safety of fresh strawberriésgaria x ananassa). The influence of
sodium chloride (NaCl) concentrations used for prefg EO water was evaluated on
their bactericidal activities against naturally metg aerobic mesophiles on
strawberries with a contact time of 5, 10, or 15.mEO water and ozonated water
containing about 1.90 ppm ozone were evaluateccamgpared with sodium
hypochlorite (NaOCI) solution on their capabilitiesinactivate and control the
growth ofListeria monocytogenes andEscherichia coli O157:H7 inoculated onto
strawberries stored at 4 £ 1 °C for up to 15 dpeetively. Post-treatment
neutralization of fruit surfaces by washing wa®oais/estigated. More than 2 lgg

CFUlg reduction of mesophilic aerobic bacteria aelsieved in samples washed for



10 or 15 min in EO water prepared from 0.10% (Wa)Cl solution. Bactericidal
activity of treatment solutions againstmonocytogenes andE. coli O157:H7 was not
affected by post-treatment neutralization, andrtbiectiveness against both
pathogens in whole fruit tissues did not signifitgmcrease with increasing exposure
time. The EO water had an equivalent antibacteffact as compare with NaOCI in
eliminatingL. monocytogenes andE. coli O157:H7 on whole strawberry tissues. Fruit
surfaces washing with distilled water resulted .@0land 1.27 log CFU/mI of rinse
fluid reduction ofl.. monocytogenes andE. coli O157:H7, respectively, whereas

2.60 logo CFU/mI of rinse fluid reduction df. monocytogenes and up to 2.35 and
3.12 log reduction oE. coli O157:H7 were observed on fruit surfaces washel wit
EO water and NaOCI solution, respectively. Howet water and NaOCI solution
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remarkably effective in removing and eliminatinghgagens on the whole fruit tissues,
but the populations df. monocytogenes andE. coli O157:H7 were significantly
decreased after ozone treatment regardless okfiusere time. The number bf
monocytogenes andE. coli O157:H7 on fruit surfaces was decreased by 2.8120P
logio CFU/mI of rinse fluid, respectively, after washiwgh ozonated water for 10

min.
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Efficacy of Electrolyzed Oxidizing Water and Ozonated Water for Microbial
Decontamination of Fresh Strawberries (Fragaria x ananassa)

CHAPTER 1

Introduction

StrawberriesKragaria x ananassa) are perceived by the consumers as a
functional food since they contain various nutrisband bioactive compounds such
as vitamin C, folate, potassium, anthocyanins, cptar, and ellagic acid that may
play a significant role in preventing certain dsesas well as promoting health (CSC
2007). This leads to the steady increase in thdymtion and consumption of
strawberries in the United States during the ladt@&des (Bertelson 1995; Cook
2002). Strawberries may be consumed fresh ordugitocessed into various forms as
ingredients in jam, jelly, syrup, juice drinks, iceeam, yogurt, and bakery and
confectionery products (ERS 2005; Flessa and o2@95).

Strawberries may be contaminated during harvgstiostharvest handling
and processing, the most common pathogens is hisgatirus introduced via an
application of contaminated irrigation water ordontact with infected food handlers
(Dougherty and others 1965; Niu and others 1992C@B97; Hutin and others 1999;
Harris and others 2003; Notermans and others 20&yral reservoirs of enteric

bacteria such &&almonella andEscherichia coli O157:H7 are found with those of



hepatitis A virus and are spread by animal fecésleviListeria monocytogenes is
widely spread in soil and plant matter. Hencesé¢heathogenic bacteria may
contaminate strawberries that grow in close assoniavith soil and harvested by
hand (Brackett 1999; Harris and others 2003).

Strawberries have a delicate and complex surfaaetate. Once they become
contaminated, decontamination is difficult (Fleagsa others 2005). Moreover,
strawberries are normally consumed fresh or adol@daducts that do not receive
thermal treatment after their addition (Flessaatiers 2005). Foodborne pathogenic
bacteria of public health concern suclsalsnonella spp.,E. coli O157:H7 L.
monocytogenes, andShigella flexneri have been reported to survive in fresh, fresh-cut,
and frozen strawberries beyond their expected difelfikKnudsen and others 2001;
Flessa and others 2002, 2005). These facts hasedrthe concern that there is a risk
of illness from consumption of fresh and non-thdlynarocessed strawberries. This
has prompted the search for effective and pradiedinologies that can reduce
contamination and increase safety to consumers.

Use of conventional disinfection treatments suctvai®r or chlorine are not
effective for reducing or eliminating both natuyaticcurring and pathogenic
microorganisms associated with fresh strawberfggddti and others 2001; Yu and
others 2001; Koseki and others 2004). Electrolyaadizing (EO) water generated
by an anodic electrolysis of a dilute saline solutihas been reported to have a strong
bactericidal activity against most pathogenic baate vitro includingE. coli

0157:H7,L. monocytogenes, Salmonella spp.,Campylobacter jguni, Vibrio spp.,



Bacillus cereus (Venkitanarayanan 1999; Kim and others 2000a, BOP@rk and
others 2002; Fabrizio and Cutter 2003; Liu and &2006; Ren and Su 2006). The
application of EO water as a surface disinfectast lheen extensively studied in
various types of vegetables and sprouts with aivabant or higher antimicrobial
effect compared to traditional methods (Koseki atigkrs 2001, 2004; Park and others
2001; Bari and others 2003; Sharma and Demirci 20G&one is a naturally
occurring strong oxidizing and disinfecting ageatd has been approved by the
United States Food and Drug Administration (FDAapply as an antimicrobial agent
in direct contact with foods for treatment, storaged processing purposes (Khadre
2001). Ozone exhibits a potent bactericidal afgtion most food-related pathogens
(Broadwater and others 1973; Rastaino and oth&S;m and Yousef 2000; Selma
and others 2006). The uses of ozone to disinf@ebus types of fresh produce has
been investigated with varying results, suggedtiag the efficacy of ozone must be
individually assessed for each type of commodityr(land others 1999; Pérez and
others 1999; Achen and Yousef 2001; Zhang and ®@&@05; Koseki and Isobe 2006;
Selma and others 2006).

The objectives of this study were (1) to evaluhteantibacterial activity of
EO water prepared from high and low sodium chlo(NaCl) concentrations against
indigenous bacteria associated with fresh strawdsr2) to compare the efficacy of
EO water and other conventional disinfectants mtii@dling the survival and growth
of L. monocytogenes andE. coli O157:H7 inoculated onto strawberries during

refrigeration storage, and (3) to evaluate thenaintobial effect of ozonated water



4
treatment againsk. monocytogenes andE. coli O157:H7 inoculated onto strawberries

and the ability of ozone to control survival andwth of both investigated pathogens

and spoilage microorganisms during cold storage.
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CHAPTER 2

Literature Review
2.1 Strawberries

Strawberries have become a growing importantgdatie United States fresh
fruit industry during past 20 years, and are nomkea as the second fruit crop after
apples in value (Cook 2002). Bertelson (1995) resabthat production of
strawberries in the United States rose from 31@anikg in 1970 to 494 million kg in
1993. During that period, the per capita consuomptif fresh strawberries increased
from 850 g in 1970 to 1,750 g in 1992. Cook (20&i8p reported that this value
increased to 2,200 g in the year 2000.

Strawberries provide numerous benefits to consumealth. For instance, they
are low in calories and a good source of many bimaphytochemicals, iron, vitamin
C, folic acid, fiber, potassium, and cancer-figgtantioxidants. Also, they are
excellent in organoleptic quality. Nonethelessawsberries may have a negative
impact to human health as well. Besides biologwealard, strawberries may provide
chemical and physical hazards such as allergessicige residual, and filth or foreign

matter like soil (Notermans and others 2004).



2.1.1 Microbial safety concerns of fresh strawberries

Many pathogenic microorganisms are ubiquitousie@vironment and they
can exist as native microflora in intestinal tramt@nimal and human. Strawberries
can become contaminated via infiltration of sewageer into field, contaminated
irrigation water, presence of animals in the figdplication of unsuitable composted
organic fertilizers, contact with infected harvester commingling in processing
facilities (Harris and others 2003; Notermans atieis 2004).

The risk of foodborne disease outbreaks from compsiam of fresh and
processed strawberries has not commonly occuredever, strawberries
contaminated with hepatitis A virus and norwalkeltrus have been reported in
outbreaks in the United States (Dougherty and sth865; Niu and others 1992; CDC
1997; Hutin and others 1999; Notermans 20@2yclospora cayetanensis
contamination in a mixture of blackberries, raspiesr and strawberries were
considered as a causative agent in an outbreakredan Canada in 1999 (CDC
1998). Not only had the strawberry-associatedrealts taken place in North
America but also in Europe and Australia. MorentB2000 persons became ill after
the consumption of hepatitis A contaminated froggawberries in the Czech
Republic and Slovakia. In 2001Salmonella Typhimurium outbreak had been
associated with a pastry-filled custard tart topp&tth strawberry jelly; however, the
report did not confirm that strawberries were tkaigle of the infection (Notermans
and others 2004). Examples of documented straydassociated outbreaks are

summarized in Table 2.1.
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Table 2.1 Reported foodbor ne outbreaks associated with consumption of
strawberries (Data adopted from Harris and others 2003; Noter mans and others

2004)
Pathogen Year Location Suspected vehicle No. d<a
Hepatitis A 1990 | United States Frozen strawberrjes/
Hepatitis A 1997 | United States Frozen strawberr|eZb6
Hepatitis A 1998 | United states Frozen strawberrjez9
Hepatitis A 1998 | United States Strawberries, honei
dew melon

Norwalk-like virus| 1999 | United States Pasta salad, 63
strawberries

Hepatitis A 2000 | United States Strawberries 8

C. cayetanensis 1999 | Canada Blackberries, 94
raspberries, and
strawberries

Hepatitis A 1997 | Europe Frozen creams with| > 8,000

continent strawberries
S Typhimurium 2001 | Australia Pastry-filled custayd

tart topped with
strawberries in jelly

2.2 Foodbor ne pathogens of Escherichia coli O157:H7 and Listeria monocytogenes

Enteric bacteria such &@lmonella spp. anck. coli O157:H7 have similar

natural reservoirs as hepatitis A virus, the mosgdently reported causative agent for

strawberry-associated outbreaks in the United Stafdis suggested that coli

0157:H7 may be an occasional contaminant of strendse(Knudsen and others

2001; Harris and others 2003). monocytogenes is widely spread in an environment

especially in soil and plant matter suggesting thatpresence of this pathogenic

bacterium in plants grown in close association wah is not uncommon (Brackett

1999a). This hypothesis was supported by the otiyreeported observation thiat

monocytogenes was found on strawberry samples obtained froml re@kets in

Norway (Johannessen and others 2002). Strawbameesommonly consumed fresh
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or added to other products that do not receivdéurheat treatment after their addition

and previous studies which indicated that pathageacteria such ds coli O157:H7
andL. monocytogenes were able to survive in whole, fresh-cut , andé&mo
strawberries beyond the expected market shelf#ifeidsen and others 2001; Flessa
and others 2005) . All of these reasons suggesthbee is a risk of iliness from
consumption of fresh or processed strawberriesaooiniated with both pathogens and
effective and practical methods to reduce poputatafE. coli O157:H7 and..

monocytogenes is desirable.

2.2.1 Escherichia coli O157:H7

2.2.1.1General properties ddscherichia coli O157:H7

Escherichia coli, a short-rod shaped, Gram-negative facultativeiac
bacterium, is one of the most commonly found bamtein human and warm-blooded
intestinal tracts. It is normally harmless to Host; however, there are some types of
E. coli referred to as a diarrheageficcoli or commonly as pathogeric coli can
cause disease in humans (Meng and others 2001;aRehdg/eagant 2002).

According to their unique virulence factors, pathoig E. coli can be classified into
enterotoxigeni&. coli (ETEC), enteropathogentke coli (EPEC), enterohemorrhagic
E. coli (EHEC), enteroinvasivEi. coli (EIEC), enteroaggregati\e coli (EAEC),
diffusely adherenk. coli (DAHE), and other groups that are not currentlyl we

characterized. Among of these, only ETEColi, EPECE. coli, EHECE. coli, and
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EIECE. coli are mainly responsible for the occurrence of food/aterborne

outbreaks (Feng and Weagant 2002).

The specific characteristic of EHEC is that it agpable of producing
verotoxin or Shigatoxin (Stx). Hemorrhagic coli#4C) or bloody diarrhea and
hemolytic uremic syndrome (HUS) is caused by tloelpction of Stx1 and Stx2.
Although various serotypes are also able to pro@igeonly those that have been
clinically associated with HC are specified as EHEEng and Weagant 2002).

E. coli O157:H7 belongs to prototypic EHEC had involvedhe outbreaks of
disease worldwide (Feng and Weagant 20@2)coli O157:H7 is a Gram-negative
bacillus in which “O” refers to the somatic and “kfers to the flagella, antigen
(Griffin and Tauxe 1991; Buchanan and Doyle 1997has been the major cause of
HC and HUS in the United Kingdom and the United&taince more than 90% of
EHEC strains isolated belongs to serotype O157H71%7:H (Smith and others
1987; Karmali 1988). This pathogenic bacteriumne of the most important public
health concerns since its infectious dose is asa®W0-100 cells (Feng and Weagant
2002).

The inability ofE. coli O157:H7 to ferment sorbitol within 24 h as wellths
lack of p -glucuronidase activity are the major charactiesstised to differentiate.
coli O157:H7 from otheE. coli groups and isolate this pathogen from foods (Wells
and others 1983; Doyle and Schoeni 1984; Griffid Aauxe 1991; Feng and Weagant
2002). This bacterium grows quickly between 3@-=@ with a poor growth at 44 —

45 °C and there is no growth within 48 h at 10 ®54C (Doyle and Schoeni 1984;
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Raghubeer and Mathes 1990). Cytotoxicity assayeomor HelLa tissue culture

cells or commercially available ELISA or RPLA kitan be used for detecting the

production of Stx1 and Stx2 (Feng and Weagant 2002)

2.2.1.2Foodborne diseases associated watherichia coli O157:H7

E. coli O157:H7 was first identified as a human pathogeh982 after it had
associated with 2 HC outbreaks occurred in Oregaihhichigan resulting from the
consumption of fast food hamburgers (Doyle 1991d#kiRaouf and others 1993;
Boyce and others 1995; Altekruse and others 198¢h&nan and Doyle 1997). Itis
recognized as a common cause of bloody and nordbld@arrhea in North America
(Boyce and others 1995) and also known as the irapocause of painful bloody
diarrhea (hemorrhagic colitis) and renal failurerftolytic uremic syndrome) in
humans (Doyle 1991; Knabel 1995; Altekruse andrsti®97; Kim and others
2000b). While most outbreaks had been involveti e consumption of
undercooked ground beef, drinking raw and unpaiedimilk was also implicated as
a cause of the illness though less frequently (B4dg91; Abdul-Raouf 1993; Conner
and Kotrola 1995; Beuchat 1998). Dairy cattle eesgly young animals, have been
recognized as a major natural reservoirdocoli O157:H7 (Doyle 1991; Abdul-
Raouf 1993; Beuchat 1998). However, an apple @deduct was also implicated as
the vehicle of transmission in the 1991 outbreak.abli O157:H7 in
Massachusesetts (Besser and others 1993; Conn&oéiath 1995). Furthermorég,

coli O157:H7 was also identified as a waterborne bakctesince water was
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considered as an infection source of a large contsnantbreak with approximately

240 cases in the United States in 1990 (Doyle 1991)

It is estimated thée. coli O157:H7 causes 20,000 cases of infection with 250
deaths each year in the United States (CounciAdpicultural Science and
Technology 1994; Boyce and others 1995). Furthezpeases of human infection
with E. coli O157:H7 have been reported from more than 30 cesrmn 6 continents.
In Scotland, Canada, and the United States, theahmmcidence rates of 8 per

100,000 people or greater have been reported (Gaffld Tauxe 1991).

2.2.2 Listeria monocytogenes

2.2.2.1General properties dfisteria monocytogenes

The genud.isteria belongs to th€lostridium family with a specific
phylogenetic position as low G+C DNA content (38%) (Swaminathan 2001).
L. monocytogenes is one of 6 species in the gersteria, which included..
monocytogenes, L. ivanovii, L. innocua, L. seeligeri, L. welshimeri, andL. grayi (Bille
and others 1992; Rocourt 1999). monocytogenes andL. ivanovii are pathogenic for
mice and other animals, but orllymonocytogenes is important as a causative agent
for listeriosis in human (Swaminathan 2001; Hiteh#9©02; Jay and others 2005).

L. monocytogenes is a short, rod-shaped, Gram-positive, non-spanaihg
bacterium. It can also appear coccoidal or filatoes in older culture
(Rocourt 1999). This bacterium can grow in bottobE and anaerobic conditions,

but the microaerophilic environment is preferregg& and Donnella 2001).
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Multiplication of Listeria can occur at temperatures ranging from 1 - 45JUDtfila

and others 1988) with the most optimum temperatmge of 30 - 37 °C. Thus,

L. monocytogenes is classified as psychrotrophic bacterium. Theagin of

L. monocytogenes occurs over the pH range of 4.1 to around 9.6 migximum

growth occurring at pH 6 - 8 (Jay and others 200®)rthermore, it is one of a few of
foodborne pathogens that can grow at a water acfiaj) of 0.90 (Miller 1992; Jay
and others 2005). It has the characteristic gi@astan umbrella shape in tubed
motility media when incubated at 25 °C, but na8at’C and tumbling motility can be
seen in wet mounts (Ryser and Donnella 2001). Hsisois useful for
differentiatingL. monocytognes (hemolytic and pathogenic) from innocua
(nonhemolytic and nonpathogenic), the two speciestinequently isolated from
foods (Bille and others 1992; Swaminathan 200X)e TAMP (Christie-Atkins-
Munch-Peterson) test is useful for presumptiveaisoh ofL. monocytogenes which
gives CAMP positive witt&taphylococcus aureus and CAMP negative with
Rhodococcus equi except for some rare strainslofmonocytogenes that have a

CAMP positive result withR. equi (Hitchins 2002).

