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Abstract

Sanitizing is a key step in ensuring food safetyutal electrochemically
activated water (NECAW) not only has antimicrokaékcts but also is relatively
friendly to handlers and foods, and it complieswatganic food practices. However, its
antimicrobial effects on different pathogens amdiss have not been examined and its
antimicrobial mechanisms are not fully understodak goal of this project was to
investigate the use of NECAW as a sanitizer intimating foodborne pathogens

The first objective of this study was to deternine effectiveness and broad-
spectrum activity of NECAW against foodborne patig The sanitizing efficacy of
NECAW against 40 different strains Bf coli O157:H7,L. monocytogenesnd
Salmonellaas liquid cultures, dried cells on stainless s{88)) surfaces, and biofilms on
SS was examined. It was found that NECAW with 1@f)linee available chlorine (FAC)
caused more than 5 log CFU/ml reductions for a&dliss in liquid culture, more than 3
log CFU/coupon reductions for 92.5% of the strained on stainless steel (SS) surfaces
and for 27.5% of biofilms. Among all the straii$s Newport B4442CDC was the most
resistant strain to NECAW on surfaces witilecoli O157:H7 ATCC 43895 was the most
resistant strain in biofilms and liquid pure cusisr Overall, NECAW was effective and
had a broad-spectrum activity against foodbornbqgsns.

The second objective was to evaluate the sanitiegifegt of NECAW and other
commercial ‘active water’ technologies on foodbopa¢hogens. Five individual strains
of each foodborne pathogen includiggcoli O157:H7,L. monocytogenesand

Salmonellaas liquid cultures and dried cells on stainlesslsterfaces were studied by



comparing the sanitizing effect of NECAW and avaldgacommercial technologies on
these pathogens. The results showed that 100 r@gWNEhad sanitizing effects of at
least 5 log CFU/ml reductions on liquid culture andre than 4 log CFU/coupon
reductions for pathogens dried on SS surfacesnirast, the other commercial
technologies tested were not effective in sanigjzirhey, however, washed the bacteria
off the surface into rinse water, which would l¢ad significant safety concern of cross
contamination.

The third objective of this study was to examine titree dimensional
morphology of foodborne pathogen biofilms usingmitoforce microscopy (AFM).
AFM experiments were conducted by directly imadimg three-dimensional
morphology of the foodborne pathogens biofiimsegfstrains for each pathogen), and
imaging the biofilms pre- and post-NECAW treatmémtages of AFM showed tree-like
structures as well as individual cells.monocytogendsiofilms had a higher percentage
of tree-like structures thaa. coli0157:H7 andalmonellaThe biofilm structures and
microbial cells on SS were destroyed by the treatm@th NECAW according to the
AFM study, providing morphological evidence thatS¥&W was effective in controlling
surface contamination of pathogenic bacteria aofilin growth.

The fourth objective of this study was to assesgdie ofsigB andinlA genes in
L. monocytogendsiofilm formation and the antimicrobial efficacy NECAW treatment
onL. monocytogene3he expression levels sigB andinlA genes were investigated by
using gPCR, and sanitizing effects of NECAW on wijgde (WT) andsigB/inlA mutant

L. monocytogenestrains were determined by the direct plating oetiAfter NECAW



treatment, expression of both genes increasedh&YMT. WhilesigB gene expression of
the AinlA strain increased to a level comparable to th&t@WT,inlA gene expression
of theAsigB strain did not significantly increase. Both genese expressed more in
biofilms than in liquid cultures. The level milA gene expression in WT increased by
4.28 and 5.51-fold by treatment with 4 mg/| NECA® 10 min in liquid cultures and
biofilms, respectively, while the correspondingues were 5.91 and 10.05-fold for the
sigB gene. Mutant strains were more sensitive to NECQAa&tment than the WT strain.
ThesigB gene was more important themhA for the pathogen’s survival under NECAW
treatment. Surviving.. monocytogenesells post-sublethal NECAW treatment might

become resistant to further sanitizer treatment.
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CHAPTER |

INTRODUCTION AND STATEMENT OF THE PROBLEM

1. 1. Introduction

Sanitizing is a key step in food processing. Dusttizt regulations by the National
Organic Standards Board (NOSB), only a limited nandf synthetic sanitizers can be
applied to organic produce. Considering that tisasetizers may not be suitable for all
organic produce processing, organic fresh prodacesf potential safety issues. Therefore,
it is very necessary to develop organic industmgatible sanitizers to meet needs.
Electrochemically activated water (ECAW), also redd to as electrolyzed water, has
antimicrobial effects and does not violate the NQSBiBciples for sanitizers used for
organic food498, 181, 247)However, a thorough elucidation of its antimiagebteffects
has not been conducted and the mechanisms of argivral inactivation are not fully
understood60, 166, 293, 341)The latter is greatly needed to make signifigaogress
enhancing the antimicrobial effects of ECAW asable sanitizer. Further determination
of the effects of neutral electrochemically actachtvater (NECAW) against foodborne
pathogens and elucidation of the mechanism offiésts would improve the application

of NECAW in the sanitization of food processing gaoent and fresh produce.



1.2. Statement of the problem

Sanitizing is an important step for guaranteeirgggaifety of the food supply,
however for organic foods there are very few appdosanitizers. Current producers of
organic foods have to resort to a limited numbesyoithetic sanitizers to kill pathogens
on food equipment surfaces as well as on freshyo@@9, 163, 178, 216)}or most of
the few sanitizers allowed for direct use for oliggroducts, only relatively low
concentrations are permitted at which antimicrobfédcts are limited. In addition,
prohibited sanitizers should be rinsed off thetedaurface to prevent contamination of
food. This practice significantly increases thé a$ further contamination during rinsing.

Due to the strict regulation of sanitizer usage,ghafety of organic products becomes
critical compared to that of their conventional otarparts. Potentially, ECAW is a
relatively environmentally friendly sanitizer thatpromising for sanitizing organic fresh
produce, and application of ECAW is compatible with principles of organic
processing. However, the broad-spectrum effect@AW® has not been studied and the
antimicrobial mechanism is not clear. In additithrere are a few products whose
marketers said the products had enough sanitiffagtevhile being small and cheap.
However, their statements do not have scientifgpsut. It is essential to accurately
compare the sanitizing effects between ECAW angeltemmercial products. This
project took a unique approach to comprehensiediythe broad-spectrum effects of
NECAW on three important foodborne pathogens. Bigidhting in-depth biofilm
morphology and gene transcriptional changes upo@A treatment, the results could

be used to improve NECAW antimicrobial effects Ipyimizing equipment design.



Since only water and sodium chlorine is used foregating sanitizatio08, 124)
NECAW technology is fairly safe to workers and tefaly friendly to the environment.
The results of this dissertation could also prowdections for better control of
foodborne pathogens and developing reasonablezgasifor the food industry. In
addition, the data could be useful for in-depthemsthnding of the sanitizing mechanism
of NECAW, from which corresponding technology cobkelapplied to optimize

sanitation equipment, and gene-targeting solutiamsbe proposed as well.