2.2.2.2Foodborne diseases associated Wwiteria monocytogenes

L. monocytogenes was well recognized as a cause of meningtitis amohatal
septicemia in the United States since 1935 (RyseéConnelly 2001), but its role as
causative agent for foodborne disease was justifdehin the 1980s after the first

documented of listeriosis outbreaks in Canada #&s®olcwith consumption of
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contaminated coleslaw (Knabel 1995; Schelech 1B96er and Donnelly 2001,

Swaminathan 2001). Its ability to survive and gwefrigeration temperature has
caused public concern about the risk of outbreakfconsumption of refrigerated
foods (George and others 1988; Beuchat 1992). deirel. monocytogenes is able
to develop impenetrable biofilms on processing papgnt which are resistant to
decontamination by various cleaning chemicals p#otics, heat, light, and drying
(Hsu and others 2004).

Unlike most other foodborne pathogehsionocytogenes is ubiquitous in
nature especially in soil, water, animal faces,agy silage, and decayed plant
materials. It survives well in adverse environnaéobnditions including low pH, and
high NaCl concentration as well as its ability towy and survive in a wide range of
temperature. These allow the bacterium to surfava long period in both food
products and food processing plants (Fenlon 19@@n3nathan 2001). Listeriosis is
now one of the most important foodborne illnesdgaublic health concern due to the
severity of the symptom as well as the high mdstaitite (approximately 20-30% of
cases), a long incubation period range from a faysdo 3 weeks, and its
pathogenicity to susceptible individuals (GellirddBroome 1989; FDA 1992;
Swaminathan 2001). The United States DepartmeAgo€ulture (USDA) estimated
thatL. monocytogenes infections cause 2,500 cases of listeriosis waarly 2,300
hospitalization and 500 deaths in the United Staéeh year (FSIS 2000; CDC 2001).

Any food product of animal or plant origin may hark. monocytogenes in

varying numbers as observed by the varieties adddbat have been documented as
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vehicles of transmission for listeriosis outbreatduding coleslaw, pate, pork tongue

in jelly, raw milk, milk contaminated after pasteation, soft cheese made with
inadequately pasteurized milk, unpasteurized qfresco, ice cream, raw meat, raw
vegetables, raw and smoked fish, shellfish, unaswed chicken and uncooked
hotdogs (FDA 1992; Schlech 1996; Mead and othe®9;1.9ay and others 2005).
Jay and others (2005) reported that foods im@atas a source of human listeriosis
typically containL. monocytogenes more than 1,000 CFU/g or ml.

Owing to the high severity and case-fatality i@ténhe disease, the ‘zero
tolerance’ policy fol.. monocytogenes in foods has been in placed in the United
States since 1989 by the USDA and the FDA (Schl®&b6; Altekruse and others
1997). L. monocytogenes was designated as an adulterant which meansaisepee in
any ready-to-eat food is prohibited and those petedare subjected to recall and/or

seizure (Jay and others 2005).

2.3. Chemical disinfectants

The incidences of numerous disease outbreaks fomsuenption of fresh fruit
and vegetables contaminated with foodborne miciedsgns have prompted
requirements to improve methods for surface decoin@tion of fresh produce
(Beuchat 1996, 1998; Parish and others 2003, Sasipgam and others 2004). A
variety of methods have been studied to reducelpbpns of microorganisms
including biological control, irradiation, naturahtimicrobial compounds, and the

application of chemical treatments such as chloaime chlorine containing
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compound, ozone, hydrogen peroxide, organic aad tasodium phosphate. Table

2.2 summarizes various documented methods usesttmthminate fresh
strawberries. Chlorine is still the most widelgdssanitizer in produce industry

(Beuchat 1998; Parish and others 2003), and isisk&d in the following sections.



Table 2.2 Microbial decontamination on fresh strawberries by various chemical disinfectants
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Treatment Microorganisms Concentratign Exposure tim Other conditions Log reduction Reference
ClO, (gaseous) | Salmonella spp. 100 mg 60 min Ambient temp > 4.761l0g Yuk and others
CFU/fruit (2006)
ClO; (gaseous) | Salmonédllaspp. | 8 ppm 120 min 85-88% RH, | 3.76 logo CFU/g | Sy and others
23+1°C (2005)
ClO;, (gaseous) | Yeasts and molds 8 ppm 120 min 85 -BB% | 4.16 logo CFU/g| Sy and others
23+1°C (2005)
NaOCI solution | Aerobic 150 ppm free | 10 min Ambient temp 0.9 lag Koseki and
mesophiles chlorine CFU/fruit others (2004)
NaOCI solution | Fungi 150 ppm free | 10 min Ambient temp 1.7 lag Koseki and
chlorine CFU/fruit others (2004)
NaOCI solution | E. coli O157:H7 65 ppm free | 1 min 23 °C 1.3 log CFU/g | Yu and others
chlorine (2001)
NaOCI solution | E. coli O157:H7 130 ppm free | 1 min 23 °C 1.3 log CFU/g | Yu and others
chlorine (2001)
NaOCI solution | E. coli O157:H7 1,300 ppm freg 1 min 23 °C 1.7 log CFU/g | Yu and others
chorine (2001)
Acetic acid E. coli O157:H7 | 2% (v/v) 1 min 23 °C 1.6 lag CFU/g | Yu and others
(2001)
Acetic acid E. coli O157:H7 | 5% (v/v) 1 min 23 °C 1.6 lag CFU/g | Yu and others
(2001)
Sodium E. coli O157:H7 | 2% (w/v) 1 min 23 °C 1.6 logCFU/g | Yu and others
phosphate (2001)
Sodium E. coli O157:H7 | 5% (w/v) 1 min 23 °C 1.6-1.9leg Yu and others
phosphate CFUlg (2001)
Hydrogen E. coli O157:H7 | 1% (v/v) 1 min 23 °C 1.2-1.4leg Yu and others
peroxide CFUlg (2001)




Table 2.2 (Continued)
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Treatment Microorganisms Concentratign Exposure tim Other conditions Log reduction Reference
Hydrogen E. coli O157:H7 | 3% (v/v) 1 min 23 °C 2.2 lagCFU/g | Yu and others
peroxide (2001)
Peroxyacetic E. coli O157:H7 | 80 ppm 5 min 21-23°C > 4.9 lgg Rodgers and
acid CFUlg others (2004)
Chlorinated E. coli O157:H7 | 100 ppm free | 5 min 21-23°C > 4.9 lag Rodgers and
trisodium chlorine CFU/g others (2004)
phosphate
Chlorinated E. coli O157:H7 | 200 ppm free | 5 min 21-23°C > 5.0 lag Rodgers and
trisodium chlorine CFUlg others (2004)
phosphate
ClO; (aqueous) | E. coli O157:H7 | 3 ppm free 5 min 21-23°C >5.1lag Rodgers and

chlorine CFU/g others (2004)
ClO; (aqueous) | E. coli O157:H7 | 5 ppm free 5 min 21-23°C > 4.9 lag Rodgers and
chlorine CFU/g others (2004)
Peroxyacetic L. monocytogenes | 80 ppm 5 min 21-23°C > 4.9 lgg Rodgers and
acid CFU/g others (2004)
Chlorinated L. monocytogenes | 100 ppm free | 5 min 21-23°C > 4.8 lag Rodgers and
trisodium chlorine CFU/g others (2004)
phosphate
Chlorinated L. monocytogenes | 200 ppm free | 5 min 21-23°C > 5.0 lag Rodgers and
trisodium chlorine CFUlg others (2004)
phosphate
CIlO; (aqueous) | L. monocytogenes | 3 ppm free 5 min 21-23°C > 4.8 lag Rodgers and
chlorine CFU/g others (2004)
CIO, (aqueous) | L. monocytogenes | 5 ppm free 5 min 21-23°C > 4.9 lag Rodgers and
chlorine CFUlg others (2004)
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2.3.1 Chlorine

Chlorine has been used for treating drinking watet wastewater as well as a
sanitizer in food processing for many years (Bet@¢B888; Parish and others 2003).
Because it is highly effective and inexpensiveés &till the most widely used sanitizer
in food industry (NTP 1992; Parish and others 200&bah and others 2006).
Chlorine and chlorine-based compounds are frequeaptblied as wash, spray, and
flume waters to sanitize fruit and vegetables angktiuce microbial loads in water
used in washing and packing operations (Beucha®;19@slow 2001; Parish and
others 2003).

Chlorine is commercially available in various farmvith different
antimicrobial activities (Kim and others 2000a)which liquid chlorine and
hypochlorite are most commonly used in food indu@izumi 1999; Suslow 2001,
Parish and others 2003; Sapers 2006). Use lewdllofine is dependent on allowable
levels, commodity type, and the anticipated micablmad (Sapers 2006). Water
containing 50-200 ppm available chlorine is commarded as a sanitizer to sanitize
produce surfaces and processing equipment witexpesure time of 1 — 2 min
(Beuchat 1998; Parish and others 2003; Rodgerstheds 2004; Sapers 2006). The
United States Food and Drug Administration spedifia allowable level for washing
fruit and vegetables not to exceed 0.2% when faldwy a potable water rinse (CFR
2003). Nonetheless, a concentration of up to ZDEHN in the form of calcium
hypochlorite was approved for washing alfalfa sedsined for sprout production

(Cherry 1999; NACMCF 1999; Rodgers and others 2004)
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Chlorine concentration in wash water can be expressterms of total

available chlorine which is defined as a combimatbcombined residual chlorine
and free residual chlorine present in the solutilbitan also be expressed as free
available chlorine which is referred to as the safralemental chlorine (@),
hypochlorous acid (HOCI), and hypochlorite ions (QCTotal and free available
chlorine in wash water can be determined by comialgr@available test kits based on
colorimetry or by measurement of oxidation-redutfimtential (ORP) (Beuchat 1992;

Sapers 2006).

Hypochlorous acid is produced when chlorine gasypochlorite solution are
added into water as described by the followingtieas (Beuchat 1992; Eifert and

Sanglay 2002).

Ch+H,O — HOCI+H+Cl

NaOCl+ HO ——»  HOCI + NaOH

Hypochlorous acid is identified as the most acémémicrobial component and
responsible for the bactericidal activity of cht@ied water (Izumi 1999, Eifert and
Sanglay 2002; Parish and others 2003). Its effieaca sanitizing agent is 80 times
more effective than an equivalent concentratio®Gf (Kim and others 2000a; Eifert
and Sanglay 2002). Thus, the amount of HOCI ptasemater is one of the
important factors affecting the antimicrobial attnof chlorine. In water, HOCI can
further dissociate to produce a hydrogen iof) @hd OCland the equilibrium

between HOCI and OCis pH dependent (Eifert and Sanglay 2002; Pamshathers
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2003). Sapers (2006) suggested that at pH 6.0p=ppately 97% of free available

chlorine is in the form of HOCI, whereas, at pH,®0% of free chlorine will be

present as OCI

Although chlorine has a broad spectrum in inactigamicroorganisms
including bacteria, some spore forming bacteriasyiemold and virus, it has a limited
efficacy when used as a sanitizer for raw prod@tgorine is highly reactive with
leaves, soil, and plant matter; thus, reducingatheunt of active chlorine compound
in wash water rapidly (Suslow 1997; Sapers 2006)e limited disinfection effect of
chlorine on fresh produce may be also attributethéaeadily neutralization of
chlorine in contact with organic components leagtinom tissues of cut produce
surfaces before it reaches the microbial cells eldbé in tissues, cracks, and crevices
of fruit and vegetables (Parish and others 2003).

Adam and others (1989) suggested that water ¢ontall00 ppm free
available chlorine should be applied as a workimigcentration since the elevated
level of chlorine could cause product tainting agdipment corrosion. Moreover,
application of chlorine compounds even at low cotregion may lead to a deleterious
effect on sensory quality of the treated produis(and others 1999b). However,
the effectiveness of chlorine as a disinfectanagsdly lost on contact with organic
matter or exposure to air, light, or metals antifaito maintain the sufficient
concentration of active chlorine in wash water mesult in transfer of pathogenic
microorganisms from process water to produce onfirifected produce to healthy

ones. Hence, wash water should be monitored peailbgland fresh chlorinated
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water should be added if necessary in order to taiaithe sufficient concentration of

active HOCI (Beuchat 1992, 1998; Ayebah and otB8@G6). Another concern about
applying chlorine or chlorine-containing compoursdaadisinfecting agent is that the
prolonged exposure to chlorine vapors can resuhenrritation to the skin and
respiratory tract of workers (Beuchat 1998). Ymtther disadvantage of using
chlorine is its reaction with naturally occurringganic material forming chlorinated
organic compounds. These disinfection byprodwatsd in United States drinking
water include trihalomethanes, haloacetic acidhketbnes, and haloacetonitriles
(NTP 1992). Trihalomethanes were reported to bause of tumors in rodents and
linked to a higher rate of cancer, and classifegassible human carcinogens by the
United States Environmental Protection Agency (EfMI)P 1992; Kim and others

2000b).

2.3.2 Antimicrobial mechanism of chlorine

Although the exact mode of action of chlorine ahtbrine-containing
compounds against microorganisms is not fully usited, theories have been
advanced by researchers (Beuchat 1992). In oneyth@oeen and Stumpf (1946)
hypothesized that HOCI killed bacterial cells biibiting glucose oxidation through
chlorine-oxidizing sulhydryl groups of certain enzgs which are important in
carbohydrate metabolism. Due to the essentiakaatiualdolase in metabolism, it is

considered to be the major site of action. Beu(h2®2) suggested that N-chloro
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compounds, which are the product from the combanadif chlorine and cell

membrane proteins, will interfere with the cell atailism.

2.4 Newly developed disinfection technologies

Although the best method to eliminate pathogeom firesh produce is to
prevent contamination in the first place, thisasetimes difficult or impractical in
the real situation. Hence, decontamination prastto remove and inactivate
microorganisms attached on fruit and vegetableased are required (Parish and
others 2003). Since conventional methods suchaa$iwg with chlorinated water has
limited efficacy as well as presents a negativeaohpo processing equipment,
products being treated, and human health, sewvaeaVention alternatives to chlorine
have been investigated (Beuchat 1998; Parish dred02003; Guan and others 2006).
The EO water is considered as a novel chlorinagohnology, and ozone is the
naturally occurring disinfecting agent. These tiginfection technologies are

actively being investigated for their potential sige fruit and vegetable industries.

2.4.1 Electrolyzed oxidizing water (EO water)

Electrolyzed water is a novel disinfection proddeteloped in Japan
(Venkitanarayanan and others 1999a, 1999b; Barb#mels 2003, Fabrizio and
Cutter 2003; Al-Hag and Sugiyama 2004). HoweJee,first demonstration occurred
in Russia in the 1970s (Jay and others 2005)adtrBcently gained much interest as a

promising non-thermal food sanitation techniqueli@pdn medicine, agriculture, and
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food processing (Al-Hag and Sugiyama 2004; Yoshia others 2004; Guan and

others 2006).

Previous studies have shown that water collectwu the anode side during
the electrolysis of a dilute sodium chloride sautpossessed strong bactericidal,
fungicidal, and virucidal properties (Venkitanaraga and others 1999a, 1999b;
Morita and others 2000; Al-Haq and others 2002;kBared others 2002; Al-Haq and
Sugiyama 2004; Huang and others 2006; Liu and th@06). Therefore, it has been
used for treating wounds or disinfecting medicalipment (Venkitanarayanan and
others 1999a). In 2002, EO water was approveth&yealth, Labor and Welfare
Ministry as an indirect food additive (bactericidgent) in Japan (Yoshida and others

2004).

2.4.1.1Generation of EO water

The EO water is generated by passing a dilutesséition through a cell
containing both inert positively charged (anodea) aagatively charged (cathode)
electrodes, separated by a membrane. When thedeodles are subjected to a direct
current voltage, hydroxide ions and chloride idhs, negatively charged ions in the
saline solution, move to the anode side, in witthaan releasing an electron to
become a radical. Chloric and hydroxyl radicaentibombine together to form HOCI,
whereas the combination of two chloric radicalsdoees Gl . Moreover, oxygen,
OCI, and hydrochloric acid are also separated fronatiogle side. During

electrolysis, hydrogen and sodium ions, the padiicharged ions, move to the
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cathode side to take up electrons, and form hydrgags and sodium hydroxide

(Venkitanarayanan and others 1999a; Hsu 2003, 2(&@®m the reactions that occur,
there are two types of water with the differentrelateristics generated. An
electrolyzed reducing solution possessing pH >Ilaadation-reduction potential
(ORP) < -800 mV is produced from the cathode comnpemt, while the electrolyzed
oxidizing solution (EO water) possessing pH < 28 ®&RP >1,100 mV along with
the presence of HOCI is produced from the anodepantment (Hsu 2003).
Electrolyzed reducing water has a high reducingmtd! in which may provide
benefits in reducing free radicals in biologicasteyn as well as treating organ
malfunction (Kim and others 2000b). Koseki andeo$h(2004) suggested that
electrolyzed reducing water acted like a surfactaméduce the hydrophobicity on the
surface of fresh produce being treated; theretbeebactericidal capability of EO
water may be enhanced if electrolyzed reducing weds applied as a prewashing
solution. In addition, one study indicated a styamhibiting effect on lipid oxidations

by electrolyzed reducing water (Miyashita and ashE399).

2.4.1.2Properties of EO water

Since EO water is produced by simple electrolyssodium chorine
containing water, the need for handling, transpiomaand storage of high
concentrations of hazardous chemicals is elimingfegeki and others 2004; Ayebah
and others 2006; Liao and others 2007). This nmay &dverse impacts on the

environment (Kim and others 2000a; Koseki and at2€02). Al-Hag and Sugiyama
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(2004) suggested that the generation of EO watebeanodified to reduce the

available chlorine concentration while still mainiag the antimicrobial effectiveness
of EO water; therefore, health concerns about #gative impact of chlorination is
declined. Moreover, EO water reverts back to nbmzder after application without
release of great amounts of harmful gases suchlasre gas. Finally, the
application of EO water provides economical besefifter the initial investment of
an electrolysis apparatus, the operational expeargesminimal. Grech and Rijkenberg
(1992) estimated costs of various sources of atdion and reported that the unit
cost per kilogram of chlorine (100% free availalgejduction was $1.60 for liquefied
chlorine gas, $2.70 for NaOCI solution (15% w/w3,& for dry calcium hypochlorite
(70% wl/v), and 34 cents for electrically generatbhbrine.