1.3. Goals, Research hypotheses {}Hand Objectives
Goals:
The goal of this project was to investigate theliappon of NECAW as a sanitizer in

inactivating foodborne pathogens

Null Hypothesis I:

Different foodborne pathogens have the same seitgiio NECAW;

Null Hypothesis II:
The sanitizing effects among NECAW and other conuméfactive water” technologies

on foodborne pathogens are not significantly defifer

Null Hypothesis llI:

Different foodborne pathogens have similar biofiltorphology and characteristics;



Null Hypothesis IV:
sigB andinlA gene do not play a role in. monocytogenebiofilm formation and the

antimicrobial efficacy of NECAW treatment &n monocytogenes.

Objectives:

1. Determine the effectiveness and broad-spectrativitg of NECAW against
foodborne pathogens.

2. Evaluate the sanitizing effect of NECAW and otttommercial ‘active water’
technologies on foodborne pathogens.

3. Examine the three dimensional morphology of fmwde pathogen biofilms using
atomic force microscopy.

4. Assess the role aigB andinlA gene inL. monocytogenekiofilm formation and the

antimicrobial efficacy of NECAW treatment &n monocytogenes.



CHAPTER lI

A REVIEW OF FOOD SAFETY, FOODBORNE PATHOGENS,
ORGANIC FOODS, FOOD SANITIZATION & RESISTANCE

2.1. Food safety concerns

It has been estimated that contaminated foods ¢dhessackness of roughly 48
million people, the hospitalization of 128,000, dhd death of 3,000 every year,
according to recent estimates from the CenterBigease Control and Prevention (CDC)
(273, 274) These figures pose a major challenge to puleiadth in the U. S.

Food safety generates more and more concern nowadéyle an increasing number of
food companies allege they have invested more mioniegreasing the safety of food
that they produce, some surveys indicate that cwstumers still lack confidence in
food safety. A recent survey revealed that less Btapercent of consumers trust food
companies in developing and selling food produtas &re safe and healthy, and around
60 percent of consumers are concerned about tegysdffood they purchagd3).

Another recent study done by the Center for Fooeghity's (CFI) “2008 Consumer
Trust Survey” revealed that food safety is oneheftbp concerns— surprisingly ranking
higher than even concerns about the Iraq &4). The study also showed that
consumers believe farmers and food processorsdhake the main responsibility of

maintaining a safe food supply, reducing and ewahteliminating foodborne iliness



outbreaks.

Even though many advanced technologies can beeaoliprevent foodborne
diseases, incorrect personal hygiene can stillderiaus problem compromising the
safety of foods. A case occurred several yearsragtich at least 96 students at
Georgetown University fell ill after eating burrit@t a cafeteria. The most probable
reason was a deficiency in personal hygiene, &s sised for handwashing in the service
area lacked hand soépll, 252)

Along with these above mentioned issues, theralaceother concerns and
different opinions with regard to how to improve tsafety of foods in the U.S. For
instance, should the current regulatory systemhla@ged? Should a single food safety
agency regulate all foods? What should be pri@atiwith a limited budget in order to be
more efficient? How to prevent a bioterrorist attédwrough the food supply? Should
more funds be spent on consumer education? Shaarel imvestment be put on research

to develop more advanced techniques to contrologathic organisms?

2.2. Fresh produce safety

Due to increaseder capitaconsumption of fresh produce and long-distance
transportation, fresh produce is increasingly recgd as a vehicle of foodborne
outbreaks in the US as well as in many other caestfhey are often consumed raw and
easily contaminated by many pathogenic bacter@utir water, soil, insects and other
environmental sources that might have been in comt#h animal feces or manu(208).

Their consumption can cause nausea, vomiting, ab@brramps and fever as well as



chronic diseases.

S. entericamndEscherichia coli0O157:H7 are the two main agents of outbreaks
associated with fresh produce. From the 1970s 904, %utbreaks associated with fresh
produce increased from 1% to 6% among the casghich the vehicle was confirmed
(53). Leafy vegetables (17%) and fruits/nuts (16%) eah&s the second and third
commodity groups among outbreaks caused by a diogtevehicle in 200§13). Since
fresh produce is widely consumed, the affected [ajoun could be very large if
contamination happens. Recent large outbreaks obli O157:H7 due to bagged baby
spinach, andalmonellaSaintpaul infections linked to peppers or tomatestwo
representative casé€s3)(13)

Recently, fresh produce has been linke& tooli O157:H7 outbreak&5, 97,

100, 107, 250)0One example is the 2006 North Ameri¢arcoliO157:H7 outbreak from
spinach. At least 276 people illnesses and 3 deaths due to the consumption of the

contaminated spinadd8).

2.3. The current safety issues dEscherichia coli O157:H7,Salmonella

enterica and Listeria monocytogenes

Foodborne diseases are a major health probleneibtiited States. Foodborne
diseases caused by fresh produce continue to lzaa concern for industry,
government and consumers as a result of recenteali® due to a variety of fresh fruits
and vegetables. In 2006, data collected by the lbaoe Disease Outbreak Surveillance

System of the CDC indicated thiaamonellds the second most common cause of



confirmed foodborne disease outbreaks. In addiftoroli O157:H7,L. monocytogenes
andSalmonellavere responsible for the largest number of ddatked to foods
(82%)192). E. coliO157:H7,L. monocytogeneandSalmonellaare three of the most
important infectious bacteria targeted for reduwtion the CDC’s Healthy People 2010
plan, but only the target f&. coliO157:H7 was met in 200992). As compared to the
preceding 3 years, however, the estimated incidehirdections caused k. coli

0157:H7,L. monocytogenegndSalmonellan 2008 did not decrease significan{B17).

2.3.1.E. coli O157:H7 and its current safety issues

E. coliis a common bacterium that normally lives in thiestines of human
beings and other animals. Though modEo€oli strains are avirulent and normally
beneficial to their hosts, sonie coli strains have the capability of causing human skne
E. coliO157:H7 is an enterohemorrhagic strain able tdyre Shiga toxins that cause
severe damage to the intestine and kidneys ofdke Mhe acute disease causedEby
coli O157:H7 is hemorrhagic colitis, and its typicaingptoms usually include severe
cramping and diarrhea with no or only slight fexargd occasional vomiting. Some
infected persons, especially children and the gideray develop hemolytic uremic
syndrome (HUS), characterized by thrombocytopentegvascular hemolytic anemia,
and acute kidney injur§81, 109, 301, 331which can lead to kidney failure and death. It
was estimated th&. coli O157:H7 is responsible for 2,138 hospitalizatiand 20 or
more deaths each year in the UZ4) justifying increased efforts for controlling this

pathogen.



E. coliO157:H7 can easily be transmitted from contamuhatel and water to
food (173, 227, 338) Ground beef has been implicated as the maircemfE. coli
0157:H7 infectiong10). The consumption of ground beef per year in the. i
approximately 2.0 billion Ibs, which accounts f&.94% of all beef products with
approximately $17 billion gross retail valugs). E. coliO157:H7 contamination of
ground beef frequently leads to outbreaks and Isecal

Two recent examples &. coli O157:H7 outbreaks occurred in 2007. One
happened at the end of September 2007, in whiclatgest amount of ground beef
recalled in the latest ten years, 21.7 million psiof frozen hamburger, was announced
by Topps Meat, Inc. because of possible infectioB.coli0157:H7. USDA reported
that 27 ilinesses with 3 confirmed were associatithl this outbreak276). The second
case occurred just several days later when foun&tata children and four Wisconsin
residents were infected by consuming ground bettiepdrom Sam’s Club stores in the
Twin Cities. During this outbreak, two patients deped hemolytic uremic syndrome
(HUS) (83).

It is urgent that more preventive measures arentsek@mprove the safety of the
nation’s ground beef supply as inspections aresufficient. Freezing doesn't effectively
kill E. coliO157:H7(82). Though high temperature cooking is an effectiagy o kill E.
coli O157:H7, consumers frequently prefer not fully ke meat. In addition, the use of
thermometers has not been widely adapted. Therefasenecessary to find an
alternative way to control foodborne pathogensuditigE. coliO157:H7, especially for

ground beef.



2.3.2.S. enterica and its current safety issues

Salmonellaare a group of pathogenic bacteria commonly faaritie
gastrointestinal tract of animals. In the USaJmonellanontyphoidal strains are the main
concern foiSalmonellaoutbreaks with hospitalization of 19,336 and 3@8tts annually
(274) In Minnesota, for instance, there were 39 coméd salmonellosis outbreaks due
to contaminated product during 1995-2q@32, 196) Foodborne&salmonellaoutbreaks
often were due to contaminated chicken productst (@€8), egg product$44, 298)
dairy product$38), peanut buttef195, 280) and food worker§197). One critical source
of foodborne outbreaks of salmonellosis was inféév®d workers, especially workers in
restaurants, sincgalmonellacan be transferred from infected people’s handsdd
(122, 146)

Recently, raw produce has been increasingly rezegras the vehicle for
salmonellosis. In 2008, an outbreakSafimonellaSaintpaul affected approximately 1500
sick people, caused 2 deaths, and was associdaieghl@peno peppers by epidemiologic
and microbiologic evidend@1). Interestingly, foodborne outbreaks@dImonellaare

sometimes serovar dependent on specific food, asi@h the case of tomato@81)

2.3.3.L. monocytogenes and its current safety issues

2.3.3.1. General properties and safety issueslofmonocytogenes outbreaks

L. monocytogends a ubiquitous, facultative and non-spore formiimtgacellular

foodborne pathogen that causes an invasive infeaoned listeriosis in both humans
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and animals. This pathogen can be more severevamddeadly for pregnant women,
newborns, the elderly, and people with weakenedunersystemé/6, 136, 188) L.
monocytogenesan tolerate different disadvantageous environsnentuman bodies,
including but not limited to bile salts, organiddeand osmotic conditior(849, 203) In
the U.S.L. monocytogenedsfection causes annually 1455 hospitalizatiort 266
deathq274)

This pathogen can colonize the surface of foodsilenr processing equipment
(139), and also form biofilms which are more resistartréatments and cleaning than
their planktonic state®@4, 161, 308)Previous studies indicated thatmonocytogenes
strains vary in their ability to adhere to staisleteel surfaces and form biofilr{8:).
When forming biofilmsL. monocytogeneasicrobial cells are enclosed in a matrix
fundamentally made up of polysaccharides, whictddaa a greater resistance to
sanitizers compared to planktonic c€dd, 179)

L. monocytogenesutbreaks are often linked to meat, dairy andprggucts41,
64, 133, 155, 156, 176, 177, 200, 210, 228, 22ecially when they are in the category
of ready-to-eat foods (RTE foods). “RTE foods” gemerally consumed without cooking,
or reasonably appear to be suitable for consumptithout cooking by consumers. Due
to modern lifestyles, people consume more RTE fdbds before to save time on food
preparation and cookin@55) One example dfisteria outbreak associated with RTE
foods is the 2008 Canadian listeriosis outbreak@sated with cold cuts produced by a
Maple Leaf Foods plant in Toronto, Ontai®0). Deaths of 23 and 57 total confirmed

cases were related to this listeriosis outbreals dtitbreak once again aroused safety
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concerns of.. monocytogenesutbreaks.

2.3.3.2. Role oigB andinlA genes inL. monocytogenes stress resistance

L. monocytogends generally pathogenic, with a genome size of@gmately
2.94 Mbp(106, 211) It survives well and resists processing cond#jand is capable of
existing on stainless steel either as planktoriis oe as biofilm-forming communities.
Interventions imposed by industrial cleaning agemisnL. monocytogenegre critical
for its control. However, sometimes, biofilms canfbund on conveyer belts and
stainless steel surfaces of food equipment aftatisag treatments. These biofilm
residues on stainless steel make sanitization adfegy challengé4). In addition, the
survival ofL. monocytogeneafter the utilization of cleaning agents may leagasy
transfer to food and an increased potential fodbmwne pathogen contaminati{#v0).

It is of great interest to determine whether som®eg may play a role In
monocytogendsiofilm formation and sanitizer resistance.

Sigma factors are dissociable protein subunitsdimatt bacterial RNA
polymerase holoenzymes for promoter sequence rémogaopstream of genes prior to
transcription initiation. Sigma factef’, encoded bgigB, is an essential molecule in
stress responses in many Gram-positive bactedridimgL. monocytogenes (256)°
protectsL. monocytogenesnd other microorganisms against many environrhenta
stresse$89, 94, 150)and is essential for the resistancé ainonocytogene® some
sanitizers at lethgR70) or sublethal level§112) In addition, it was reported thaf was

critical for biofilm formation and sporulation in monocytogeng270, 309) However,
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Schwab et al(277) reported thas® was not essential for initial surface attachnut.
monocytogene5) ands®-directed genes were not necessary for the spifelad o
monocytogeneim mice(323). It was also found that the activationdfin response to
osmotic stress ih. monocytogenesas rapid but transient, and was proportionatress
strength(306).

The genenlA is a key virulence factor specific ko monocytogeng253). It
encodes internalin (InlA), an 800-amino acid swfpomotein which can facilitate the
entry ofL. monocytogenesto epithelial cells expressing specific forms&atadherin.
InlA is a cell-wall-anchored protein which is nesay for efficient Caco-2 and HepG2
invasion(144, 261) Infection of hepatic cells by. monocytogenes vivo does not
require the protein products of ttAB operon(113) It is believed that InlA contributes
to L. monocytogenesivasion of intestinal epithelial cells, an impartatep in the
pathogenesis of systemic listeriof24.8).

L. monocytogenesrains differ in their virulence and/or transnoss
characteristics and thus their ability to cause duitisease@19) The level oinlA
gene expression is associated with virulence aniddosmission characteristics. A
positive correlation between the expression ofnh® gene and the strength lof
monocytogeneattachment to glass surfaces was recently rep@®dMultiple
nonsense mutations inlA were reported led to the production of a truncatedi
secreted gene produtt. monocytogenestrains carrying these mutations were not only
associated with reduced invasiveness in humantinéepithelial cells but also

represented a significant percentagé.ahonocytogendsolated from food samples
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(218) In addition, several invasion-attenuated strairls monocytogeneshowed
reducednlA transcript level$261). FurthermoreinlA premature stop codons are
commonly found ir.. monocytogenesolated from food§217).