However, the application of EO water as a samfjzagent may have some
negative impacts. The bactericidal activity of &@ter is reduced over storage time
due to loss of chlorine (Koseki and Itoh 2001)nc®i EO water contains free chlorine,
it may be phytotoxic to plant and may damage piasties (Grech and Rijkenberg
1992; Schubert and others 1995). The presendelafiite gas from water electrolysis

may cause discomfort to the operator (Al-Haq angiysuma 2004).

2.4.1.3Antimicrobial mechanism of EO water

So far, the antimicrobial mechanisms of EO wateehaot been completely
clarified (Park and others 2002a). However, soesearchers believe that the

aggregation of three distinct physicochemical cti@rgstics of EO water including
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high ORP, low pH, and presence of free chlorin@trdoute to its effectiveness

against microorganisms (Venkitanarayanan and ott#99a, 1999b; Liu and others
2006). Len and others (2000) suggested that ralsadlorine present in the form of
HOCI was the primary bactericidal agent in EO watsd there was a strong
correlation between HOCI concentration and thedyaxtial activity of EO water.
Furthermore, morphological changedPséudomonas aeruginosa exposed to EO
water were observed by transmission electron meo@g Kiura and others (2002)
observed breaks and blebs formed on the outer namalmf bacteria and contact with
EO water containing higher free chlorine concerdraincreased the number of
breaks and blebs created in bacterial cells.

The oxidation reduction potential (ORP) of a salatis defined as the ability
to oxidize or reduce. The higher and positive Gfalees indicate a greater oxidizing
potential (Venkitanarayanan and others 1999a, 1998tk and others 2004). Jay and
others (2005) also defined that ORP is the alitityain or lose electron and each
group of bacteria requires certain range of OR§¢avth. The optimum ORP for the
growth of aerobic bacteria is in a range of 2000 &V, whereas anaerobic bacteria
are grown in a range of -200 to -400 mV. Previstwslies suggested that the lethal
effect of EO water was primarily due to the extreédfeP rather than other factor such
as the presence of HOCI (Fabrizio and Cutter 2088;and others 2005; Liao and
others 2007). Fabrizio and Cutter (2003) explaitmad the antimicrobial mechanism
of ORP is when bacterial cells exposed to extrerhig or low ORPs, their cellular

membrane become unstable, and then facilitateghetpation of antimicrobial agents



30
to disturb metabolic process. Kim and others (20Q080b) also supported that ORP

may play the most important role in microbial ineation.

However, there also have other theories develégreekplaining the
microbicidal activity of EO water as a result fratslow pH generated.
Venkitanarayanan and others (1999a, 1999b) hypattethat the outer a membrane
of the bacterial cell is sensitized by the low pHEO water, thereby facilitating the
penetration of active antimicrobial compound inézterial cells. Len and others
(2000) also supported that pH played an importaletin enhancing the
decontamination capability of EO water since plhi®lved in the change of the
relative distribution of chlorine species in the B@ter. According to their study, EO
water adjusted to pH 4 provided the maximum comeéinh of HOCI and gave the

highest log reduction d@acillus cereus F4431/73.

2.4.1.4 Application of EO water in fruit and vedats

The EO water had been used extensively as a éeing§ agent for fresh and
minimally-processed fruit and vegetables basedsstiong bactericidal effect
(Venkitanarayanan and others 1999a; Al-Haq andy@oga 2004). 1zumi (1999)
observed that rinsing various fresh-cut vegetabids EO water (pH 6.8) containing
20 ppm free available chlorine for 3 min can desecthe total microbial count by 0.8
to 2.1 logo CFU/g. Moreover, the disinfection activity of E@ater increased with
available chlorine in the ranges of 15- 50 ppmssiie pH, surface color, and overall

appearance of fresh-cut vegetables were not affdgtereatment with EO water.
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Park and others (2001) examined the efficacy ofa@er and acidified

chlorinated water containing 45 ppm free availai®rine againsk. coli O157:H7
andL. monocytogenes on lettuce. Rinsing lettuce leaf with EO waterta3 min at

22 °C significantly reduced populationskfcoli O157:H7 and.. monocytogenes by
2.41 and 2.65 log CFU/qg, respectively as compared to water wash. oHigwever,

the antibacterial capacity of EO water and acidiftélorinated water was comparable.
Changes in a quality of treated lettuce exposetifterent sanitizers during 2 weeks
storage were not obvious.

The EO water (pH 2.6, ORP 1,140 mV, and 30.3 ppaiabdle chlorine) was
reported to have a very strong inactivation eféagainstSalmonella Enteritidis,E.
coli O157:H7, and.. monocytogenes inoculated onto the surfaces of fresh whole
tomatoes. After a 40 s treatment with EO watepyubations of these pathogenic
bacteria were reduced by 7.85, 7.46, and 7.54 [0§U/tomato, respectively. No
significant change on taste, color, and appearahtmmatoes treated with EO water
and stored for 6 hr at room condition was obse(Bzdi and others 2003).

In addition to the inactivation of spoilage orlpagenic bacteria on fresh
produce, EO water may also be used as an effdainggcide on fruit (Guan and
Hoover 2006). Brown rot caused Bionilinia fructicola is one of the important
destructive diseases occurred on stone fruit (DesvFieterson and others 1991). Al-
Haq and others (2001) reported that immersion tacirpeachs inoculated with
Monilinia fructicola in EO water for 5 min yield the greatest reduciiothe

incidence and severity of the disease. Peachetreath EO water and stored at 2 °C
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and 50% relative humidity up to 8 d did not devebopwn rot until treated fruits were

transferred and held at 20 °C with 95% relative ditym No chlorine-induced
phytotoxicity was observed on the treated fruite Oisinfection effect of EO water
was also evaluated on wounded pears inoculatedBattlyosphaeria berengeriana
spores The EO water was able to suppress the incidendsererity of Bot rot with
the maximum efficiency observed on fruit immersedEO water for 10 min (Al-Haq
and others 2002). Results from this study sugdebte EO water can be used as
surface sanitizer to possibly reduce postharvesjdlrot development.

In addition to fresh produce, EO water was sudafigspplied as a
disinfectant on other food products including sedfaneat, poultry, eggs, and rice.
The EO water also exhibited a strong efficacy activating disease causing bacteria
contaminated on various food contact surfaces duetuplastic kitchen cutting
boards. Moreover, it had been proved to prevesgsccontamination from food
preparation surface (Venkitanarayanan and otheéd8idPark and others 2002b;
Fabrizio and Cutter 2005; Isobe and others 2008 &ad others 2005; Liu and others

2006; Ozer and Demirci 2006). .

2.4.2 Ozone

Ozone (Q), which is an unstable allotropic form of gaseoxggen, is
comprised of 3 atoms of oxygen combined togethésrtm the molecule © It is
considered as a naturally occurring strong oxidjand disinfecting agent (Xu 1999;

WQA 2000). The first production and charactermatbf ozone was performed by
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C.F. Schonbein, a German scientist, in 1840 (EPRVYL Ozone is formed naturally

in the upper atmosphere by ultraviolet light andabywospheric electrical discharges.
It has a boiling point of -111.9 + 0.3 °C and a timgl point of -192.5+0.4°C at 1
atm. Ozone is the second most powerful commoniziriglagent with ORP of

2.07 V (WQA 2000;Guzel-Seydim and others 2004)s ftearly colorless at ambient
temperature with a pungent odor referring as “fraskafter thunderstorm” (Coke
1993). Its detectable limit by most people iskadwt 0.01 or 0.02 ppm. Ozone is in
the gaseous state at ambient and refrigerated tatape and slightly dissolves in
water at approximately 0.88 volumes per 100 volu(BERI1 1997).

2.4.2.1 Generation of ozone

The general principle for ozone generation wasrilgst by Rice and others
(1981). The first step is to spilt oxygen molesyteoviding free radical oxygen
atoms which are free to react with diatomic oxyg&hen, the triatomic ozone
molecules are generated. Meanwhile, a great anafwartergy in the forms of
radiation, electricity, or heat is required to likétae O-O bond (Rice and others 1981,
Greene and others 1993). Ultraviolet radiation @em@na discharge are the two major
commercial methods normally used for ozone ger@rgiVQA 2000). Ozone is
usually generated at the point of use and in clegstems (Kim 1998). The
ultraviolet (UV) generator produces ozone at lowaamntration (0.03 ppm) from
oxygen in the air by radiation at the wavelengtii & nm (Ewell 1946). This method

is quite simple, economical, but limited in outpapacity with a maximum
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concentration of ozone being produced is about%d.M/w) (WQA 2000). For larger

amounts of ozone production, corona discharge (@&Dgrators are required

(Graham 1997; Kim 1998; WQA 2000). When a hightagé current is applied

across the discharge gap by which air or oxyg@assed through, oxygen electrons
are excited leading to the split of oxygen molesul®xygen atoms combine with
other oxygen molecules to form ozone moleculese @ioduction of ozone is
dependent on voltage, current frequency, dieleataterial property and thickness,
discharge gap, and an absolute pressure insidigtigarge gap. Heat removal system
IS necessary in order to optimize ozone generamnhup to 4% (w/w) of ozone
concentration can be produced (Rosen 1972). K#fg)Lsuggested that ozone can
also be produced by other technologies includirenahbal, thermal, chemonuclear,

electrolytic methods, and electrochemical methods.

2.4.2.2Stability and other functional properties of ozone

The application of ozone as a disinfecting ageavipies numerous benefits.
Unlike chlorine, the reaction of ozone with orgamatter does not provide any toxic
disinfection by-products such as thihalomethaneshatoacetic acids (Bott 1991;
EPRI 1997; WQA 2000). Moreover, the half-life afame in water at room
temperature is only about 20 - 30 min dependintgamperature, pH, and amount of
ozone demanding substances present in water (W@QB) 2&fore it decomposes back
into oxygen. Therefore, no ozone residual remeirke environment for a long

period of time and the concern about consumptiaesitiual ozone in food products
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after its application is eliminated (Bott 1991; Gaan 1997; Khadre and others 2001).

Temperature strongly affects ozone autodecompasiéite back to oxygen. At 35 °C,
the forward and reverse reactions of the follonang in equilibrium (Graham 1997).
30 <+ 2©+heatand light

Kim (1998) suggested that pH had a great effe¢herstability of ozone in
agueous solution. At pH 8.0, the half-life of dis®d ozone was approximately 5 min
comparing with about 20 min at pH 6.0 (WQA 200Tjhe amount of ozone
demanding substances present in water being ozbirszke other critical factor
impacting on the stability of ozone. Half-life wiolecular ozone can be as short as
seconds in dirty water or wastewater, whereasdarcivater the half-life may be as
long as an hour (Graham 1997).

Since the reaction of ozone with organic substarec8900 times faster than
that of chlorine, there is a significant reductinrireatment time as well as elimination
of the holding tank requirement (EPRI 1997). Audbtally, ozonated wash water
could also be recaptured and treated by a combmafiozonation and filtration after
treatment. This treated water can be recycledaenstashing system to decrease the
amount of water usage (Xu 1999).

However, there are also disadvantages of usingenas a disinfecting agent.
Due to its short half-life, 0zone needs to be gateer on-site, and cannot be produced
and transported from a central production plant{&691; EPRI 1997). Another
drawback is the corrosive effect of ozone agairetyrcontact materials such as

copper, rubber, and some kinds of plastic undeairecondition (Bott 1991).
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Furthermore, human exposure to ozone at relativgly concentration for a sufficient

duration causes acute symptoms such as wateryteyl@sess in the chest, shortness
of breath, irritated throat, and headache (Xu 1999)e occupational Safety and
Health Administration (OSHA) limits the concentaatiof ozone use in the
atmosphere workplace at 0.1 ppm for 8 h period.a=shorter period of exposure, the

safety limit is 0.3 ppm for 15 min (EPRI 1997).

2.4.2.3 Antimicrobial mechanism of ozone

The mechanisms of microbial inactivation by ozeneomplicated since ozone
attacks numerous cellular constitutes includinggns, unsaturated lipids, and
respiratory enzymes in cell membranes, peptidoglyda cell envelopes, enzymes
and nucleic acids in the cytoplasm, as well asgimmetand peptidoglycans in spore
coats and virus capsids (Khadre and others 20Bajne studies reported that
molecular ozone is the primary inhibitor resporsitor inactivation of
microorganisms. Other studies indicated that nooeeactive free radicals such as
‘OH, -Q, and HQ' produced from the decomposition of ozone in waterthe active
sanitizing agents for killing bacteria (Chang 19HAarakeh and Butler 1985; Glaze
and Kang 1989; Bablon and others 1991; Hunt andrdarl997). Even though these
free radicals are more powerful oxidants than mdéozone, their half-life is
extremely short in the range of microseconds. @rafil997) concluded that the

presence of free radicals was not significant imtiadling microbes.
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Numerous components of cell envelopes are oxidigeekposing to ozone

including polyunsaturated fatty acids, membranerdoenzymes, glycoproteins and
glycolipids. These result in the leakage of celigtituents and subsequently causing
lysis (Murray and others 1965; Khadre and othef120 Ozone oxidizes double
bonds of unsaturated lipids as well as the suliylygioups of enzymes and leads to
the disruption of normal cellular activity suchaedl permeability. Microbial cells are
then inactivated (Khadre 2001). Nevertheless, nmasharch has suggested the
microbicidal action of ozone is via the inhibitiohenzymes. Chang (1971) suggested
that enzymes inactivation by ozone was probablytduke oxidation of sulfhydryl
groups in cysteine residues. Ozone may damageinuchterials inside microbial
cells by chemical modification of nucleic acids vitro experiments demonstrated
that thymine is more sensitive than cytosine arail(Scott 1975; Ishizaki and others

1981).

2.4.2.4 Requlation of ozone used as an antimicrabiant

The first use of ozone as disinfecting agent forewteatment was date back
to 1893 in the Netherlands (EPRI 1997). It wasumdil 1906 that the first
commercial-scale ozone treatment for potable wedsre into practice in France
(EPRI 1997; Graham 1997). Since then, it has tfeeprimary sanitizer for
disinfecting public water supply systems in Euréemella 1972; Graham 1997). In
the United States, ozone was first introduced asmehsinfectant in 1940 (Graham

1997).
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Ozone was affirmed as generally recognized as(&RAS) by the FDA in

1982, with specific limitations, for use as a distting agent in bottled water in
accordance with the good manufacturing practicBs\(E982, Graham 1997).
Meanwhile, it was not until 1997 that USDA approwembne to be applied for
reconditioning recycled poultry chilling water (GkSeydim and others 2004). In the
same year, it was self affirmed as a GRAS disiafeicfior foods by petition of an
expert panel (EPRI 1997; Graham 1997; Guzel-Seytichothers 2004; CFR 2006).
Ozone in gas and aqueous phases were approvedAyoRi3e as an antimicrobial
agent in direct contact with foods including frestd minimally fruits and vegetables

for treatment, storage, and processing in 2001 dkhand others 2001)

2.4.2 5Application of ozone in fruit and vegetables

Ozone has less of an antimicrobial effect wheniadpmn food surfaces than in
low ozone-demand liquid media. Kim and others @g%ostulated that the natural
microflora inactivation by ozone on food producdsiependent on the nature and
composition of food surfaces, types of microbiattemninant, and the degree of
attachment or association of microorganisms witidfo

The effect of ozonated water treatment on microigical and sensory
qualities of fresh-cut celery was evaluated dustayage at 4 °C. Washing with 0.18
ppm of ozonated water was successful in reducipgijations of spoilage
microorganisms, as well as maintaining sensoryityuall fresh-cut celery upto 9 d in

cold storage (Zhang and others 2005). Koseki diners (2004) reported that 5 ppm
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of ozonated water treatment for 10 min was capabteducing the number of

naturally present aerobic mesophiles, coliform éaat and fungi on cucumber by 0.7,
1.5, and 0.8 log CFU/ cucumber, respectively. The same treatmeastapplied to
strawberries, the native aerobic mesophilic baatand fungi were decreased by 0.4
and 0.9 logy CFU/strawberry, respectively.

Ozonated water at a concentration of 3, 5, andphd y@sidual ozone was used
to treat iceberge lettuce for 5 min at ambient terafure. The maximum reduction of
aerobic mesophiles observed was 1.4J&FU/g. Furthermore, the combination
treatment of hot water (50 °C, 2.5 min) followeddmonated water (5 ppm, 2.5 min)
was also studied on their antimicrobial effect ogberg lettuce and resulted in 1.4
logio CFU/g reduction on naturally present bacteriaweher, the strong oxidizing
property of ozone promoted the onset and progresgibrowning on treated lettuce
(Koseki and Isobe 2006). Results obtained fromsthdy of Kim and others (1999b)
demonstrated that bubbling gaseous ozone (4.9%@0\BJ/min) to a lettuce-water
mixture led to a 1.5-1.9 lgg CFU/g reduction of microbial contaminants within 5
min. In this study, various mechanical actiongudig sonication, stirring, and
stomaching were also tested to enhance the micdabieffect of ozone during
treatment. The most efficient ozone delivery mdthvas reported to be bubbled
ozone on lettuce-water mixture along with high-spstring.

Potatoes inoculated witfersinia enterocolitica were washed with ozonated
water (5 ppm) for various contact times. The rssidvealed that the highest

reductions of 1.6 log CFU/g were obtained at the first 30 s treatmedt an
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prolongation of the exposure time up to 5 min dd fiarther reduce the bacterial

counts. While uninoculated potatoes were als@tktst evaluate the effectiveness of
ozonated water to decrease populations of natysedigent microorganisms, the
number of mesophilic aerobic bacteria, psychrottophcteria, coliforms and.
monocytogenes were reduced by 1.1, 0.7, 1.5, and 0.§J&fU/g after receiving 1
min washing in 5 ppm ozonated water (Selma andret?@06).

Ozone treatment also has benefits in extendinldrBteeof some fruits. Ozone
at 0.10-0.30 ppm in atmosphere during storageafidlerries resulted in suppression
of fungal development for 12 d at 2 °C and no ipjoir defects on treated fruit was
observed (Barth and others 1995). Pérez and oth@@®) reported that 0.35 ppm
gaseous ozone at 2 °C was partially effective mtratling fungal growth in
strawberries. Ozone- treated strawberries had |&8&fungal decay than the
untreated fruit after 2 days storage at 20 °C. f@zoeatment (8 ppm) for 20 min
exposure succeeded in lowering populations of bacteingi and yeast. Fungal decay
following refrigeration storage of treated grapeslohed resulting in increased shelf-
life (Sarig and others 1996).