TheinlA gene might be functionally related to &igB gene ofL. monocytogenes
although they have different functions. WislgB is a stress response geim is a
virulence gen¢134), ac® (sigma factor B, encoded ksjgB)-dependent promoter was
identified upstream dhlA, and a loss of® resulted in reduced levels iofA expression
and InlA in stationary-phase ce(643) In addition,c® was found to contribute 1o
monocytogeneasvasion by controllingnlA expressior{144). TheinlA gene might have
a similar role asigB, involved in the capability df. monocytogene® attach to food
equipment surfaces and form biofilifi6). Different strains of.. monocytogenes
involved in outbreaks had significantly differentvasion efficiencies and may utilize
different mechanism@61). The regulation of. monocytogenegrulence is very
complex since the bacterium is still virulent ewamen some nonfunctional virulence
genes are mutat¢d63) Though different mechanisms may contribute tovérged
ability of L. monocytogenas causing listeriosis, transcription levelsi@iA andsigB
may play important rolesigure 2.1shows the function af® and its relationship tmlA
(140) It indicates thainlA is transcribed by a promoter thasfsdependent, anialB is

also possibly transcribed by the promdt40).
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Figure 2.1.Possible relationship betweenA andc® in Listeria monocytogeng440)
Numbers 6.2 and 4.6 in the Figure denote the egjaesatios of wild type to mutant
strains ofListeria monocytogene#rrows represent transcriptional start siteshef genes
inlA andinIB (29, 92, 168)

Source: Adapted from(140)

StudyinginlA andsigB may lead to better elucidation of the moleculachamism
of L. monocytogendsiofilm formation and the effects of sanitizer lbonrmonocytogenes
(52). Additionally, it could be used to direct food pessing and technology
improvement. For instance, a lowered salt contéhver paté did not significantly
change the transcription level of virulence gemetudinginlA, which may indicate that
it is safe to develop low salt content meat prosl(225). However, one should be
cautious when interpreting the experimental dateesthe virulence df. monocytogenes
is very complicated. The bacterium is still viruleven when some nonfunctional
virulence genes are mutatéb3) Currently, both in vivo bioassays and in vitrdl ce
assays used in evaluatihgmonocytogenedgrulence are not specific, as some targets

exist in both virulent and aviruleht monocytogenestrains(171).

2.4. Foodborne pathogen biofilms
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Biofilm formation is a mode microorganisms use totpct themselves and
survive in disadvantageous environmgdts6). Although different mechanisms exist for
biofilm formation for many microbial cellll50), it is thought that biofilms might be
related to quorum sensing and the connectionsaiosicrobiology(245) In the food
industry, theability of a pathogen to attach to surfaces anth&rdevelop biofilms is in
need of careful investigation. However, informatadyout the initial attachment of
microbial cells to a surface is still limit€d32). DifferentL. monocytogenestrains may
differ in their abilities to attach to surfaces andny single strains are not capable of
forming biofilms(137)

L. monocytogendsiofilm growth and sanitizing treatment have betrdied by
different methods including crystal violet stainidgl'P bioluminescence and total viable
count(160) ATP bioluminescence is a more appropriate methad crystal violet
staining for biofilm bacterial growth considerindgi@h correlation between ATP
bioluminescence and biofilm growfB68). For biofilm detection, with the help of
fluorescein isothiocyanate- and tetramethyl rhodensothiocyanate-conjugated probes
and confocal laser scanning microscopy (CLSM) ctiemical compounds and spatial
arrangements in extracellular polymeric substafEes) of aBacillus coagulandiofilm
were found to be nonuniformly distributé2il7, 330) Microbial cells in biofilms were
also investigateckE. coliO157:H7, for instance, could be detected by advegthage-
based bioluminescent bioreporter usimgreporter genef37), bacteriophage-amplified
bioluminescent sensin@7, 260) and ATP bioluminescence immunoasgb38) An

alternative is to detect specific genes or protdmsinstance using the expression of the
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Outer membrane protein F (OmpF) and OmpC variahtstiware specific t&. coli

0157:H7(189)

2.5. Foodborne pathogens’ morphology

2.5.1. Atomic force microscopy (AFM)

Microscopy is a common technology for investigatmigrostructure and
morphology of target features. In food science rascopy has been widely used for
investigating morphology of foods and could be aggpfor improving processing
technologies. Currently, transmission/scanningted@ microscopy (TEM/SEM)120)
light microscopy (LM)(42), and confocal laser scanning microsc¢pd, 118, 184have
been widely used. These techniques could provilfiereint advantages for investigating
detailed microstructures of food materials. Howeuegeneral, some of these techniques
require complicated preparation steps which midfiecathe original state of the samples.

In 1986, a new microscopic technique was inventdiich was named atomic
force microscopy (AFM). The principle of AFM is thanages are achieved by
calculating variations in interactions betweenAltéV probe and the sample surface
when the AFM probe scans the sample surfaige.2.2is a schematic image

representing the AFM imaging process.
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Figure 2.2.Principle of AFM imaging process. Reprinted wigirqmission from Journal

of Food Science 2008, 73, N44-50. Copyright (2008hn Wiley and Sons, In(334).

In brief, a beam of laser is transmitted from &tatiode onto the back of the
AFM cantilever, reflected by a mirror and then eefed onto a photodiode detector.
During scanning, the angle of the laser beam fatetsidue to variation in the interaction
between the AFM tip and sample surface. The ligitad is recorded by a photodiode,
then an electrical signal is generated which gfiastthe motion of the AFM tip. The
surface morphology and other physical propertiesdaplayed on a computer monitor.

A second monitor shows the control screen, whichtmmodified for the next scanning
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step(206).

The distinct advantages of AFM mainly include hrgBolution and magnification,
mild and simple sample preparation, and multimaeieging including three-dimensional
imaging. One of the significant differences of Alegimpared to other microscopic
techniques is that it does not use any photonsra for generating images. Thus the
imaging is independent of the sample’s transparebepending on the distance and
fluctuation between the AFM tip and sample surf&deé\l uses different operation
modes. One of the most widely applied modes istdpping mode’, which is mainly
used for imaging relatively soft materials in thedd of biological science, including food
science. Interestingly, the name given this modg diiéer by different companies but
the principles are similam.able 2.1compares AFM with other microscopic techniques. It
should be noted that AFM image resolutions incliaderal (X, Y) and vertical (Z) axes.
For an AFM image, the scale and resolution in #ter&l dimension is different from

those in the vertical dimension.
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Table 2.1.Comparison of the advantages and disadvantage&risoopy techniques.
Reprinted with permission from Journal of Food 8c&2007, 72, R65-75. Copyright

(2007), John Wiley and Sons, Ii{836).