The application of ozone in both gaseous and aguisms has been studied
in various types of food products other than fresdduce including seafood, meat and
poultry products, eggs, dry foods, and cheesethéunore, it was also used for
sanitizing processing plants and food contact serfa dairy industry (Sheldon and

Brown 1986; Chen and others 1987; Rusch and Kraet®89; Whistler and Sheldon
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1989; Greene and others 1993; Kim and others 1990z¢l-Seydim and others

2000).
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ABSTRACT

Antibacterial activity of electrolyzed oxidizing (8 water prepared from
0.05% or 0.10% (w/v) sodium chloride (NaCl) sabas against indigenous bacteria
associated with fresh strawberri€sdgaria x ananassa) were evaluated. Efficacy of
EO water and sodium hypochlorite (NaOCI) solutioreliminating and controlling
the growth ofListeria monocytogenes andEscherichia coli O157:H7 inoculated onto
strawberries stored at#1 °C up to 15 d were investigated at exposure timk &f or
10 min. Post-treatment neutralization of fruitfage was also determined. More than
2 logio CFU/g reduction of aerobic mesophiles were obtaindtlit washed for 10 or
15 min in EO water prepared from 0.10% (w/v) Na@luson. Bactericidal activity
of the disinfectants againist monocytogenes andE. coli O157:H7 was not affected by
post-treatment neutralization, and increasing exygsme did not significantly
increase the antibacterial efficacy against bothggens. Washing fruit surfaces with
distilled water resulted in 1.90 and 1.27:GFU/mI of rinse fluid reduction df.
monocytogenes andE. coli O157:H7, respectively. White 2.60 logo CFU/mI of rinse
fluid reduction ofL.. monocytogenes, and up to 2.35 and 3.12 lggCFU/ml of rinse
fluid reduction oft. coli O157:H7 were observed on fruit surfaces washell B@
water and NaOCI solution, respectively. monocytogenes andE. coli O157:H7
populations decreased over storage regardlessooftpgatment. However, EO water
and aqueous NaOCI did not show higher antimicrgioééntial than water treatment

during refrigeration storage.
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INTRODUCTION

Strawberries have a fresh market life of 1-2 wkeaepng on postharvest
handling, variety, and maturity of the fruit (Mit@im and Mitchell 2002). Although
the incidence of foodborne outbreaks associatdd eabhsumption of berries is rare,
raw raspberries and possibly blackberries impdrima Guatemala have been
involved in numerous large outbreaksQytlospora cayetanensis (Herwaldt and
others 1997; Harris and others 2003). Ingestiocoaimercially frozen strawberries
has also been implicated as a cause of outbrea&siated with hepatitis A virus, an
organism spread in human feces and contaminate@®egra infected harvesters or
contaminated irrigation water (Dougherty and otH&85; Niu and others 1992; CDC
1997; Hutin and others 1999; FDA 2001a; Knudsenathdrs 2001; Harris and
others 2003; Flessa and others 2005). Enteriebacguch aSalmonella andE. coli
0O157:H7 have a similar environmental reservoi€Casayetanennsis and the hepatitis
A virus (Knudsen and others 2001). Moreover, thiguity of L. monocytogenes in
the environment, especially in soil and plant nrattekes possible the presence of
this Gram-positive bacterium in fruit and vegetaldeown in close association with
soil (Beuchat and Ryu 1997; Brackett 1999a). ®tsidiso supported th&t coli
0157:H7,Salmonella spp., and.. monocytogenes were able to survive in fresh and
frozen strawberries beyond the expected shelBlifine fruit (Knudsen and others
2001; Flessa and others 2005). Therefore, conttimmof strawberries with
foodborne bacteria during harvesting or processiag pose a particular hazard to

consumers.
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The traditional methods for reducing microorganigmgroduce is washing with

water, cleaning chemicals, or mechanical treatroétite surface by brush or spray
washers following by rinsing with potable water #&R001b). Washing fresh
produce with cold running tap water is the recomaeeihmethod for reducing
indigenous microflora before consumption (FSIS 2008owever, the efficacy of
water treatment in eliminating or reducing natyraitcurring and pathogenic
microorganisms on fresh produce is limited (Brack&©9b). According to Koseki
and others (2004), washing with tap water failedettuce the microbial load on
cucumber and strawberries. Mohd-Som and othe@5(li@ported that the aerobic
plate count, coliforms, yeast, and mold populatiese decreased by approximately
1 logo CFU/qg after treating fresh broccoli with cold rungitap water. Treatments
with chlorine and chlorine containing compoundssiiiéthe most widely used
method for reducing or eliminating pathogens indoie industries due to their ease
of use and relatively low cost. However, theiicz€y at the permitted concentration
in most cases was limited to about 1-2 log reduastiiNguyen-the and Carlin 1994;
Cherry 1999; Xu 1999; Suslow 2001). Additionatlye use of higher levels of
chlorine causes other detrimental effects on prosecsory quality, the environment,
and human health (Suslow 2001). For instanceicld@pplication resulted in
formation of reaction products of concern, suckriaalomethanes (THMs) and other
chemical residuals formed in wastewater returnagtie¢cenvironment (Richardson and
others 1998; Xu 1999, Rodgers and others 2004acdordance with the necessity to

reduce the incidence of foodborne outbreaks asageilb maintain a safer
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environment and food supply, more practical andatife antimicrobial treatments

are desirable (Graham 1997).

Electrolyzed oxidizing water (EO water) has gaigeeht interest as a novel non-
thermal processing technology. EO water is thelpecbfrom the anodic electrolysis
of a dilute saline solution and has been useddoitation purposes in medicine,
agriculture, and food (Buck and others 2002; Park@hers 2004; Guan and Hoover
2006). The strong bactericidal, fungicidal, andigidal activities of EO water have
been documented in previous studies (Venkitanaayand others 1999a, 1999b;
Morita and others 2000; Al-Haq and others 2002;kBared others 2002; Huang and
others 2006; Liu and others 2006). Furthermore gfficacy of EO water in reducing
or eliminating both the natural microflora and pognic microorganisms on fresh
vegetables and sprouts was extensively studiednh{l2999; Koseki and others 2001,
2002, 2004; Kim and others 2003; Sharma and o®@®94; Lin and others 2005).
Nevertheless, bactericidal activity of EO wateriagfoodborne pathoges coli
0157:H7 and.. monocytogenes on acidic fresh fruits, such as strawberries lwds n
been reported.

The objectives of this study were to evaluate thtébacterial activity of EO water
prepared from high and low sodium chloride (Na®@Raentrations against indigenous
bacteria associated with fresh strawberries amdnepare the efficacy of EO water
and other conventional disinfectants in controllihg survival and growth df.
monocytogenes andE. coli O157:H7 inoculated onto strawberries during refiagien

storage.
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MATERIALSAND METHODS

Bacterial cultures

Three strains each & coli O157:H7 (ATCC 43894, ATCC 43895, and F 4546)
andL. monocytogenes (Scott A, ATCC 19115, and DA-1) were used in gtisdy. All
cultures had been kept frozen at -80 °C beforevadun 10 ml tryptic soy broth (TSB)
(EMD Chemicals Inc., Gibbstown, N.J., U.S.A.). A @nl broth culture of individual
bacterial strains were daily subcultured in 10 MI'SB for 2 successive 24-h
intervals at 37 °C, and then grown individuallyli®@0 ml of TSB for 24 h before
preparing the test inoculum. Final broth culturese grown to ~1DCFU/ml of each
strain. The 3-strain cocktail of each tested b&ctgas prepared by combining equal
portions of each strain to obtain the final celhcentration of ~1DCFU/ml and used
as the inoculum. The bacterial count of the testulum was determined by surface
plating 0.1 ml of the appropriate dilution in dugalte to TSB supplemented with
Bacto- Agar (15 g/l) (Difco, Detroit, Mich., U.S.A. In order to verify the initial

inoculum levels, plates were incubated at 37 °QC#bh before enumeration.

Strawberries

Fresh strawberries of uniform size, color, and mgtwith a weight range of 20-
30 g per fruit were purchased from a local markeZorvallis, Ore., U.S.A.,
immediately after arrival at the store (either dag before or the day of an
experiment). Fruit was held at ambient temperaf2@et 1 °C) at least 2 h prior to

inoculation with pathogens.
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To meet the specific goals of each experimentytearies were left whole,

unhulled, or unwashed. For microbial challengélists; the calyx of the strawberries
was removed by hand wearing sterile disposableegld®iamond Grip Plus, Reno,
Nev., U.S.A.) before placed in 17.78 x 30.48 cmilstsampling bag (VWR

International Inc., Brisbane, Calif., U.S.A.).

Preparation of treatment solutions

For investigating the antibacterial efficacy of B@ter prepared from different
concentrations of saline solution, EO water wasegatied from a batch type JED - 007
Super Water Mini generator (Altex Janix, Kanagadapan) containing 0.05% (w/v)
or 0.10% (w/v) NaCl solution with an electrolysisé of 15 min. The EO water used
in the microbial challenge study was prepared feoRpshizaki ROX 20TA-U
continuous generator (Hoshizaki Electric Co. LTthyoake, Aichi, Japan) at a setting
of 10 V and 14.0 £ 0.2 A in which deionized watada 13.6% (w/v) NaCl solution
were pumped into the apparatus simultaneously. EXbigvater was collected from the
anode side, and then stored in screw-capped shetilies. The EO water was
prepared on the day of an experiment and usedmitih after production. NaOCI
solution was prepared by diluting the appropriat®ant of commercial bleach
solution containing approximately 6% (w/w) of NaQ(Clorox® Regular Bleach,
Clorox Company, Oakland, Calif., U.S.A.) with dilgtd water (DW). DW as a
control was collected from the laboratory supphelinstantly before its application

and stored in screw-capped sterile bottles. Theogkdlation reduction potential
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(ORP), dissolved oxygen (DO), and free and totlrate concentration of treatment

solutions were determined. The pH was measureddly meter (Accumet Research
AR 10, Fisher Scientific, Pittsburgh, Pa., U.S.€oupled with pH electrode
(Symphony pH electrode, Thermo Electron Corp., Waatt, Mass., U.S.A.) while
ORP was determined with a dual scale pH/ORP mémming 125, Medfield, Mass.,
U.S.A)) equipped with the platinum redox electrouedel 96-78-00 (Thermo Electron
Corp., Beverly, Mass., U.S.A.). The DO was measbredsing the YSI Model 95
dissolved oxygen meter (YSI Inc., Tellow Springsi®@ U.S.A.). Free and total
chlorine concentrations were determined by DPDNMiliethyl-p-phenylenediamine)
colorimetric method with a Pocket Colorimétérchlorine test kit (Hach Company,

Loveland, Colo., U.S.A)).

Treatment of uninoculated strawberrieswith EO water

Four randomly selected strawberries (95 + 10 gevpert into a sterile 600 ml
beaker with the aid of sterile forceps. EO wateppred from 0.05% (w/v) or 0.10%
(w/v) NaCl solution or DW (control) was added i@ beaker. A fruit to treatment
solution ratio of 1:3 by weight and contact timebpfl0, and 15 min were applied.
During the test, the strawberries-sanitizer mixies agitated on a rotary shaker
(Environ shaker, Lab-Line, Melrose Park, lll., LAS.at 150 rpm to facilitate the
exposure between fruit and treatment solutionanédtiately after reaching the
contact time, EO water solution was decanted frioenstrawberries, and the same

amount of DW was added to inactivate the bactaal@dtivity of EO water.
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Fruit-water mixture was then shaken with a rotdrgker for 2 min. Treated berries

were put into sterile sampling bag with 99 ml Biitedd’s phosphate buffer (BP)

(pH 7.2) (Hardy Diagnostics, Santa Maria, Calif.SIA.) and pummeled in a
stomacher (Stomacher 400 Circulator, Seward, LonBaogland) at 230 rpm for 2

min. Fruit homogenate was serially diluted in BRd then 1 ml or 0.1 ml aliquots of
appropriate dilution were pour-plated with plateicbagar (PCA) (Becton Dickinson
and Co., Sparks, Md., U.S.A.) in duplicate. Poparfes of mesophilic aerobic bacteria
were counted after incubation at 35 °C for 48 lo. obtain the baseline data, untreated
samples were combined with 99 ml BP and maceratéuei stomacher blender for 2
min at 230 rpm. The recovery and enumeration ofdyal populations were done

with the same procedure as described early.

Inoculation of strawberries

For inactivating the surface microflora of strawies, samples at 22 + 1 °C were
washed in NaOCI solution containing 250 ppm tokdbne prepared by diluting
commercial bleach solution (approximately 6% (WNgOCI) with DW, with a fruit
to aqueous chlorine ratio of approximately 1:3 might for 30 s. Fruit samples were
rinsed with DW for 1 min twice to remove the resatiohlorine. No chlorine residual
was ensured by testing the second rinsing watér thé chlorine test kit. Mixed
strain cocktail prepared as described above wasdudiluted with BP to yield a final
cell concentration of approximately 4OFU/ml in a gallon-size Ziploc bag (Zipl8c

Johnson & Son, Racine, Wis., U.S.A.). The fruibszterial suspension ratio (weight)
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was 1:3. Prewashed strawberries were then dipslated with agitation on the rotary

shaker at 100 rpm for 15 min to ensure uniform inakon. The suspension was
decanted and strawberries were placed on a stdui@inum screen under a biosafety
classIT hood (Fisher Hamilton Inc., Two Rivers, Wis., LAS.for 30 min at room
temperature (22 + 1 °C) before washing with differgolutions.

The drying time applied in this work was comparalyvshort to those used in
other challenge studies with strawberries in wiaitteast 1 h holding period was
applied (Knudsen and others 2001; Lukasik and etk@03; Sy and others 2005).
However, results from our preliminary experimemdicated that drying inoculated
strawberries under the biosafety hood with air nmoset for 1 h did not give a
significant difference in the number of pathogesorvered compared with a 30 min
drying period. Flessa and others (2005) also teddhat_. monocytogens was
absorbed into the strawberries within 20 min afteculation. Therefore, 30 min was

selected as a drying time for all challenge stunhehis study.

Treatment of strawberriesinoculated with L. monocytogenesor E. coli O157:H7
Four inoculated strawberries (100 £ 20 g) were oang selected and placed into
quart-size Ziploc bags (Zipl8¢Johnson & Son, Racine, Wis., U.S.A.). To obthin
initial population ofL. monocytogenes or E. coli O157:H7 on strawberries, 4
inoculated fruits were put into a sterile samploay with 99 ml of BP. After
strawberries were pummeled for 2 min at 230 rpm stomacher, fruit homogenate

was subjected to the microbiological analysis. @isenfection effect of DW
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(control), NaOCI solution, and EO water againstonocytogenes andE. coli

0O157:H7 was determined in whole fruit tissues amdroit surfaces only. Studies
were also conducted to evaluate the rinsing efftet sanitizing. Disinfecting agents
were added to strawberries in the Ziploc bag witlit fo treatment solution ratio of
1: 3 by weight and contact time of 1, 5, or 10 mimoom temperature (22 + 1 °C).
After the exposure, strawberries were immediatefgoved from the sanitizer, and
then immersed in the neutralizing buffer solutiBe¢ton Dickinson Co., Sparks, Md.,
U.S.A.) with an equal amount of sanitizer in anothiploc bag for 2 min with 100
rpm agitation to inactivate the bactericidal actodrthe sanitizers. Treated fruits were
transferred to a sterile sampling bag and mixed @& ml of BP. In the experiment
without a neutralization step, treated samples weamed and placed into a sterile
sampling bag with 99 ml of phosphate buffer. Fraihd BP were homogenized at
230 rpm for 2 min. Tissue homogenates were sgmiglited in 9 ml BP and duplicate
samples of 0.1 ml aliquots were spread on the gpiate agar medium. A 1 ml of
neutralizing buffer was also serially diluted andl tl aliquots were surface plated in
duplicate to enumerate the viable cells recoveraa the surface of the samples.
Neutralization is one of important steps for deteing the efficacy of chemical
disinfectant treatment (Beuchat and others 200hg purpose of neutralization is to
inactivate the bactericidal and bacteriostaticetfté chlorine as well as to reduce the
ORP reading of NaOCl and EO water. Moreover, tigistrial sanitation practice
usually includes rinsing produce after exposurgeatatizers (FDA 2001b). Therefore,

the results presented in this study would be beia¢fio evaluate the effect of
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neutralization step to the bactericidal activitycbforinated water and EO water on

strawberries.

Storage study of inoculated strawberrieswith L. monocytogenes or E. coli
0157:H7

After inoculation and drying at room condition 8@ min, 16 randomly selected
strawberries with known weight were placed intafan-size Ziploc bag. To
determine the initial population of pathogens ifataed onto strawberries, 4
contaminated fruits were put into a sterile sangpbag with 99 ml of BP. After
pummeled for 2 min at 230 rpm, fruit homogenate swgected to microbiological
analysis. For treatments, when samples were imedensNaOCI solution or EO
water with a fruits to treatment solution ratioagiproximately 1:3 by weight for 5 min
at ambient temperature (22 + 1 °C); they were #gyithy shaking on a rotary shaker
at 100 rpm to ensure even exposure. Fruit treatiddDW under the same conditions
were used as a control. In this experiment, sasnpkre not rinsed by neutralizing
buffer after exposure to the disinfectants. Aftaishing, 4 fruits were randomly
selected to determine the number of microorganismsediately following the
treatment. The remaining fruits were placed otedle aluminum screen under the
biosafety clas$l hood for 10 min. Then, sets of 4 strawberriesaswandomly
selected and put into sterile sampling bags amedtat 4 + 1 °C for 5, 10, and 15 d
before conducting microbiological analysis. Popales ofL. monocytogenes or E.

coli O157:H7, mesophilic aerobic bacteria, yeasts,maoldls were enumerated.
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Microbiological analyses

Spread plate enumeration technique was used fexpdriments except as
indicated. Populations &f monocytogenes were recovered on modified Oxford agar
(MOX) (Becton Dickinson and Co., Sparks, Md., U.S.With 48 h incubation at 37
°C. MacConkey sorbitol agar (Becton Dickinson &ud, Sparks, Md., U.S.A.)
supplemented with cefixime-tellurite (Dynal BiotekiS.A, Oslo, Norway) (CT-
SMAC) was used as a selective mediaHocoli O157:H7 and plates were incubated
at 37 °C for 24 h before colonies were countede itimber of mesophilic aerobic
bacteria was determined by plating on PCA, andhated at 37 °C for 48 h.
Dichloran Rose Bengal Chloramphenicol agar (DREEMID Chemicals Inc.,
Gibbstown, N.J., U.S.A.) was used to enumeratetyeasi molds. The DRBC agar
plates were incubated in the dark at 25 °C forefbre yeast and mold colonies were
counted. Preliminary experiments for confirming #bsence of any microorganisms
on laboratory distilled water were done by platimater sample on all the types of

media as described above.

Statistical analysis

The effect of NaCl concentration on the antibaeatectivity of EO water
generated was determined with 4 replications.trfdls for challenge studies were
performed 6 times. Data were analyzed by genigr@dt model procedure (PROC
GLM) of the Statistical Analysis System version @8AS Institute, Cary, N.C.,

U.S.A)). Analysis of variance among treatment pasormed and comparisons of
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mean values were established by Tukey’s Studen(l28) multiple comparison test

at the significant level of 0.05. When microbialanies were not detected on plates,
a value of 1.00 was assigned to thedd@FU/g value for the purpose of statistical

analysis (Hao and others 1998).

RESULTSAND DISCUSSION

Effect of NaCl concentration in EO water against indigenous bacteria on fresh
strawberries

Physicochemical properties of tested EO water pegpiom different NaCl
concentrations and the antimicrobial effects of w&der against the naturally
occurring bacteria on fresh strawberries are ptegen Tables 3.1 and 3.2,
respectively. The EO water prepared from the higNeC| concentration (0.10% wi/v)
was lower in pH, comparable in ORP and DO, butiaantly higher in free chlorine
concentration than that prepared from 0.05% (w/aLNsolution. Kiura and others
(2002) also reported that increasing salt conceabtrsin water used for electrolysis
leads to a greater amount of free chlorine in E@wa

Table 3.1 Physicochemical properties of EO water prepared from different NaCl
concentrations ®

Properties 0.05% NaCl 0.10% NaCP
pH 2.33+0.08 2.27 £0.04
Oxidation reduction potential (mV) 1,095 + 37 1,1326
Dissolved oxygen (ppm) 17.61 +2.38 18.34 + 0.97
Free chlorine (ppm) 39.24+2.72 68.13 £ 6.58

#Values were means * standard deviation of quaitatpl determinations (n = 4).
PEO water was prepared from 0.05% or 0.10% (w/v) Naution with the JED-007
Super Water Mini generator.
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Among the different washing treatments, distilleatev or EO water prepared

from 0.05% (w/v) NacCl did not significantly (p>0.p&duce the native microflora as
compared with untreated fruit, in which only 0.28-Dlog, CFU/g reduction was
observed on fruits washed in EO water from 0.05%Yelectrolyzed solution (Table
3.2). Washing with EO water generated from 0.10#)Y aqueous NaCl resulted in a
1.44 - 2.23 log reduction with the maximum reductad an exposure time of 10 min.
Extending washing time from 5-15 min did not furtdecrease bacterial number with
all tested solutions. These results were congistgh data by Koseki and others
(2004) that rinsing strawberries with EO water @6, ORP 1,130 mV, and 32.1 ppm
free chlorine) for 10 min resulted in a 0.904eQFU/fruit reduction of mesophilic
aerobic bacteria comparing with 0.10 Jp§FU/fruit for water treatment.

Table 3.2 Populations of naturally present mesophilic aer obic bacteria (Iogio

CFU/g) @ on fresh strawberries after washing with distilled water or EO water
prepared from different NaCl concentrations

Treatment solution Exposure time (min)
5 10 15
Distilled water a3.58 + 0.43 A a3.10+0.24 AB 28+ 043 AB
EO Water 0.05% a3.10+0.85B a3.06 £ 0.60 A,B a2.94 +0.46 AB
EO Water 0.1098 al.91+0.62C al.12+0.20C al.24 +0.46 C

#Values were the meansstandard deviation of 4 replications (n = 4) inetheach
replication contained 4 strawberries. All treatmemiparisons were based on control
(untreated fresh strawberries) with a total mesomdrobic count of 3.35+ 0.289;0
CFU/g.

P EO water was prepared from 0.05% or 0.10% (wAENslution with the JED-007
Super Water Mini generator.

Means followed by the same capital letters in #mae column were not significantly
different (p>0.05).

Means preceded by the same lowercase letters sathe row within each treatment
solution were not significantly different (p>0.05).
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The effect of NaCl concentration in EO water pregian on the antibacterial

activity may attribute to the different amountdrefe chlorine present. Len and others
(2000) observed that residual chlorine in the fofrhypochlorous acid (HOCI) was
the primary bactericidal agent in EO water. Hypdoobus acid and other free chlorine
species including hypochlorite ion (OCAnd molecular chlorine (glare produced at
the positive side (anode) during electrolysis difitdi saline solution
(Venkitanarayanan 1999a; Hsu 2003, 2005). Thalethect of EO water against
microorganisms can be attributed to oxidation efanter membrane of bacterial
cells, and the degree of cell damage was prop@itynorrelated with increased free

chlorine concentration in EO water (Kiura and oshi2002).

I nactivation of EO water on L. monocytogenes and E. coli O157:H7 on fresh
strawberries

Figures 3.1 and 3.2 illustrate the number of vidblemonocytogenes andE. coli
0157:H7 cells recovered from whole fruit homogesattter washing with DW,
NaOCI solution, or EO water for various exposuneets, and then rinsing with
neutralizing buffer (Figs. 3.1(a) and 3.2 (a)) athwut neutralization step (Figs. 3.1(b)
and 3.2 (b)), respectively. The mean populatidris aonocytogenes andE. coli
0157:H7 on inoculated whole fruits were 5.16 ari®4og,CFU/g, respectively.
Antimicrobial activity of tested disinfectants agsii both investigated pathogens were

not affected by neutralization after treatment (J030.
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Figure 3.1 Populations of L. monocytogenes recovered from whole strawberry
tissues after immersed in treatment solutions at various exposuretimes: (a)
rinsing with neutralizing buffer after treatment; (b) without rinsing with
neutralizing buffer. Vertical barsindicated standard deviation. Samples with
different superscripts wer e significantly different (p<0.05).
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Figure 3.2 Populations of E. coli O157:H7 recovered from whole strawberry
tissues after immersed in treatment solutions at various exposuretimes: (a)
rinsing with neutralizing buffer after treatment; (b) without rinsing with
neutralizing buffer. Vertical barsindicated standard deviation. Samples with
different super scripts wer e significantly different (p<0.05).
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With neutralization after treatment, EO water sedssl in lowering the viable

cells ofL. monocytogenes on whole fruit comparing with untreated berrieswever,

its antimicrobial activity was not considerablyfdient (p>0.05) from DW and NaOCI
solution. For treatments with EO water and NaQuslitson, the highest log reduction
was achieved at an exposure time of 5 min, whet@amin was required to obtain
maximum antibacterial activity of DW. In contrastthe results oh.

monocytogenes, washingg. coli O157:H7 contaminated strawberries with NaOCI
solution followed by neutralization (Fig. 3.2(ajjosved a greater decontamination
effect than DW at all exposure times, whereas dheér had a similar antibacterial
activity with EO water at each point of exposuradi Without neutralization (Figs.
3.1(b) and 3.2(b)), NaOCI and EO water solutionnalestrated an equivalent
antimicrobial effect againgt. monocytogenes andE. coli O157:H7 at all exposure
times.

The number of bacterial cells in the rinsing ndignag buffer represented the
number of target bacteria removed from the surédeetreated and treated
strawberries. Figures 3.3 and 3.4 portray theedsas in population &f
monocytogenes andE. coli O157:H7 on fruit surfaces observed after washiitg w
different disinfectants. Again, the bactericideliaties of aqgueous NaOCI| and EO
water againskt. monocytogenes were similar at all exposure times and signifigant
higher than the DW treatment (p<0.05). Up to 1260, and 2.76 lag CFU/ml
reduction ofL. monocytogenes was obtained from rinse water of fruit surfaces el

with DW, NaOCI solution, and EO water, respectiveBven for a 1 min exposure to
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NaOCI solution or EO water, the numberL.ofmonocytogenes was reduced by 2.03

and 2.11 logy CFU/mI of rinse fluid, respectively.
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Figure 3.3 Populations of L. monocytogenes recover ed from strawberry surfaces
after immersed in treatment solutions at various exposur etimes. Vertical bars
indicated standard deviation. Samples with different superscriptswere
significantly different (p<0.05).

The EO water and NaOCI solution gave a strongemérbbial effect (p<0.05)
againstt. coli O157:H7 adhered onto the strawberry surfacesiiVamat all points of
exposure time (Fig. 3.4) and aqueous NaOCI| wastableduceE. coli O157:H7 to a
greater degree than that with EO water at 10 mposure. Up to 1.27, 3.12 and 2.35
log 10 CFU/mI of rinse fluid reductions iB. coli 0157:H7 were received with DW,

NaOCI solution, and EO water treatments, respdgtivieloreover, same as obtained

on L. monocytogenes, E. coli O157:H7 populations were reduced by 2.10 and 1.77
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logio CFU/mI of rinse fluid after washing with NaOCI a&® water for 1 min,

respectively.
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Figure 3.4 Populations of E. coli O157:H7 recovered from strawberry surfaces
after immersed in treatment solutions at various exposur etimes. Vertical bars
indicated standard deviation. Samples with different superscriptswere

significantly different (p<0.05).

Results obtained from this study indicated thatgrgation of exposure time

would not lead to a significant reduction in themher of both.. monocytogenes and

E. coli O157:H7 in fruit homogenate for each type of dsttants. In this

experiment, a 5 min treatment gave a comparablebedal activity with an

extended exposure time; the 5 min exposure timetluaschosen to be a standard

exposure time in the storage study.

The insignificant effect of neutralization proceewn inactivation efficacy of

tested disinfectants against two pathogens mighitrécom the removal of bacterial
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cells loosely attached to fruit during rinsing witbutralizing buffer. At the same

time; however, the presence of chemical disinfaatesiduals may exhibit a
bactericidal effect during sample homogenizatiobefore microbial enumeration.
Data in Table 3.3 represents the physicochemicgdgsties of treatment solutions
applied in the challenge study. EO water had dlaekt pH, but highest in ORP and
DO. The free and total chlorine concentration &Y Was negligible whereas these 2
values of NaOCI solution were almost 4 times highan those of EO water. Even
though extensive work has been done to examinmtue of action of EO water
against microorganisms, so far it has not beerifieldwhich of the characteristics of
EO water (low pH, high ORP, or presence of frealalske chlorine) were the most
important bactericidal factors (Kim and others 2802000b; Len and others 2000;
Park and others 2004; Liao and others 2007). Tiweranembrane of microorganisms
may be sensitized by low pH or it may become unestaip exposure to extremely high
ORP of EO water; thereby facilitating sanitizer @ation (Venkitanarayanan and
others 1999a, 1999b; Fabrizio and Cutter 2003)a gl value of 9.55 for NaOCI
solution, OClwas predominant as free residual chlorine predent®wever, OCI
was 80 times less effective than HOCI at the samneentration (Eifert and Sanglay
2002). In addition, at the acidic pH of EO watanst of the free chlorine present was
in the form of HOCI, reported to be the primary gament for antimicrobial activity
of EO water (Len and others 2000). This observadigpported the results in this
study that aqueous NaOCI exhibited an equal baalatiactivity with EO water that

contains significantly less free available chlorine



75
Table 3.3 Physicochemical properties of treatment solutionsused in the microbial
challenge study #

Treatment pH ORP* DO Free Total
solution (mV) (ppm) chlorine chlorine
(PPmM) (PPmM)
Distilled water  5.30 £0.19 452 + 76 8.63+0.34 04 <0.1
NaOCI 955+0.27 799+156 8.54+0.29 180 + 16 199 + 11
solution
EO water’ 260+0.11 1293 +147 13.15+0.96 477 53+6

& Values were means + standard deviation.
P EO water was prepared from a Hoshizaki ROX 20TAedtinuous generator.
¢ Oxidation reduction potential
9 Dissolved oxygen

Park and others (2004) reported that chlorine g texic to bothL.
monocytogenes andE. coli O157:H7; thus, the failure to inactivate pathogdyacteria
by EO water and aqueous NaOCI in the current stoidygreater degree may suggest
that the target bacteria were not directly expdedtie disinfectants. Seo and Frank
(1999) suggested that the effectiveness of disiafes depends on the accessibility
between the active sanitizing agent and the tanggborganisms. Therefore,
microorganisms that may be embedded in cracksicagvand stomata or penetrate
into interior structures can be protected fromabgon of disinfectants. The
hydrophobicity of microbial cells may aid in th@irotection against penetration of

disinfectants and may also facilitate the attachirteeepidermal layer of plant tissue

(Burnett and Beuchat 2001).



EO water for controlling the growth of L. monocytogenes and E. coli O157:H7 0316
fresh strawberriesduring refrigeration storage

Populations of.. monocytogenes, E. coli O157:H7, mesophilic aerobic bacteria,
and yeasts and molds recovered filormonocytogenes or E. coli O157:H7 inoculated
strawberries followed 5 min washing treatment aodesl at 4 + 1°C for up to 15 d are
given in Tables 3.4 and 3.5, respectively. A 5 tneatment with DW, NaOCI
solution, and EO water resulted in 1.27, 2.06, 568 logo CFU/g reduction ir..
monocytogenes, respectively, and 0.45, 0.66, and 0.7%4d&fFU/g reduction irkE. coli
0157:H7, respectively. Contrary to the exposuretstudy, a 5 min treatment did not
provide a significant difference in microbicidati&dies among DW, NaOCI solution,
and EO water to redude monocytogenes andE. coli O157:H7 (Tables 3.4 and 3.5).
This was perhaps due to the number of fruit petinent in the storage study which
was higher than that used in the exposure timeystlidough the fruit to sanitizer
ratio was kept same (about 1 to 3 by weight). &foee, a longer sanitizing period or
a higher ratio of disinfectant to produce mightieeessary in order to improve the
disinfectant effect of the tested solutions.

In a study by Yu and others (2001), strawberrigpéd in DW and NaOCI
solution (130 ppm free chlorine) within 1 min redd&. coli O157:H7 populations by
approximately 0.8 and 1.3 lggCFU/qg, respectively. These larger reductions,
compared with those observed in current study nesgttsibuted to the differences
between the sensitivity of single and multipleisisdo disinfecting agent. Also, the
exposure time during dip-inoculation in the currehidy was much longer, which

may facilitate the internalization of pathogenshiitsample tissues, thus protecting
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them from direct exposure to disinfectants. Lastlfferent methods for the recovery

of viable cells from treated strawberries may betlaer factor resulting in the

dissimilar results.
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Table 3.4 Populations of microorganisms ® (log;o CFU/g) recover ed from L. monocytogenes inoculated strawberries after
treatment and storageat 4+ 1 °C

logyo CFU/g ofL. monocytogenes”

Treatment solution Exposure time (min) Storage time (d) after 5 mipasure

0 5 5 10 15
Distilled water a5.21 +0.26A  b3.94 + 0.50A(x) 2.62 £ 0.8A(y) 1.00 £ 0.00A(z) 1.00+ 0.0A(2)
NaOCI solution ab.47 + 048\ b3.41+ 0.45A(X) 1.28 £ 0.27A(y) 1.13+ 0.20A(y) 1.00 % 0.08\(y)
EO water ab.34+ 0.287A Db3.69+ 0.47A(X) 1.80 £ 0.37A(y) 144+ 0.4Ay) 1.25% 0.3A(y)

log;o CFU/g of mesophilic aerobic bactefia

Treatment solution Exposure time (min) Storage time (d) after 5 mipasure

0 5 5 10 15
Distilled water a5.66 = 0.18A b4.69 + 0.15A(X) 3.10 £ 0.56A(y) 2.02+ 0.65A(20 2.25% 0.73A(2)
NaOCI solution ab.61+ 0.18A Db4.15+ 0.08B(x) 2.19+ 0.68(y) 1.39+ 0.37A(y) 1.82 % 0.55A(y)
EO water ab.61+ 0.16A b4.41+ 0.3@B(x) 2.65+ 092B(y) 241+ 0.84A(y) 3.62% 1.31A(y)

log;o CFU/g of yeast and mofd

Treatment solution Exposure time (min) Storage time (d) after 5 mipasure

0 5 5 10 15
Distilled water a3.65+ 0.22A a3.42+ 0.35A(x) 3.77 £ 0.34A(x) 478+ 0.63A(y) 5.67 + 0.50\(2)
NaOCI solution a3.85+ 0.20A Db3.35+ 0.28A(X) 3.77x 0.2A(Xy) 4.36% 0.37A(y) 5.59% 0.62(2)
EO water a3.86+ 0.47A b3.14+ 0.13A(X) 3.43 + 0.17A(X) 456 + 0.4A(y) 5.54+ 0.594(2)

@Values were means * standard deviation of 6¢afitins (n = 6) in which each replication contaidestrawberries

® Populations of.. monocytogenes detected by spread plating with MOX.

¢ Populations of mesoplilic aerobic bacteria detktig spread plating with PCA.

4 Populations of yeast and mold detected by sprisihg with DRBC.

Means preceded by the same lowercase lettersdiaginb) in the same row within each type of micgamism and sanitizing agent
were not significantly different (p>0.05).

Means followed by the same lowercase letters @uidpin z) in parentheses in the same row within &gmh of microorganisms and
sanitizing agent were not significantly differept0.05).