Characteristics Microscopy
AFM LM SEM TEM CLSM
Advantages High Large scan Nanoscale Nanoscale Study
resolution, area dynamic
nanoscale process
Minimal Fast scan High High Fast scan
sample speed resolution  resolution  speed
preparation,
near native
status
2D and 3D Cheap Fast scan Fastscan 2D and 3D
speed speed
In air/liquid, In situ
in situ,
continuous
process
Can be
manipulated
Disadvantages Small scan Only 2D Only 2D Only 2D Complicated
size operation
Slower scan Need Need Need Need
speed pretreatment pretreatment pretreatment pretreatment
Difficult for Low Not native  Not native
soft material resolution status status
and
magnificatio
n

Abbreviations: AFM, atomic force microscopy; LMglit microscopy; SEM, scanning
electron microscopy, TEM, transmission electron roscopy; CLSM, confocal light
scanning microscopy; 2D, two dimensional; 3D, thdaeensional.

Figure 2.3shows an example of AFM images of individual mimad cells with
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different imaging modes.
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Figure 2.3. Atomic force microscopy (AFM) images of B straimcnobial cells ofE. col..
Reprinted with permission from Journal of Food 8c&2008, 73, N44-50. Copyright
(2008), John Wiley and Sons, I{834).

(A) unprocessed height image; (B) correspondingtitemage after leveling;

(C) corresponding 3D image after leveling; (D) egéal image of a;

(E) corresponding 3D images of d; (F) dimensiorwalion of the microorganism.

L = length; W = width; H and | represent the hegybt the directions of length and width,

respectively.

2.5.2. Biofilm morphologies of foodborne pathogens

Morphological studies can provide direct evidentevang the effects of
sanitizers on microorganisms. They also providetewh@l evidence to support
observations of physical, chemical and physiolalgghanges of microorganisms under
various conditiong101-105, 325-327Morphological studies of pathogens may be
useful in elucidating delicate changes in microargas during inactivation, as wells as
the mechanism of inactivatiq@0, 65, 213, 339)Many methods have been applied to
characterize microorganisms in planktonic cellbiofiims. The morphology (especially
for biofilms) obtained was much dependent on sarp@earation or imaging conditions.
The microtiter plate assay method can estimatgitheth of bacteria in sit(20, 37,
115) but is an indirect method and visualization ofrpiwmlogy is difficult(73).
Transmission/Scanning electron microscépy7, 16, 38, 39, 52, 64)(74, 88, 212, 223,

272), epifluorescence microscofy8, 110, 236)and (confocal) laser scanning
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microscopy(23) are the most often used techniques for biofilnrattarization.

However, these microscopic techniques are focusadiorobial cells rather than EPS, a
component of biofilms. Also, pretreatment stepsuding staining or vacuuming
required for these techniques could affect theveatatus of the biofilm surface, mainly
EPS(36, 307, 3366, 7, 70, 77)EPS structure might be affected by draining dfuca
medium and the washing process during sample meparfor wide-field fluorescence
microscopy (WFM) as wel[187), which is very important for understanding biofim
(186, 320)and the treatment of antimicrobial age{®84) Due to the above reasons,
information about the morphological organization attern of biofilms, especially that
of E. coliO157:H7,S. entericaandL. monocytogeness very limited.

Atomic force microscopy (AFM) generates images l®asuring changes in the
interaction between probe and sample surface. @@dages of this instrument include
minimal sample preparation, independence of thetanbe’s light transparency and the
ability to measure a sample’s dimensi¢235, 307, 334, 336 special advantage of
AFM for biofilms is that it can characterize EPSattarge degree in its natural status
since only minimal pretreatment steps for imagirgreeded for obtaining the images
(157, 158) It is capable of characterizing the delicatedtrte of biofilm EPS without
affecting the original morphology. AFM has beendisecharacterize foodborne
pathogens including on stainless steel surfé@@4), single microbial cell§16, 41, 55,

90, 92, 118, 119, 139, 161, 197, 20apfilms (135, 183, 224, 265, 26&nd
corresponding physical properties of EPS of biddi(@88, 240) AFM can also be used

for differentiating surface differences betweendatjype and mutant bacterial strains,
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which is helpful for understanding the propertiéshese microbial cells in biofilm
formation(63). In all, AFM is a powerful tool in microbiologp, 78, 79, 209and an

appropriate technique for the characterization wfobial cells and biofilms.

2.6. Organic foods

Organic agriculture is a holistic production maragat system. According to
the Codex Alimentarious, this system promotes amgtoves agro-ecosystem health
including biological cycles, biodiversity and sbiblogical activity. This practice was
proposed by Albert Howard, an English soil scidntia the 1930s, and the term
‘Organic ’ was used in the U.S. by Jerome Rodat®at at the same time. Organic
agriculture does not allow using synthetic ferélig and pesticides. However, due to
general contamination by low level pollution of airsoil, organic agriculture does not
guarantee that foods are completely free of resifiig 121)

In the U.S., organic production was relatively liggle before 1990. Since
then, the Organic Foods Production Act (OFPA) wescted and in 1992, the National
Organic Standards Board (NOSB) was formed, andrasudt the development of
organic agriculture and organic foods was ensufbd.Board has 15 members with 5
year tenure, one of whose main functions is rewngveind developing the National List
of Approved and Prohibited Substandes.ecent years, sales of organic foods have
increased approximately 20% every year. A surve30d7 reported that about 30% of
Americans buy organic food at least occasionafiyaddition, most of the consumers

who buy organic food think it is safé0).
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In the U.S., for any foods to be sold as ‘orgarabeling indicates its status.
Currently, there are 4 kinds of labeling for orgaftiods based on the relative percentage
of the organic ingredients: ‘100% organic’ is feganic ingredients only; ‘organic’ is
for foods with greater than 95% organic ingredipiMade with organic ingredients’ is
used for foods with greater than 70% organic inigred, and ‘some organic ingredients’
is used for foods with less than 70% organic ingmets (72, 121)

Organic foods are not absolutely safe, as manywoess think. While organic
vegetables contain less pesticide residues compauaehventional vegetables, it does
not mean that they pose no risk. Since synthetitifers are not allowed in organic
agriculture, manure is an important fertilizer, ahncan be a vehicle for transmission of
zoonotic foodborne pathogens. Some studies havelfiittie evidence that organic
produce might pose a greater risk of foodbornequh contamination than
conventional produc@08). This was confirmed by a recent study showingelhegre no
significant differences in foodborne pathogens leetworganic and conventional lettuce
samples, as both were negativeEoicoil O157:H7,L. monocytogenesndSalmonella
enterica(226).

Until now, there are very few cases of foodborreedse outbreaks that were due
to organic food in the U.S. even though many casésodborne disease outbreaks were
traced to fruits and vegetables and pinned to 8péarmers. However, recent outbreaks
have suggested that there might be potential asks coli 0157:H7 andalmonella
contamination on organic foods, with several caddsodborne disease outbreaks in

other counties that were linked to organic prod@me case was in Germany, in which
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parsley was contaminated with verotoxige@itrobacter freundii(300). Two other cases
were outbreaks dE. coliO157:H7 of contaminated lettu¢®, 123) Partial reasons for

these cases may be due to limited number and efficbcurrently approved sanitizers.

2.7. Inactivation of foodborne pathogens

Sanitization is a critical step for foods, espéyiad fresh produce processing and
handling in ensuring product safety. In generalthoés for inactivating foodborne
pathogens can be divided into three categoriesipaly chemical and biological

methods.