Means followed by the same capital letters in #es column within each type of microorganisms dachge time were not
significantly different (p>0.05).
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Table 3.5 Populations of microorganisms ® (log;o CFU/g) recovered from E. coli 0157:H7 inoculated strawberries after
treatment and storageat 4+ 1 °C

log,o CFU/g ofE. coli 0157:H7"

Treatment solution Exposure time (min) Storage time (d) after 5 mipasure

0 5 5 10 15
Distilled water a4.97+ 0.1A b4.52 + 0.1A(X) 3.55 £ 0.3A(Y) 2.42 £ 0.22\(2) 2.35+0.7A(2)
NaOCI solution a4.92 +0.1A b4.26 £ 0.4A(X) 3.09 £ 0.8A(y) 2.39 £ 0.42\(y,2) 1.98 £ 0.6%(2)
EO water a4.91 +0.2@ b4.20 £ 0.1&\(X) 3.31 £ 0.64(y) 2.92 £ 0.5A(y,2) 2.22+0.7A(2

log;o CFU/g of mesophilic aerobic bactefia

Treatment solution Exposure time (min) Storage time (d) after 5 mipasure

0 5 5 10 15
Distilled water a5.03+0.1B b4.55 + 0.1A(X) 3.94 £ 0.3A(y) 3.84 £ 0.34\(y) 3.57 £ 0.58\(y)
NaOCI solution ab.22 + 0.14A b4.51 £ 0.39A(X) 3.87 £ 0.5&\(y) 3.41 £ 0.5@\(y) 3.10 £ 0.3A(y)
EO water ab.06+0.1&,B b4.36 £ 0.1& (x) 3.58 £ 0.4A(y) 3.43 £ 0.48\(y) 3.79 £ 0.7A(y)

log;o CFU/g of yeast and mofd

Treatment solution Exposure time (min) Storage time (d) after 5 mipasure

0 5 5 10 15
Distilled water a2.67 £ 0.9 a2.63 = 0.84A(x) 2.11 £ 0.33\(x) 3.25 £ 0.8A\(x) 3.64 £ 1.0A(X)
NaOCI solution a2.79 £ 0.8A al.81 + 0.5%(x) 1.71 £ 0.5&\(x) 2.26 £ 0.8A\(x) 2.37 £ 82\ ,B(X)
EO water a2.01 +0.62A al.74 + 0.4 (x) 1.90 £ 0.6\(x) 2.01+£ 0.73\(X) 1.43 £ 0.3B(X)

@Values were means * standard deviation of 6c¢afitins (n = 6) in which each replication contaidestrawberries

® Populations oF. coli 0157:H7 detected by spread plating with CT-SMAC

¢ Populations of mesoplilic aerobic bacteria detktig spread plating with PCA

4 Populations of yeast and mold detected by spresihg with DRBC

Means preceded by the same lowercase lettersdiaginb) in the same row within each type of micgamism and sanitizing agent
were not significantly different (p>0.05).

Means followed by the same lowercase letters @uidpin z) in parentheses in the same row within &gmh of microorganisms and
sanitizing agent were not significantly differept0.05).

Means followed by the same capital letters in #maes column within each type of microorganisms dachge time were not
significantly different (p>0.05).
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Due to the fact thdt. monocytogenes andE. coli O157:H7 are able to grow on

PCA, the bacterial populations recovered from taadard plate count procedure
were made up of target pathogen and backgroundfloca. This may be attributed
to a higher number of aerobic mesophile count rece\. The reduction level of
mesophilic aerobic bacteria associated \Hitholi O157:H7 inoculated strawberries
followed a 5 min treatment was similar to thoseesbed withE. coli O157:H7 count
on CT-SMAC. Moreover, aerobic mesophile populaidetected were very close to
that ofE. coli O157:H7 recovered, whereas mesophilic aerobicebachssociated
with L. monocytogenes contaminated strawberries that received a 5 reatitnent
decreased to a lesser degree to that observednaenocytogenes enumerated with
MOX. In addition, the_. monocytogenes count was about 0.7 lggCFU/g lower than
the total plate count; therefore, sublethal injofy.. monocytogenes may have
occurred.

In contrast to the number of yeast and mold enatadrfromE. coli O157:H7
inoculated strawberries, aqueous NaOCI and EO watkerced contaminating fungi in
L. monocytogenes inoculated berries following the 5 min washingt lavels of
reduction were not significantly different amongtezl solutions (p>0.05)Yeast and
mold onE. coli O157:H7 inoculated samples were the only microoisyas that were
not inactivated by the test solutions after 5 mgatment.

The present study indicated that bbthmonocytogenes andE. coli O157:H7 can
survive on strawberries beyond their expected niatkelf-life of cold storage at4 + 1

°C. However, the recovery levels decreased diteektended storage regardless of
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the prior treatment. The NaOCI solution and EQewdtd not have a significantly

superior effect than DW on controlling pathogensrdurefrigeration storage
(p>0.05). Beuchat and Brackett (1991) also ndtedl prior treatment with
chlorinated water (210-280 ppm free chlorine) dad affect the survival of

L. monocytogenes inoculated into tomatoes during storage at 10\W& observed a
total reduction of approximately 2.6 and 2.1;(0GFU/g withL. monocytogenes and

E. coli O157:H7, respectively. Results of our study wemmesistent with that of
Roering and others (1999) who observed that thstaese of. coli O157:H7 to the
acidic conditions of apple cider (pH 3.3-3.5) wascim greater thah. monocytogenes
at refrigeration temperature. Han and others (R004erved that acid-sensitive
bacteria such ds. monocytogenes may be injured and inactivated when exposed to
organic acid released from strawberries during atdnimg. This contributed to their
observations of lower bacterial recovery. Besitieslethal effect of low pH and cold
temperature, studies have also suggested thatyhess on fruit surfaces, lack of
nutrients, and growth of competitive microorganismey contribute to decreased
number of viable cells during a long-time storal§aydsen and others 2001; Yu and
others 2001; Han and others 2004).

A limited antifungal effect of EO water and NaO®lwgion on strawberries
inoculated withL. monocytogenes andE. coli O157:H7 was observed. Residual
NaOCI and EO water after treatment did not givarayicidal effect greater than DW
on inoculated fruits with both. monocytogenes andE. coli O157:H7. Numbers of

yeast and mold obtained fro coli O157:H7 inoculated strawberries at 15 d of
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storage after treatment with EO water was the obBervation indicating the

reduction of yeast and mold populations after lewyperature storage which also
exhibited a greater fungicidal activity of EO wasercompared with DW. Significant
increases in the yeast and mold population werergbd withL. monocytogenes
contaminated berries. Growth of yeast and moldtocawberries after the sanitizing
treatment and stored at refrigeration temperatae also reported by Rodgers and
others (2004).

Strawberries have an irregular shape and compticatephological structure.
They are comprised of 5 tissue zones, epidermdhgrmis, cortex, bundle, and pith,
also numerous achens (seed) embedded in epideamiisring the surface uneven and
complex (Szczesniak and Smith 1969; Han and o2@®04). Koseki and others
(2004) reported that the incomplete eliminatiomaturally occurring microorganisms
by EO water and 150 ppm NaOCI solution may resatnfthe complexity of
strawberry’s surface structure. Yu and others 2@0s0 pointed out that the rough
surface and presence of numerous seeds on théstrgvgurfaces may provide the
attachment sites for bacteria, and may comprormseffectiveness of sanitizers.
Although the microbial load inoculated onto samptethe current study was
relatively high, there may be cases where strawdsewill be contaminated with
similar number of pathogen. Therefore, the inged&d sanitizers may be more
efficacious in reducing or eliminating disease aagibacteria on strawberries in real

world situation.
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CONCLUSIONS

Populations of inoculated bacteria on strawbemiese significantly reduced after
treatment with DW, NaOCI solution, or EO water nefiess of the exposure time.
The lower chlorine concentration of EO water deni@tsd an equivalent
antimicrobial activity againdt. monocytogenes andE. coli O157:H7 as that NaOCI
solution containing 4 times as much free chlorireymmake EO water a promising
alternative disinfectant to ensure produce safetyell as reducing concerns about the
formation of carcinogenic chlorine by-products. wéwer, the tested sanitizers in the
current study cannot be relied on controlling pgérs during refrigeration storage if
the numbers of contamination are as higher asetred tested in this study. Therefore,
preventing contamination during harvesting, postbsirhandling, processing,
transportation, and retail handling remain veryamant strategies to reduce risk of

illness from consumption of fresh strawberries.

ACKNOWLEDGEMENTS
This project was funded by the USDA Integrated Rese Education and

Extension project, ORE00702-2005.

REFERENCES

Al-Haqg MI, Seo Y, Oshita S, Kawakoe Y. 2002. Disiction effects of electrolyzed
oxidizing water on suppressing fruit rot of peansed byBotryosphaeria
berengeriana. Food Res Int 35(7):657-64.

Beuchat LR, Brackett RE. 1991. BehaviollLddteria monocytogenes inoculated into
raw tomatoes and processed tomato products. AppitdmMicrobiol 57(5):1367-71.



84

Beuchat LR, Ryu JH. 1997. Produce handling andgssiog practices. Emerg Infect
Dis 3(4):459-65.

Beuchat LR, Farber JM, Garrett EH, Harris LJ, FaNte, Suslow TV, Busta FF.
2001. Standardization of a method to determineethieacy of sanitizers in
inactivating human pathogenic microorganisms onfravts and vegetables. J Food
Prot 64(7):1079-84.

Brackett RE. 1999a. Incidence and behavidristieria monocytogenes in products of
plant origin. In: Ryser ET, Marth EH, editotssteria, listeriosis and food safety. 2nd
ed. New York: Marcel Dekker, Inc. p 631-55.

Brackett RE. 1999b. Incidence, contributing factarsd control of bacterial pathogens
in produce. Postharvest Biol Technol 15:305-11.

Buck JW, van lerse; MW, Oetting RD, Hung YC. 200Rvitro fungicidal activity of
acidic electrolyzed oxidizing water. Plant Dis 86238-81

Burnett SL and Beuchat LR. 2001. Food-borne patholgeman pathogen associated
with raw produce and unpasteurized juices, andcditfes in decontamination. J Ind
Microbiol Biotech 27:104-10.

[CDC] Center for Disease Control and Preventiorf@71Hepatitis A associated with
consumption of frozen strawberries-Michigan, Mat&®7. MMWR 46(13):288, 295.

Cherry JP. 1999. Improving the safety of fresh paadwith antimicrobials. Food
Technol 53(11):54-59.

Dougherty WJ, Barbour J, Meyers DS, Johnson. 1Béports of common-vehicle
epidemics-Sussex County, N.J. In: Communicable&ls Center: Hepatitis
surveillance, Report no.24. Atlanta: U.S. DeparthuériHealth, Education, and
Welfare. p 13-14.

Eifert JD, Sanglay GC. 2002. Chemistry of chlorsamitizers in food processing.
Dairy, Food Environ Sani 22(7):534-8.

Fabrizio KA, Cutter CN. 2003. Stability of electyabd oxidizing water and its
efficacy against cell suspensionsSafmonella Typhimurium and.isteria
monocytogenes. J Food Prot 66(8):1379-84.



85

[FDA] U.S. Food and Drug Administration. 2001a. bretaks associated with fresh
and fresh-cut produce: Incidence, growth, and sahof pathogens in fresh and
fresh-cut produce. Rockville, Md.: U.S. Food andi@pAdministration. Available
from:

http://www.cfsan.fda.gov/~comm/ift3-4a.html. AccedsSep 30, 2001.

[FDA] U.S. Food and Drug Administration. 2001b. Metls to reduce/eliminate
pathogens from fresh and fresh-cut produce. RdekwWid.: U.S. Food and Drug
Administration. Available from: http://www.cfsanddyov/~comm/ift3-5.html.
Accessed Sep 30, 2001.

Flessa S, Lusk DM, Harris LJ. 2005. Survivalgdteria monocytogenes on fresh and
frozen strawberries. Int J Food Microbiol 101:255-6

[FSIS] Food Safety and Inspection Service. 2006sMray food: does it promote food
safety?. Washington, D.C.: Food Safety and Inspe@iervice. Available from:
http://www.fsis.usda.gov/Fact_Sheets/Does_WashiogdFPromote Food Safety/in
dex.asp. Accessed Aug 18, 2006.

Graham DM. 1997. Use of ozone for food procesdiogd Technol 51(6):72-5.

Guan D, Hoover DG. 2006. Novel nonthermal treatment Sapers GM, Gorny JR,
Yousef AE, editors.Microbiology of fruits and vegbtes. Boca Raton: CRC Press. p
497-522.

Han Y, Linton RH, Nelson PE. 2004. Effects of reexgy plating, and inoculation
methods on quantification &scherichia coli O157:H7 and.isteria monocytogenes
from strawberries. J Food Prot 67(11):2436-42.

Hao YY, Brackett RE, Doyle MP. 1998. Inhibition lafsteria monocytogenes and
Aeromonas hydrophila by plant extracts in refrigerated cooked beefodd=rot
61(3):307-12.

Harris LJ, Farber JN, Beuchat LR, Parish ME, SusliMy Garrett EH, Busta FF.
2003. Outbreaks associated with fresh producede@mde, growth, and survival of
pathogens in fresh and fresh-cut produce. CompHeed Sci Food Safety 2:78-141.

Herwaldt BL, Ackers M, The cyclospora working grod®97. An outbreak in 1996
of cyclosporiasis associated with imported raspegerN Engl J Med 336(22):1548-
56.

Hsu SY. 2003. Effects of water flow rate, salt camication and water temperature on
efficiency of an electrolyzed oxidizing water gesier. J Food Eng 60(4):469-73.



86

Hsu SY. 2005. Effects of flow rate, temperature sall concentration on chemical
and physical properties of electrolyzed oxidizingter. J Food Eng 66(2):171-6.

Huang YR, Hsieh HS, Lin SY, Lin SJ, Hung YC, Hwdbg. 2006. Application of
electrolyzed oxidizing water on the reduction ofteaial contamination for seafood.
Food Control 17(12):987-93.

Hutin YJF, Pool V, Cramer EH, Nainan OV, Weth JJl\&ins IT, Goldstein ST,
Gensheimer KF, Bell BP, Shapiro CN, Alter MJ, MdrgioHS. 1999. A multistate,
foodborne outbreak of hepatitis A. N Engl J Med @®95-602.

lzumi H. 1999. Electrolyzed water as a disinfecfanfresh-cut vegetables. J Food
Sci 64(3):536-9.

Kim C, Hung YC, Brackett RE. 2000a. Roles of oxidatreduction potential in
electrolyzed oxidizing and chemically modified wafier the inactivation of food-
related pathogens. J Food Prot 63(1):19-24.

Kim C, Hung YC, Brackett RE. 2000b. Efficacy of &i®lyzed oxidizing (EO) and
chemically modified water on different types of élimrne pathogens. Int J Food
Microbiol 61:199-207.

Kim C, Hung YC, Brackett RE, Lin CS. 2003. Efficagfyelectrolyzed oxidizing
water in inactivatingsalmonella on alfafa seeds and sprouts. J. Food Prot 66@&):20
14.

Kiura H, Sano K, Morimatsu S, Nakano T, Morita GnYaguchi M, Maeda T,
Katsuoka Y. 2002. Bactericidal activity of elecyméd acid water from solution
containing sodium chloride at low concentrationcomparison with that at high
concentration. J Microbiol Methods 49:285 — 93.

Knudsen DM, Yamamoto SA, Harris LJ. 2001. Surviviaalmonella spp. And
Escherichia coli O157:H7 on fresh and frozen strawberries. J Foot 62(10):1483-
8.

Koseki S, Yoshida K, Isobe S, Itoh K. 2001. Decamtation of lettuce using acidic
electrolyzed water. J Food Prot 64(5):652-8.

Koseki S, Fujiwara K, Itoh K. 2002. Decontaminateféect of frozen acidic
electrolyzed water on lettuce. J Food Prot 65(2):24.

Koseki S, Yoshida K, Isobe S, Itoh K. 2004. Effigaxd acidic electrolyzed water for
microbial decontamination of cucumbers and straviderJ Food Prot 67(6):1247-51.



87

Len SV, Hung YC, Erickson M, Kim C. 2000. Ultrawelspectrophotometric
characterization and bactericidal properties oftetdyzed oxidizing water as
influenced by amperage and pH. J Food Prot 63(33%-17.

Liao LB, Chen WM, Xiao XM. 2007. The generation andctivation mechanism of
oxidation-reduction potential of electrolyzed oxidig water. J Food Eng 78(4):1326-
32.

Lin CS, Wu C, Yeh JY, Saalia FK. 2005. The evalatf electrolyzed water as an
agent for reducing micro-organisms on vegetabids] Food Sci Technol 40:495-500.

Liu C, Duan J, Su YC. 2006. Effects of electrolyoxadizing water on reducing
Listeria monocytogenes contamination on seafood processing surfaces. faod
Microbiol 106:248-53.

Lukasik J, Bradley ML, Scott TM, Dea M, Koo A, H¥WY, Bartz JA, Farrah SR.
2003 Reduction of poliovirus 1, bacteriophadg&smonella Montevideo, and
Escherichia coli 0157:H7 on strawberries by physical and disinfeictéashes. J Food
Prot 66(2):188-93.

Mitcham EJ, Mitchell FG. 2002. Postharvest handggtems: small fruitdl
Strawberries and cane berries. In: Kader A, edRostharvest Technology of
Horticulture Crops. 3rd ed. Publication vol. 330kkland, calif.: University of
California, Division of Agriculture and Natural Resces. p 364-8.

Mohd-Som F, Spomer LA, Martin SE, Schmidt SJ. 199&roflora changes in
misted and nonmisted broccoli at refrigerated gfeteamperatures. J Food Qual
18:279-93.

Morita C, Sano K, Morimatsu S, Kiura H, Goto T, KwhT, Hong W, Miyoshi H,
lwasawa A, Nakamura Y, Tagawa M, Yokosuka O, Saldhimaeda T, Katsuoka Y.
2000. Disinfection potential of electrolyzed sadus containing sodium chlorine at
low concentration. J of Virological Methods. 85:1B3.

Nguyen-the C, Carlin F. The microbiology of minihygbrocessed fresh fruits and
vegetables. Crit Rev Food Sci Nutri 34(4):371-401.

Niu MT, Polish LB, Robertson BH, Khanna BK, WoodrBfA, Shapiro CN, Miller
MA, Smith JD, Gedrose JK, Alter MJ, Margolis HS 929 Multistate outbreak of
hepatitis A associated with frozen strawberridsfdct Dis 166:518-24.