2.7.1. Physical methods for inactivating foodbornpathogens

2.7.1.1. Heat treatment: Pasteurization

Pasteurization is named after a scientist, Loustd®a, who first discovered that
heating wine below its boiling point could extetgishelf-life by killing the
organismsresponsible for spoilage during storageretly, this process is widely used
in the food industry for inactivating food microargsms to extend shelf-life.
Pasteurization can kill foodborne pathogens thad le listeriosis, typhoid fever,
tuberculosis, diphtheria, and brucellogts.coliO157:H7,S. entericandL.
monocytogenesan be completely inactivated by pasteurizationwveleer, for fresh
produce, this technique is seldom applied considehis heat treatment would affect

physical properties, especially texture.
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2.7.1.2. Food irradiation

Food irradiation is an effective technology for trofling food pathogens
includingE. coliO157:H7,L. monocytogenesndSalmonellainsects and parasites. It
reduces the risk of foodborne diseases while angigihpairment of the nutritional
values of foodg14, 81, 160, 180, 204, 231, 283, 284 has a long history of use in the
U.S., starting from 1905 when a patent using iorgzadiation to kill bacteria was
approved. Later, in 1921, another patent of apfiinaof X-ray technology in meat was
approved. FDA first approved food irradiation tontrol insects in wheat and flour in
1963. The application of irradiation of fruits anelgetables was approved by the FDA in
1986 and of fresh and frozen red meats in (897 62)

Food irradiation utilizes low levels of radiant egyeincluding gamma rays, X-
rays, and electrons. For ground beef, irradiateom greatly reduce potential hazards. The
populations oE. coliO157:H7 in ground beef can be dramatically redunelbw-dose
treatments with ionizing radiation. Additionall\eé shelf-life of ground beef can be
greatly extended after the application of irradia{i81, 231) Food irradiation can also be
very effective in controlling foodborne pathogensfresh producé254) Moreover, it
can extend the shelf-life of foods by inhibitingthprouting of vegetabl€271, 297) In
2008 the Food and Drug Administration (FDA) annadthat fresh spinach and iceberg
lettuce may be irradiated. The purpose is to copathogens such &s coliO157:H7
andSalmonellaprotecting consumers from foodborne diseases. Ehargh the FDA

was petitioned to allow irradiation for many typegroduce, only fresh spinach and
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iceberg lettuce were approved in 2008 due to tl6 ZO coli outbreak from spinach and
many previous outbreaks and recalls of leti{{BaS)

Food irradiation effectively Kills or inactivatesdd pathogens includirig. coli
0157:H7 by transmitting radiant energy into the esales of microorganisms. The
energy generated by reactive chemicals could weatactivate DNA of the pathogens,
leading to failure in later reproductié®l4, 278) However, the effects of food
irradiation depend on the amount of irradiationaabed and the food stat(ts60). FDA
approved different legal dosages for different @D kiloGray (kGy) for spices and dry
vegetable seasoning; 10 kGy for dry or dehydratexyre preparations; 4.5 and 7 kGy
to control food pathogens for refrigerated anddrored meat, respectively, and 4.0 kGy
to control foodborne pathogens and extension df-8fefor fresh iceberg lettuce and
fresh spinactf50, 302)

In addition, the relative sensitivity of foodborpathogens to ionizing radiation is
largely dependent on their respectivg falues, which is the dose required for reducing
the microbial population by 90%. Largeid¥alues represent lower sensitivity of a
microorganism to treatmenitable 2.2shows the B values of the foodborne pathogens

E. coliO157:H7 L. monocytogenesndSalmonella
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Table 2.2.Irradiation O values of foodborne pathogens on food products

Pathogen TemperaturéProduct Qovalue Reference
(°C) (kGy)
Salmonella 0 Poultry (air packed)  0.24 Licciardello et
Heidelberg al. (1970)(167)
0 Poultry (air packed)  0.39
Salmonella 5 Egg powder 0.6 Matic et al.
Enteriditis (1990)(191)
3 Ground beef 0.55-0.78 Tarkowski et al.
(1984)(294)
Salmonellaspp. 5 Turkey breast meat 0.71 Thayer et al.
(1995)(296)
Listeria 5 Beef 0.45 Thayer et al.
monocytogenes (1995)(296)
Escherichia coli 5 Ground beef patties 0.27-0.38 Lopez-Gonzales

0157:H7

et al. (1999)

(174)

Source: Adapted fror283)

Irradiation technology is safe and not expensiVbe source energy is weak and

can not generate radioactivity. FDA alleges thaidiated food is safe. “There is no

residue, there’s nothing left and certainly no oadtivity left,” said Dr. Laura Tarantino,
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director of FDA's Office of Food Additive Safe{¢8). The World Health Organization
has announced that no toxic hazard was found fpfad samples with irradiation at
dosage under 10 kGy1). Currently, nearly 40 countries have approveduege of

food irradiation(129).

2.7.2. Chemical methods for inactivating foodborn@athogens

Chemical methods for inactivating foodborne patmsgeclude, but are not
limited to, organic acidél49, 157, 201, 340xhlorine compound@4, 221, 262)
ioding(145), ozong(28, 46, 248, 319)guaternary ammonium compour(@%, 199) and
hydrogen peroxidél27, 175, 324)An AOAC official method is generally applied to
evaluate the effectiveness of chemical sanitizg&esording to the method, an effective
sanitizer should be able to kill 99.999% of plamiktamicrobial cells, that is, 5 log CFU

(colony forming unit) reductions of the microorgsmi population in 30 ).

2.7.2.1. Neutral electrochemically activated watefNECAW)

Though traditional chemical sanitizers can effestininactivate foodborne
pathogens, chemical disposal, impact to producétguand worker safety are great
concerns associated with the use of chemical garsti There is an increasing demand
for developing environmentally friendly sanitizéos fresh produce sanitization,

especially for organic food.

2.7.2.1.1. Fundamentals of ECAW and NECAW

30



Electrochemically activated water (ECAW) is a wdtased sanitizer for food
processing equipment, which uses an electrolyzetedi salt solution to generate distinct
fractions. One fraction (anolyte) is generatedchatdnode containing chlorine (acidic or
neutral), and has antimicrobial properties. Thesddraction (catholyte) is generated at
the cathode (alkaline), which can be used for étepfood utensil surfaces or directly on
food. Neutral ECAW (NECAW) generates anolytes wathvalues near neutralifit24).

The fundamental process underlying the generatfidoth fractions of NECAW
is the electrolysis of diluted salt solution andsticiation into ions. lons either move to
the anode or cathode in an electrical field. Atghme time chlorine in different forms is
generated during the process. Sodium chlorine dst&s into negatively charged
chlorine (Cl) and positively charged sodium (Naand at the same time hydroxide (PH
and hydrogen (B ions are formed when the water solution is etégred. Cl moves to
the anode and becomes chlorine gas)(Gipochlorite ion (OC), hypochlorous acid
(HOCI), and hydrochloric acid. It is believed thia¢se different forms of chlorine are
responsible for the antimicrobial properties of B&and NECAW(124)

ECAW is often referred to as electrolyzed oxidaatev (EOW). Generally, the
term ECAW is used when a Russian technology igatlwhile EOW refers to
processes that use a Japanese design. The difasathat ECAW is produced by
applying a short-term mild electrical charge tadlatdd brine solution (<1% salt) when it
passes through a module that converts the bringi@olinto a stream of reactive
oxidants. It is believed that the oxidant compositof ECAW can be precisely controlled

over a wide pH range. However, it is reported thate is no fundamental difference
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between EOW and ECAW in sanitizing factors thatude free available chlorine (FAC),
oxidative-reduction potential (ORP) and 60, 185, 267)The term ECAW will be used
throughout this thesis denoting this type of wataritizer.

NECAW has bactericidal efficacy similar to othengoon chemical sanitizers,
but has several advantagé$-69) The major advantages of ECAW include: 1) source
materials contain no harmful chemicals, only wated NaCl are needed for generating
ECAW; 2) no need to handle, distribute, or stosect@and corrosive chemical&42), and
3) slower rate of degradation of active chlorinenpared to chemical chlorine sanitizers
(12, 13) Based on these characteristics, the usage of NE@#a sanitizer appears to be
safer for workers and the environméid?2) The neutral pH of NECAW minimizes the
loss of chlorine due to evaporation and typicalgimtains antimicrobial activity longer

than acidic ECAW11, 32, 48)

2.7.2.1.2. Sanitizing effects of ECAW and NECAW

Previous reports about the antimicrobial activitfE€AW on foodborne
pathogens varied significant{$24, 126, 243)In general, ECAW is more effective on
liquid cultures than on dried surfagd25, 312, 313)A recent report indicated that
treatment oE. coliNBRC 3301 for 0.5 min with ECAW (21.2 mg/l, pH 5@RP 948
mV) achieved 3.85 log CFU reductions. Higher comicions of FAC and ORP (45.3
mg/l, pH 2.6, ORP 1140) resulted in 5.27 log CFdutions(130, 131) Another report
provided evidence that 5 min treatment with NECA8% (ng/l, pH 8.0, ORP 760)

achieved greater than 6 log CFU reductiong.ofoli O157,SalmonelleEnteritidis, and
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L. monocytogendg$6). The antimicrobial effects of ECAW on bacterigedron surfaces
usually result in less killing than t in liquid aensions. Fok. monocytogenedried on
surfaces, ECAW (40 mg/l, pH 2.65, ORP 1155) reduhel.91 log CFU reductions per
chip of dirty stainless steel, and it should beeddhat tap water alone resulted in 1.03
log CFU reduction$169).

For biofilms formed on utensil surfaces, only $&égdnvolvingL. monocytogenes
have been publishddl, 12, 141)The antimicrobial effects on biofilms had high
variation under similar ECAW treatment conditioBEAW treatment of..
monocytogenelsiofiims for 1 min (85 mg/l, pH 2.29, ORP 1163pduced 3.69 log CFU
reduction, however lower FAC concentrations (47Ippd 2.40, ORP 1163) resulted in
larger reduction (4.65 log CFU). In another repath similar ECAW conditions (85
mg/l, pH 2.38, ORP 1169), bacterial cells were dased by 4.81 log CF11, 12)

There have been several reports about the antimatreffects of ECAW on fresh
produce. Among fresh produce, the antimicrobiad@t of ECAW were greater on the
surface of tomatoes than on lettuce, cabbage &athadproutq16, 17, 66, 142, 151,
237). With similar parameters of ECAW, results fromfelient groups were more
variable compared with pure cultures of bacter@.ifstance, NECAW (306 mg/l, ORP
880, pH 7.0) dipping of lettuce for 5 min resultaecapproximately 2 log CFU/g
reductiong89), while dipping in NECAW for 10 min (120 mg/l, OR#50, pH 6.3)
resulted in 0.24 log CFU/ml reductionstfcoli 0157:H7, and in almost 3 CFU/ml log
reductions folL.. monocytogeneandS. Typhimurium(21). ECAW did not significantly

affect the quality of treated foods. More than @ @FU reductions/g for lettuce or fresh-
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cut lettuce were achieved by ECAW without signifittg affecting quality attributes
(241, 333)

ECAW has also been used in other fields, for fresthfowers(132)or in dental
cleaning(115, 285) However, reported effectiveness varied amongpafit publications.
The effect of ECAW on root canal cleaning indicatiegt a combination of anolyte (300
mg/L NECAW) and catholyte together was more effecthan that of deionized water,
3% NaOCl, and 300 mg/l NECA\9). Another group reported that NECAW (pH 7.0
and 9.0) was not effective. The limitation of theyport was that the authors failed to
provide the FAC and ORP d&gte85) NECAW at more than 300 mg/l was effective for
Bacillus anthracispore inactivation, and higher than 7 log CFU réidus could be
achieved69). There are also reports showing limited bacteniattivation on foods.
Meat products generally had less than 1 log CFUatoh with ECAW treatmen(tl6-

19). ECAW can also be applied for inactivating foodimpathogens on meat products,
but the sanitizing effects were much limited. Rwstance, the reduction bf
monocytogenewas less thanl log CFU(§7).

Some researchers have discussed factors thaglntniicrobial effects of ECAW
(169, 170, 230)It is believed that organochloramines are fornveén chlorine
compounds react with organic compounds resultinggaker ECAW antimicrobial
activity (51, 171, 230, 242ECAW had limited ability to penetrate into thefactive
layer of microbial polymers and some microbial €elbuld not be inactivatdd, 74)
Chlorine loss decreases with an increase of pH foitic to alkaline, similar to

chlorinated wate164). Without food residue or organic compounds, ECAM(Nd 90
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g/l, pH 2.5, ORP 1160) generated 3.5 to 4.0 log @C&dlictions compared to deionized
water, but this value decreased when food resigisteel (83, 84) Biofilms are more
resistant than planktonic cells due to quorum sgr(8i4) or EPS(50).

Agitation, temperature, and soaking can affectahtmicrobial activity of
ECAW. Higher temperature promotes the penetratfd®@®AW into microbial cells but
also facilitates the loss of chlorif&53, 154) Agitation also facilitates the penetration of
ECAW into microbial cells, and improves the effiotgy of contact between chlorine and
microbial cells(124, 244) Soaking cutting boards in EOW at higher tempeestu
decreased the time needed to achieve the samdiogduncbacterial counts obtained at
lower temperatured 24) Many researchers have demonstrated that NECAW can
generate 2 to 6 log CFU reductions of some bacseicd a£. coliO0157:H7,Salmonella
andL. monocytogenesiowever, other researchers have found that NECA®$ ahot
effectively reduce foodborne pathogéfhg4) In general, NECAW is a promising
sanitizer but little is known about its effectiveseand broad-spectrum activity against

pathogenic bacteria.