Park H, Hung YC, Chung D. 2004. Effects of chlorar& pH on efficacy of
electrolyzed water for inactivatirtgscherichia coli O157:H7 and.isteria
monocytogenes. Int J Food Microbiol 91:13-8.



88

Richardson SD, Thruston Jr. AD, Caughran TV, QG@l&W, Patterson KS, Lykins
Jr. BW. 1998. Chemical by-products of chlorine aftdrnative disinfectants. Food
Technol 52(4):58-61.

Rodgers SL, Cash JN, Siddig M, Ryser ET. 2004. dmarison of different chemical
sanitizers for inactivatingscherichia coli O157:H7 andL.isteria monocytogenes in
solution and on apples, lettuce, strawberries,camtaloupe. J Food Prot 67(4):721-
31.

Roering AM, Luchansky JB, Ihnot AM, Ansay SE, Kas@aV, Ingham SC. 1999.
Comparative survival ofalmonella typhimurium DT 104, Listeria monocytogenes,
andEscherichia coli O157:H7 in preservative-free apple cider and sat@a gastric
juice. Int J Food Microbiol 46:263-9.

Seo KH, Frank JF. 1999. Attachment Estherichia coli O157:H7 to lettuce leaf
surface and bacterial viability in response to chimtreatment as demonstrated by
using confocal scanning laser microscopy. J Food &2(1):3-9.

Sharma RR, Demirci A, Puri VM, Beuchat LR, Fett V2B04. Modelling the
inactivation ofEscherichia coli O157:H7 on inoculated alfafa seeds during exposure
to ozonated or electrolyzed oxidizing water. Trines ASAE. 47(1):173-81.

Suslow, TV. 2001. Water disinfection: A practicapaoach to calculating dose values
for preharvest and postharvest applications Puimic&d256: University of California,
Agriculture and Natural Resources. 4 p. Availabterf: UC ANR, Oakland, Calif.

Sy KV, McWatters KH, Beuchat LR. 2005. Efficacygdseous chlorine dioxide as a
sanitizer for killingSalmonella, yeasts and molds on blueberries, strawberrigs, an
raspberries. J Food Prot 68(6):1165-75.

Szczesniak AS, Smith BJ. 1969. Observations omwbgay texture: a three-pronged
approach. J Text Studies 1:65-89.

Venkitanarayanan KS, Ezeike GOI, Hung YC, Doyle NI®99a. Efficacy of
electrolyzed oxidizing water for inactivatifggcherichia coli O157:H7,Salmonella
enteritidis, andListeria monocytogenes. App Environ Microbiol 65(9):4276-9.

Venkitanarayanan KS, Ezeike GOI, Hung YC, Doyle NI®99b. Inactivation of
Escherichia coli O157:H7 and.isteria monocytogenes on plastic kitchen cutting
boards by electrolyzed oxidizing water. J Food B&{B):857-60.

Xu L. 1999. Use of ozone to improve the safetyre$h fruits and vegetables. Food
Technol 53(10):58-63.



Yu K, Newman MC, Archbold DD, Hamilton-Kemp TR. 20GBurvival of
Escherichia coli O157:H7 on strawberry fruit and reduction of tlehmgen
population by chemical agents. J Food Prot 64(33140.

89



CHAPTER 4

I nactivation Effect of Ozonated Water against Listeria monocytogenes and
Escherichia coli O157:H7 on Fresh Strawberries (Fragaria x ananassa)
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ABSTRACT

The antibacterial activity of ozonated water waaleated on fresh
strawberriesKragaria x ananassa). Whole strawberries were dip-inoculated (~ 7
logio CFU/mI) with 3-strain mixtures dfisteria monocytogenes or Escherichia coli
0O157:H7 before subjected to washing with ozonatatéw(approximately 1.90 ppm)
for 1, 5, or 10 min. The impact of post-treatmeetitralization on the efficacy of
aqueous ozone was also determined. Moreover, laecland ozone-treated fruit
were stored at 4 + 1 °C for up to 15 d for monitgrthe survival and growth of
investigated pathogens and spoilage microorganismsiediately after washing with
aqueous ozone, numbersLoimonocytogenes andE. coli O157:H7 were significantly
decreased regardless of the exposure times empioyedh whole fruit tissues and
fruit surfaces only. Bactericidal activity of ozted water against target pathogens
was not affected by post-treatment neutralizat@ma prolongation of exposure time
did not indicate further reduction bf monocytogenes andE. coli O157:H7
significantly on inoculated strawberries. Surfaoents ofL. monocytogenes andE.
coli O157:H7 were reduced by 2.17 and 2.02J&fU/ml of rinse fluid after

washing with ozonated water for 10 min, respecyivel
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INTRODUCTION

Fresh strawberries can become contaminated viagpkcation of contaminated
irrigation water and the contact with infected lemters. Meanwhile, the
contamination of frozen strawberries may come feonextra human handling during
destemming in the field and commingling in the @ssing facilities (Harris and
others 2003; Notermans and others 2004). Besmesuming in fresh and frozen
forms, strawberries are also used in others predhet were not received additional
heat after their addition (Flessa and others 206%)thermore, food-related
pathogens, such &lmonella spp.,Escherichia coli O157:H7, and.isteria
monocytogenes were able to survive in both fresh and frozervdbexries beyond their
expected shelf-life (Knudsen and others 2001; Blessl others 2005). Additionally,
the per capita consumption of fresh and procedsad!Iserries increased by 38
percent from 1990 to 2000 (Cook 2002). All of taéswve raised the concerns about
the safety consumption of strawberries and theidpets. Even though fresh and
processed strawberries have been rarely impliGgedvehicle of infection for
foodborne illness, outbreaks of hepatitis A virag &dlorwalk-like virus were
associated with consumption of strawberries intheged States (Dougherty and
others 1965; Niu and others 1992; CDC 1997; Hutith athers 1999; Notermans and
others 2004). So far, bacterial foodborne illness never been associated with
consumption of strawberries, but the natural resienf enteric bacteria such as
Salmonella andE. coli O157:H7 are similar to that of hepatitis A virl&(dsen and

others 2001; Harris and others 2003). Thereftiecontamination of berries with
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bacterial pathogens is feasible. Sihcenonocytogenes is ubiquitous in soil and plant

matter, it can be an occasional contaminant intgeown in close association with
soil such as strawberries (Beuchat and Ryu 19%acKatt 1999).

Application of chlorine and chlorine-based agerats been the practical method
for industries to sanitize produce and surfacesyedsas to decrease microbial loads
in the water used during the cleaning and packpegations (Delaquis and others
2004). Nevertheless, the reaction of chlorine wekurally present organic matter
resulting in the formation of carcinogenic trihaletimanes (THMs) and other chemical
residual formed in wastewater returned to the emvirent (Richardson and others
1998; Xu 1999; Rodgers and others 2004). Whilaugeof chlorine at elevated
concentration may deteriorate sensory quality pfaaluct being treated (Suslow
2001), low levels of chlorine may not be effectagainst certain type of bacteria,
protozoan cysts, worm eggs, and viruses (Keswickadhners 1984; Beuchat and
Brackett 1990; Korich and others 1990). Thereftivere is the current need to search
for an alternative disinfecting agent in which laasequivalent or superior in
disinfecting effect as well as possess advanceplepties to overcome the
disadvantages of chlorine usage.

Ozone is the powerful antimicrobial agent that barapplied in both gaseous and
aqueous forms. In the United States, it has beegntly approved to apply as a direct
food additive for treatment, storage, and procegsfithadre and others 2001). Ozone
has historically long been used as a sanitizewtder treatment in the European

countries since the beginning of this century (GitanE972; Pérez and others 1999).
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It spontaneously decomposes back to oxygen in @ paood of time and leaves no

toxic residue; therefore, the concern about chdmésadual remained on products
after treatment is eliminated (Koseki and Isobe@0Many previous studies
demonstrated the highly effective of ozone treatragainst several food-related
pathogenic microorganisms in vitro (Broadwater atiters 1973; Rastaino and others
1995; Kim and Yousef 2000; Selma and others 20@@)ever, the variations in the
antimicrobial potential of ozone were reported witemas used to treat fresh and
minimally processed fruit and vegetables (Kim atiteos 1999; Achen and Yousef
2001; Zhang and others 2005; Koseki and Isobe 286fna and others 2006). Pérez
and others (1999) suggested that the efficacy oh@must be individually assessed
for each commodity.

The purposes of this research were to evaluatarttimicrobial effect of ozonated
water treatment at different exposure times ardetermine the efficacy of ozone in
controlling the survival and growth &f monocytogenes andE. coli O157:H7

inoculated onto strawberries during refrigeratitorage.

MATERIALSAND METHODS
Bacterial cultures
Three strains each af monocytogenes (Scott A, ATCC 19115, and DA-1) arkd
coli O157:H7 (ATCC 43894, ATCC 43895, and F4546) weredun this study. Stock
cultures were maintained at -80 °C before revinal® ml tryptic soy broth (TSB)

(EMD Chemicals Inc., Gibbstown, N.J., U.S.A.). Badl cultures for inoculation



95
were prepared by sub-cultured for 2 successiveldiml TSB at 37 °C. At 24 h

before the experiment, a portion (0.1 ml) of indival strain was transferred into 100

ml TSB and incubated at 37 °C. Count at the enti@incubation period was
approximately 1)CFU/mI of each strain. The 3-strain cocktail aftésl bacteria was
prepared by combining the equal portion of eachirstio obtain the final cell
concentration of approximately 1GFU/ml and used as the test suspension. To verify
the initial inoculum level, test suspension wadaxe plated a 0.1 ml of the

appropriate dilution in duplicate on to TSB suppéerted with Bacto- Agar (15 g/l)
(Difco, Detroit, Mich., U.S.A.), and then incubatad37 °C for 24 h before

enumeration.

Strawberries

Fresh strawberries-(agaria x ananassa) with uniform size, color, maturity, and
having a weight range of 20-30 g per fruit wereghassed from a local supermarket in
Corvallis, Ore., U.S.A. immediately after arrivalthe store, and stored for maximum
2 d at 1 °C before test. Fruits were transfercednt ambient temperature (22 = 1 °C)
at least 2 h prior to inoculation with pathogenacteria. Calyxes of the strawberries
were removed by hands with sterile disposable gldizéamond Grip Plus, Reno,
Nev., U.S.A.) before placed in 17.78 x 30.48 cmilgtsampling bag (VWR

International Inc., Brisbane, Calif., U.S.A.).
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Preparation of ozone demand-free glasswar e and water

Ozone demand-free glassware and water were preparfedowing the method
of Kim and others (1999) with some modificatiorgriefly, all glassware were
washed with a mild detergent (Liqui-N&xAlconox Inc., White Plains, N.Y., U.S.A.)
and thoroughly rinsed with tap water and distileater. They were then autoclaved
at 121 °C for 15 min to remove volatile organic gmunds and let dry. Ozone
demand-free water was prepared by ozonating @dtilater and collected in screw-
capped ozone demand-free bottles. The ozonatest was autoclaved at 121 °C for

15 min to remove residual ozone and stored un&tind.

Ozone generation and measurement

Ozonated water was generated from the corona digelmaone generator (CD 12,
ClearWater Technologies., San Luis Obispo, CalifS.A.) in which dry air was
passed through oxygen generator (OXS 100, CleafWatshnologies, San Luis
Obispo, Calif., U.S.A.). The feed gas was suppieethe thermally-protected reaction
chamber inside the generator with air flow ratg 87 x 10° m*/s. Then, some
oxygen molecules were split while passing throughhigh voltage electrical field to
form oxygen atoms that recombined with other oxygetecules providing ozone
molecules (Anonymous 2005). Gaseous 0zone washdzad dissolved in about
6,000 ml recirculated distilled water at room tenapere (22 +1 °C) by means of the
injection manifold. Ozonation of water was congduor 20 min and the ozonated

water was then collected in screw-capped ozone deifrae bottles and used within
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5 min after production. All experimental setup é@mone generation was performed

inside a chemical hood (Labconco Corp., Kansas kltys., U.S.A.) and all necessary
safety precautions were followed. To determinea@ne concentration,
approximately 10 ml of ozonated water was dispemns®da 50-ml ozone demand-
free glass beaker containing 20 ml ozone demaredvigger. The dilution mixture
was thoroughly mixed with magnetic stirrer bar I6rs before ozone concentration
was determined by the indigo trisulfonate methothwie AccuVa® ampuls (Hach
Company, Loveland, Colo., U.S.A.). Briefly, resadl@zone is able to decolorize
potassium indigo trisulfonate {§H,;N>011S:K3) and its concentration is inversely
proportional to color intensity of ozone-indigostrlfonate mixture. The decrease in
absorbance is measured by photometer at 600 + 1&ndnt is linear with increasing
ozone concentration (Bader and Hoigne 1986; APH®28)1.9 The pH was measured
by a pH meter (Accumet Research AR 10, Fisher 8tierPittsburgh, Pa., U.S.A.)
coupled with pH electrode (Symphony pH electrodeerino Electron Corp.,
Waltham, Mass., U.S.A.) while the oxidation redantpotential (ORP) was
determined with a dual scale pH/ORP meter (Corafsy Medfield, Mass., U.S.A.)
equipped with the platinum redox electrode mode¥9@0 (Thermo Electron Corp.,
Beverly, Mass., U.S.A.). Dissolved oxygen (DO) wasasured by using the YSI
model 95 dissolved oxygen meter (YSI Inc., TellogriBgs, Ohio, U.S.A.). All of the
physicochemical properties of ozonated water wezasured within 5 min after

production.
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I noculation of strawberries

To remove native microflora, strawberries were wesshed for 30 s with sodium
hypochlorite (NaOCI) solution containing 250 pprtatachlorine, which was prepared
by diluting appropriate amount of commercial bleaotution containing
approximately 6% (w/w) of NaOCI (Clor6Regular Bleach; Clorox Company,
Oakland, Calif., U.S.A.) with distilled water, withfruit to aqueous chlorine ratio of
about 1:3 by weight. Then, samples were rinsedetwiith distilled water for 1 min to
remove residual chlorine. No chlorine residual wasured by testing the second
rinsing water with a Pocket Colorimet&t chlorine test kit (Hach Company,
Loveland, Colo., U.S.A.). Mixed strain cocktaiepared as described earlier was
further diluted with Butterfield’s phosphate bufi@&P) (pH 7.2) (Hardy Diagnostics,
Santa Maria, Calif., U.S.A.) to obtain the testpmrssion at final concentration of
approximately 10CFU/ml in a gallon-sized Ziploc bag (ZipfdcJohnson & Son,
Racine, Wis., U.S.A.). The ratio of fruit to baté suspension was 1:3 by weight.
Pre-washed strawberries were then dip-inoculatéld agitation on the rotary shaker
(Environ shaker, Lab-Line, Melrose Park, Ill., LAS.at 100 rpm for 15 min to
facilitate uniform inoculation. The liquid susperswas decanted and contaminated
strawberries were placed on a sterile aluminumescomder the biosafety Clads
hood (Fisher Hamilton Inc., Two Rivers, Wis., U.S.for 30 min at room

temperature (22 £ 1 °C) prior to sanitation treaitne
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Ozonetreatment of strawberriesinoculated with L. monocytogenesor E. coli
O157:H7

For enumerating the initial populations of targathmgen on strawberries, 4
randomly selected, inoculated strawberries weransidie sterile sampling bag with
99 ml of BP. After fruit were macerated for 2 nain230 rpm in a stomacher blender
(Stomacher 400 Circulator, Seward, England), fioinogenate was subjected to the
microbiological analysis. The bactericidal aciywitf ozonated water against
monocytogenes andE. coli O157:H7 was determined in both whole fruit tissaed
on fruit surfaces. The effect of neutralizatioteaflecontamination treatment was
also evaluated by placing 4 randomly selected,utated strawberries (100 + 20 g)
into a quart-sized Ziploc bag (Zipf®cJohnson & Son, Racine, Wis., U.S.A.),
following the addition of ozonated water at a faitreatment solution ratio of 1:3 by
weight. The experiment was conducted at ambemperature (22 £ 1 °C) with the
exposure time of 1, 5, or 10 min. After reachihg tletermined exposure time,
strawberries were immediately removed from ozonatetdr and put into a second
Ziploc bag containing the neutralizing buffer (pk2)7(Becton Dickinson Co. Sparks,
Md., U.S.A.) with the same amount as an aqueousezé&ruit were agitated for 2
min at 100 rpm to terminate the disinfection actidmzonated water. Treated fruit
were transferred to a sterile sampling bag and dmixiéh 99 ml of BP. In the
experiment without the neutralization step, tredtad were drained from ozonated
water and placed into a sterile sampling bag coimgi99 ml of BP directly. Fruits
and BP mixture was homogenized by using a stomditbader at 230 rpm for 2 min.

Tissue homogenates were serially diluted in 9 mBB& duplicate samples of 0.1 ml
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aliquots were spread on the appropriate agar mediaml of neutralizing buffer was

also subsequently diluted and 0.1 ml aliquots wgeréace plated in duplicate to
enumerate the viable cells recovered from the sar@d the treated samples.
Neutralization is one of the important steps regghin the protocol for chemical
decontamination treatment. The purpose of nem#tidin is to terminate the
bactericidal and bacteriostatic effect of sanigzagent at the end of treatment time
(Beuchat and others 2001). Moreover, the inddstaaitation practice usually
includes rinsing produce after exposure to samgigeDA 2001). Therefore, the
results present in this study would be valuablev@luate the effect of neutralization

step to the bactericidal activity of ozonated watestrawberries.

Storage study of inoculated strawberrieswith L. monocytogenes or E. coli
0157:H7

After inoculation and drying at ambient conditiar 80 min, 16 randomly
selected strawberries with known weight were planéma gallon-size Ziploc bag.
To obtain the baseline data, 4 contaminated fruéise put into a sterile sampling bag
with 99 ml of BP. After pummeled for 2 min at 26n in a stomacher, fruit
homogenate was subjected to the microbiologicdlaisa Contaminated strawberries
were immersed in ozonated water with a fruit tatmeent solution ratio of
approximately 1:3 by weight for 5 min at ambiemhperature (22 + 1 °C), where
sample and sanitizing agent were agitated by shakina rotary shaker at 100 rpm to
ensure even exposure. In this experiment, sann@es not rinsed by neutralizing

buffer after washing with ozonated water. At the ef washing period, 4 fruits were
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randomly selected to determine the number of migaaism immediately following

the treatment while the remaining fruits were pthoa a sterile aluminum screen
under the biosafety cla§shood for 10 min. Then, each set of 4 strawbexias
randomly selected and put into the sterile sampgs and stored at 4 = 1 °C for 5,
10, and 15 d before conducting microbiological gsigl Populations df.
monocytogenes, E. coli 0157:H7, mesophilic aerobic bacteria, yeasts,maldls were

assessed by the protocol as indicated later.

Microbiological analyses

Spread plate technique was applied for all experiem this study. Populations
of L. monocytogenes were recovered on modified Oxford agar (MOX) (Bect
Dickinson and Co., Sparks, Md., U.S.A.) with 4&hubation at 37 °C. MacConkey
sorbitol agar (Becton Dickinson and Co., Sparks,,MdS.A.) supplemented with
cefixime-tellurite (Dynal Biotect A.S.A, Oslo, Noay) (CT-SMAC) was used as a
selective media for recoveririg coli O157:H7 and plates were incubated at 37 °C for
24 h before colonies were counted. The numberesfaphilic aerobic bacteria was
determined by plating on plate count agar (PCAXx{Be Dockinson and Co., Sparks,
Md., U.S.A.), and incubated at 37 °C for 48 h. ldocan Rose Bengal
Chloramphenicol agar (DRBC) (EMD Chemicals Incblé&town, N.J., U.S.A.) was
used to enumerate yeast and mold. The DRBC aggasplvere incubated in the dark

at 25 °C for 5 d before yeast and mold coloniesveaunted.
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Statistical analysis

In the study of the exposure time effect, experith@vrere performed in triplicate
whereas storage study experiment was replicatede®t Population means and
standard deviations were calculated and analyzed asGLM procedure of the
Statistical Analysis System version 9.1 (SAS log#if Cary, N.C., U.S.A)).
Comparisons of means were determined with Tuketdéhtized Range (HSD) test

at a significant level of 0.05.

RESULTSAND DISCUSSION

Effect of exposuretime with ozonated water treatment

Ozonated water used for decontaminating strawlseimiéhis study has a pH 3.99,
ORP 738 mV, DO 8.09 ppm, and ozone concentratidnagf ppm. Figures 4.1 and
4.2 show the number of viable monocytogenes andE. coli O157:H7 cells recovered
from whole fruit homogenates after washing with meted water for various exposure
times, and then rinsing with neutralizing buffergd$: 4.1(a) and 4.2 (a)) or without
neutralization step (Figs. 4.1(b) and 4.2 (b))pessively. The mean populationslaf
monocytogenes andE. coli O157:H7 on inoculated fruit following inoculati@md dry
for 30 min were equal at 4.82 lpdCFU/g.

The neutralization following treatment did not sfgrantly affect (p>0.05) the
bactericidal activity of ozonated water againsmonocytogenes andE. coli O157:H7.
The maximum logy CFU/g reduction oE. monocytogenes andE. coli O157:H7 in the

whole fruit tissues were 1.22 and 0.74 after waghith ozonated water following
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neutralization, respectively (Fig. 4.1(a) and 4)R(ahile up to 0.68 and 0.84 lgg

CFU/g reduction were observed, respectively, onpdasnwithout neutralization. The
number of bacterial cells in the rinsing neutraligbuffer represented the number of
bacteria removed from the surface of untreatedtieaaded strawberries. The
populations of.. monocytogenes andE. coli O157:H7 on fruit surfaces that survived
the ozonated water treatment are exhibited in4&R&y. The highest reduction in
surface numbers a&f. monocytogenes andE. coli O157:H7 were 2.17 and 2.02 lgg

CFU/ml of rinse fluid on samples treated for 10 ymespectively.
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Figure 4.1 Populations of L. monocytogenes recovered from whole strawberry
tissues after exposureto ozonated water at varioustimes: (@) rinsing with
neutralizing buffer after treatment; (b) without rinsing with neutralizing buffer.
Vertical barsindicated standard deviation. Samples with different superscripts
wer e significantly different (p<0.05).
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Figure 4.2 Populations of E. coli O157:H7 recovered from whole strawberry
tissues after exposureto ozonated water at varioustimes: (@) rinsing with
neutralizing buffer after treatment; (b) without rinsing with neutralizing buffer.
Vertical barsindicated standard deviation. Samples with different superscripts
wer e significantly different (p<0.05).
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Figure 4.3 Populations of (a) L. monocytogenes and (b) E. coli O157:H7 recovered

from strawberry surfaces after exposure to ozonated water at varioustimes.
Vertical barsindicated standard deviation. Samples with different superscripts

wer e significantly different (p<0.05).
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All experiments in the current study indicated timaictivation ofL.

monocytogenes andE. coli O157:H7 on strawberries did not increase sigmifilya(p>
0.05) along with increased exposure time in botblelfruit tissues and fruit surfaces
regions. These results were consistent with tindysbf Achen and Yousef (2001) in
which dipping apples inoculated wikh coli O157:H7 in ozonated water (22-24 ppm
ozone) or washing contaminated fruit in bubblingroez water (21-28 ppm ozone) for
1, 3, or 5 min did not give a significant differenic lowering the number @. coli
0157:H7 attached to the surfaces and the stem-eagas of apples. Koseki and
Isobe (2006) observed that ozone concentratiozamated water without overflow
decreased over time when added produce beingdreateour study, strawberries
were dipped in predetermined volume of ozonate@mfat up to 10 min; thus,
gradual reduction in residual ozone concentratimmgd treatment may explain the
undistinguished bactericidal activity of agueousraz at extended exposure times.
Previous studies suggested that the key pointharae disinfection potential of
ozone was to maintain residual ozone concentratimimg treatment by bubbling
ozone to the produce-water mixture rather thanidgfoods to the pre-ozonated
water (Hurst 1993; Kim and others 1999; Wade ahérst2003).

The insignificant differences in the antibactea#lcacy of ozonated water against
L. monocytogenes andE. coi O157:H7 with or without neutralization proceduraym
be attributed to the removal of bacterial cellsskely attached to fruit during rinsing

with neutralizing buffer. At the same time; howeuee residual ozone present on
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fruit surfaces after washing may exhibit the bactéal effect during homogenizing

fruit sample or before serially dilution.

Ozone exhibited a strong disinfection effect agamisroorganisms suspended in
pure water or buffer solution (Broadwater and athE973; Korich and others 1990;
Rastaino and others 1995; Selma and others 200@g\rer, the limitation in its
efficacy to remove or eliminate naturally occurrgngd pathogenic microorganisms on
fresh produce has been previously reported (Kimathdrs 1999; Achen and Yousef
2001; Sharma and others 2002; Wade and others 3@0®a and others 2006). Kim
and others (1999) suggested that food may con&ibiganic matter imposing an
ozone demand, and then competes for ozone withooriganisms being inactivated.
Cho and others (2003) also proposed that it wdiedif to predict ozone reaction in
the presence of organic matter since its decompnosias dependent on the types of
organic matter present.

The inaccessibility of ozonated water to bacteredls embedded in the cracks,
crevices, stomata, or penetrated to the internattstre of samples may attribute to the
limited bactericidal activity of ozonated water agh investigated bacteria inoculated
onto strawberries. Ogawa and others (1990) regpdintt spores dBotrytis cinerea
on the surface of uninjured tomatoes were elimohatken treated with 3.8 ppm
ozonated water for 10 min whereas these fungakspaoculated on injured surfaces
were not inactivated. Similar results were demmastl by Spotts and Cervantes
(2992) in which ozone treatment (5.5 ppm) for 5 annot control decay in wound-

inoculated pear fruits inoculated wienicillium expansum. Seo and Frank (1999)



109
suggested that efficacy of disinfectant treatmepiethds on the accessibility between

the active sanitizing agent and target microorganis
Ozonated water for controlling the growth of L. monocytogenes and E. coli
O157:H7 on fresh strawberriesduring refrigeration storage

Changes ir.. monocytogenes, E. coli O157:H7, mesophilic aerobic bacteria, and
yeast and mold populations recovered flormonocytogenes or E. coli O157:H7
inoculated strawberries during storage at 4 + IofQip to 15 d are summarized in
Table 4.1 and 4.2, respectively. Following theif treatment with ozonated water
(~ 1.90 ppm), 0.46 and 0.44 lggCFU/g reduction oL. monocytogenes andE. coli
0O157:H7 were observed, respectively. Degree. afonocytogenes andE. coli
0157:H7 inactivation in the storage study afteatimgent with ozonated water for 5
min was less than that achieved at the same cqueaicd in the exposure time study.
In addition, the number df. monocytogenes did not significantly decrease (p>0.05)
compared with untreated samples. The higher nuwitfeunit per treatment in the
storage study may be attributed to these differesults. Although the ratio by weight
of strawberry samples to ozonated water was kepsdime (approximately 1 to 3), the
low level of residual ozone applied in this expesimhmay not compensate for the
increase in organic matter loads. Therefore, taénrdevelopment for the appropriate
treatment protocol for ozone generation, ozonevdehg system to produce, ratio of

ozonated water to strawberries, and other conditthming washing is desirable.
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Table 4.1 Populations of microorganisms® (log;o CFU/g) recover ed from L. monocytogenesinoculated strawberries after
treatment with ozonated water and storageat 4+ 1°C

Exposure time (min) Storage time (d) after 5 mipasure
Type of microorganisms 0 5 5 10 15
L. monocytogenes 540+£04%A a494+053A b3.73+£0.69 c241+0.73 €c2.52+0.70
Mesophilic aerobic bacterfa 5.51+0.27A a5.00+0.3(B Ab4.31+043 b3.80+0.79 b 3.75+0.58
Yeast and mold 3.25+052A a3.08+0.79A a3.25+0.57 a3.22+0.71 a3.27 £ 0.50

@Values were means * standard deviation of 6¢afitins (n = 6) in which each replication contaidestrawberries

P Populations of.. monocytogenes detected by spread plating with MOX.

¢ Populations of mesoplilic aerobic bacteria detktig spread plating with PCA.

4 Populations of yeast and mold detected by sprisaihg with DRBC.

Means preceded by the same lowercase letters sathe row within each type of microorganism weresngnificantly different
(p>0.05).

Means followed by the same capital letters in e row within each type of microorganism weresighificantly different
(p> 0.05).
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Table 4.2 Populations of microorganisms ® (logi;o CFU/g) recovered from E. coli O157:H7 inoculated strawberries after
treatment with ozonated water and storageat 4+ 1 °C

Exposure time (min) Storage time (d) after 5 mipasure
Type of microorganisms 0 5 5 10 15
E. coli O157:H7° 507+ 0.1°A a4.63+0.288 b3.39+064 c212+058 ¢1.90+0.38
Mesophilic aerobic bacterfa 5.11 +0.13A  a4.59 + 0.18 b3.80+£045 ¢3.08+£0.37 b,c3.21+0.46
yeast and mold 2.69+0.14A a2.48+0.28A a266+x056 a3.10+x0.60 a3.20+£0.51

@Values were means * standard deviation of 6c¢afitins (n = 6) in which each replication contaidestrawberries

® Populations oE. coli 0157:H7 detected by spread plating with CT-SMAC.

¢ Populations of mesoplilic aerobic bacteria detdkttg spread plating with PCA.

4 Populations of yeast and mold detected by sprisaihg with DRBC.

Means preceded by the same lowercase letters sathe row within each type of microorganism weresignificantly different
(p>0.05).

Means followed by the same capital letters in #e row within each type of microorganism weregighificantly different
(p> 0.05).
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Populations of.. monocytogenes andE. coli O157:H7 decrease significantly

(p<0.05) with the long-term storage at 4 + 1°C.eTdtal logo CFU/g reductions after
15 d storage were 2.42 and 2.73lfomonocytogenes andE. coli O157:H7,
respectively. Mesophilic aerobic bacteria decliteethe similar extent as the target
inoculated bacteria after a 5 min treatment witbr@aed water. Owing to the fact that
L. monocytogenes andE. coli O157:H7 are able to grow on PCA, bacterial counts
referring as mesophilic aerobic bacteria preseftti;istudy were made up of the
intentionally inoculated bacteria and backgroundroflora that survived pretreatment
with 250 ppm NaOCI solution. As observed in Tahleand 4.2, populations of
aerobic mesophile counts were very similar to thealmers ol.. monocytogenes and

E. coli O157:H7, respectively, at the beginning of storge. However, as
inoculated fruit stored at refrigeration temperattor a long period of time, both
monocytogenes counts on MOX anét. coli O157:H7 counts on CT-SMAC were
considerably lower than the number of bacteriadeteon PCA. These may result
from the growth of native microflora competed witiithogenic bacteria or the latter
were injured due to low temperature or acidic cbadiof fruit samples.

The antifungal property of ozone was very mininmaihie present study.
Treatment with ozonated water (~ 1.90 ppm) for 5 failed to significantly decrease
(p>0.05) yeast and mold populationslonmonocytogenes andE. coli O157:H7
inoculated strawberries compared to untreated. fiaitreasing in the number of yeast

and mold on fruit samples inoculated with both pgtmic bacteria during
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refrigeration storage was observed; however, diffees in counts over the

prolongation of storage were not significant (p&).0Gaseous ozone treatment
(0.35 ppm) was reported to be inefficient in preirenfungal decay in strawberries
after 4 d storage at 20°C (Pérez and others 199@)yeover, re-growth of yeast and
mold on strawberries after washing with ozonatetewg ppm) and subsequently
storing at refrigerated condition also informedRydgers and others (2004).

Besides the presence of naturally occurring orgamtter from the produce being
treated as described earlier, the inaccessibifipzone to sites harboring target cells
on food surfaces and the attachment of inoculaé@teba on the rough surface areas
were the other reasons explaining for the limitiidacy of ozone treatment on
produce (Kim and others 1999; Achen and Yousef 200dde and others 2003).
Achen and Yousef (2001) reported the lesser effayeof 0zone when used to treat
the stem/calyx region of apples compared with thi# $urfaces. Strawberries have
an irregular shape and complicated morphologicatsire containing of 5 tissue
zones, epidermis, hypodermis, cortex, bundle, g glso numerous achens (seed)
embedded in epidermis rendering surface unevercamglex (Szczesniak and Smith
1969; Han and others 2004; Koseki and others 200A& complex and delicate
nature of strawberry surfaces hampered the renafvalcroorganisms after
contamination (Flessa and others 2005). TypicaHg,log reductions were achieved
after treatment depending on the sanitizers usddyges of inoculated organisms
(Yu and others 2001; Lukasik and others 2003). mimemal efficiency of ozone

used to decontaminate strawberries was also repbyteKoseki and others (2004);
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populations of naturally present aerobic mesoplatesfungi were reduced by only
0.4 and 0.9 log CFU/ fruit after washing in ozonated water (5 pgar)10 min,
respectively. The rough surfaces and presencarogrous seeds of strawberries had
been reported to provide attachment sites for bact@nd then diminish the efficacy

of chemical sanitizers (Yu and others 2001).

CONCLUSIONS

The ozone treatment on strawberries inoculated withonocytogens or E. coli
0157:H7 was not remarkably effective in removing afiminating pathogens on the
whole fruit tissues. Meanwhile, pathogenic baet@opulations were significantly
reduced following the treatment compared to theaatéd fruit regardless of exposure
time. More than 2 log CFU/mI of rinse fluid reduction df. monocytogenes andE.
coli O157:H7 on fruit surface regions were achievedh wionated water washing.
Sanitizing with ozone cannot be relied on contngjlspoilage and pathogenic
microorganisms on strawberries during refrigerastorage if fruit were contaminated
with a high level of bacteria as demonstrated is $kudy. Further study to improve
the reliable method for enhancing the antimicropralperties of ozone on fresh

strawberries is required.
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CHAPTER S

General Conclusion

Electrolysis of dilute sodium chloride (NaCl) sotut generates electrolyzed
oxidizing (EO) water within the anode compartmeirhio electrolyzed water
generator. It contains the aggregation of thregrdit antimicrobial factors including
low pH, presence of active chlorine species, agl bkidation reduction potential.
This study concluded that EO water generated filweretectrolysis of higher NaCl
solution concentration (0.10% w/v) had a greatéibanterial effect against naturally
occurring aerobic mesophiles on strawberries thahgrepared from lower NacCl
level (0.05% w/v). In comparison with sodium hyplmzite (NaOCI) solution that
contained almost 4 times higher in chlorine con@dian than EO water, EO water
had an equivalent bactericidal activity againsteria monocytogenes andEscherichia
coli O157:H7 on inoculated strawberries. This resway support the application of
EO water as an alternative disinfection methodhtdrine to improve the
microbiological safety of fresh strawberries.

The study on the bactericidal activity of ozonateater containing

approximately 1.90 ppm ozone agaibstmonocytogenes andE. coli O157:H7 on
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inoculated strawberries resulted in significantuadn in both pathogens regardless
of the exposure time. However, extension of exposime from 1-10 min did not
indicate an increase in antibacterial activity pboe treatment and the limited effect
on inactivating both pathogens on whole strawbgsgues was observed. Therefore,
the antimicrobial efficacy of ozonated water atit@gozone concentration should be
further studied. More studies are necessary teldpwzone treatment procedure for
improving its ability to eliminate pathogenic batdecontaminated on fresh
strawberries as well as for simple and practicaragon.

Data obtained from this study also indicated thatrpvashing inoculated
strawberries with disinfecting agents did not afftbe survival ol. monocytogenes
andE. coli O157:H7 during refrigeration storage beyond theeeted market shelf-
life. Therefore, preventing contamination in thedd and during postharvest handling
is essential to reduce the risk of foodborne diseatbreaks from strawberry
consumption.

For further understanding the effect of disinfegtagents on the quality of
surface structures of strawberries as well asdhradr microbicidal effects on
microorganisms embedded in the natural openingg@enor tissues, microscopic
observations on the surface and sub-surface regiostsawberries after washing
should be performed Additional research showdd Ak conducted to determine the
effect of EO water and ozonated water treatmentseosory characteristics of

strawberries.
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