2.7.2.1.3. Antimicrobial mechanism of ECAW and NECAV

In order to be effective, bactericides must pemetirsto microbial cells and attain
sufficient concentration at the target gB8). But the action modes of different sanitizers
differ (159) For traditional chemical chlorine sanitizers, thechanism has been well
studied. For hydrogen peroxide, the antimicrobidat is due to nondiscriminating

oxidization, but hydrogen peroxide also attacks DN#teins, and lipids of microbial
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cells. Hydrogen peroxide, however, does not atteetntegrity of cell membrang91,
102) For hypochlorite, the antimicrobial effect is dodts interaction with lipids, slow
oxidization of glutathione (GSH), toxic product geation, and disruption of nucleic
acids(62-64)(93) Chlorite disrupts microbial membranes, inhibitatbesis of proteins
and nucleic acids, and oxidizes GSH. Chlorite da#snodify membrane lipid&4-36,
76).

FAC, ORP, and pH are three factors that are redplerfer the sanitizing effects
of ECAW. For NECAW, only two factors, chlorine ¢CHOCI, and OC) and ORP,
determine its antimicrobial effects. However, thisrao agreement about which of the
two factors is the most important. Effects of NECAMIorine include destroying
microbial membranes, reacting with amino acids raundeic acids of microbial cells, and
affecting metabolism due to the destruction of &agymeq43, 45, 53, 54)It should be
noted that according to reports from Japanesenadssa, ECAW did not have sufficient
disinfectant ability when FAC was less than 20 mayfd even if the ORP was high (>
800)(152)

No significant differenceR>0.05) was found between traditional chlorine
sanitizers and NECAW6S8, 69, 117pr acidic ECAW48, 49, 70, 71, 89)ith the same
concentration of FAC. It seems that FAC was thermeihing factor of antimicrobial
effects(3, 26) Different FAC with similar ORP and pH had sigo#ntly different
antimicrobial effects. NECAW had almost the saminainrobial effects as acidic
ECAW with the same concentration of FAC. Among FAIQCI is the most active

component. A more widely accepted mechanism ofraatobial effects of ECAW was
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that active chlorine compounds destroy the memlisrahenicroorganisms, while some
other researchers proposed that chemical readtietageen active chlorine components
and important microorganism chemical molecules if@naicids, nucleic acids, or
enzymes) are responsible for the antimicrobialot$f@24) Other researchers believed
that high ORP was the determining factor. HigheiPQierresponds to greater oxidizing
strength. ORP damaged cell membranes, oxidizedudtces, and disrupted cell
metabolism and inactivated microbial c€ll$6) One confounding factor in these reports
was that chlorine or other chemical sanitizing comgnts coexisted together with ORP
when studying the sanitizing effects of ORP.

In some promising results on ECAW mechanism obthreeently(16, 341) only
limited indicators of microbial cells were invesitgd, and those indicators can be
affected by many exterior factors. Current morphaal results, for instance, could be
easily affected by sample preparation proce&¥&s, 336) DNA degradation analysis
did not exclude possible degradation due to DNasmgl the experimentd47), and
protein analysis is problematic since newly appeaubunits of proteins after ECAW
treatment were not explain€t, 341) It was proposed that the disinfection mechanism
of ECAW were due to several factors including peatetg the protective sphere of
bacteria, increased permeability of the microbigkeo membrane, inactivated cellular
compounds and some key enzyr{&$l)

It should be noted that the inactivation mode di@positive bacteria might
differ from that of Gram-negative bacte(&0). E. coli O157:H7 andgalmonellaare

Gram-negative bacteria while monocytogenes a Gram-positive bacterium. The
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antimicrobial mechanism of NECAW dh coli O157:H7 andsalmonellamight differ
from that ofL. monocytogene®artial reasons for this difference may be dubdo
existence of glutathione (GSH). GSH exists in alnadigorokaryotes but not in
mitochondria or chloroplas{d5, 111, 123)In Gram-negative bacteria, glutathione is
critical for maintaining the oxidation state ofdts and can be used by bacterial cells to
cope with stresses. Furthermore, glutathione caengo glutathionylation, a protein
post-translational modification regulating prot&imction under streq490) A second
reason could be related to outer membrane prot€@mMpA). With respect t&. coli
0O157:H7 andb. entericg for instance, understanding the sanitizing meicmaof

NECAW could be helped by studying the effects of0M&V on OmpA(255, 256, 328)

2.7.2.2. Traditional chlorine and chlorine-based cmpounds

Chlorine-based compounds are still the most wideid sanitizers in the food
industry due to their wide-spectrum antimicrobiedjgerty(215). Their sanitizing effect
is determined by the FAC of the solution. FAC cetssof chlorine gas (&)|
hypochlorous acid (HCIO), or hypochlorite ions (Gl which HCIO has the strongest
antimicrobial activity. The pH of the solution cahange the relative contents of these
three compounds. A mildly acidic pH (approximately 5) chlorine-based compound
could have the maximum content as HCIO, thus regpiih strong sanitizing effec{27).
Commonly used chlorine-based sanitizers are sodigpochloride or calcium
hypochlorite. They can react with water and gerelrd|O, with strong antimicrobial

activity. In fresh produce processing, a genenaitizang treatment is 200 mg/l at a pH <
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8.0 with 1-2 min treatment. When FAC was smallantb0 mg/l, sanitizing effect of
chlorine onL. monocytogenesas not observed. A very high (>200 mg/l) conceitra
of chlorine is required to achieve 1 log CFU reducf pathogens on fresh produce in
washing solutior{34).

Chlorine dioxide is another commonly used chloidased sanitizer. It is a
volatile molecule and remains in water as a dissblyas. Chlorine dioxide can not be
used directly as a commercial product since iigblly explosive. Therefore, the
application of this compound requires onsite geticaraA common way of generating
chlorine dioxide is by reacting sodium chlorite wgaseous chlorine. An alternative way
is by using hypochlorous acid to replace P9, 310, 321)Compared to chlorine, one
advantage of chlorine dioxide for sanitizing frggbduce is that it generates fewer
carcinogenic byproducts such as trihalomethanes, Rlis less affected by pH than

chlorine(299, 310, 321)

2.7.2.3. Ozone

Ozone (Q) has a high oxidation potential and is a versagleitizing agent. It can
be generated from oxygen {Qvith the exertion of high energy using photocheahi
electric discharge, thermal or electrolytic meth(®fs 138, 222)Ozone is stable in air
but is potent and unstable in water. Ozone in wedardecompose into oxygen
spontaneously and quickly without any resid(#28, 318)

Ozone can be used as a disinfectant or sanitizéodal processing including

organic foodg19, 85, 138)This can be done using different forms of ozothatater or
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by adding gaseous ozone to a storage rgdf, 138, 222, 246 he efficiency of ozone

is mainly determined by ozone demand of the mediuesidual ozone, that is, the ozone
remaining on the surfaces trea{@d8). Organic debris can compromise the effectiveness
of ozone treatment; therefore, it is necessarygarcequipment surfaces before ozone
sanitizing treatment. It was reported that ozomkendit change the organoleptic properties
of foods under appropriate conditions. For example mg/l ozone treatment for 6 h did
not affect the organoleptic properties of whole gralind black peppe(85). Ozone did

not affect the quality properties of treated lettas wel(119).

2.7.3. Biological sanitizers

2.7.3.1. Phages

Phages, or bacteriophages, are viruses, whicméaet bacteria. They exist
widely in natural environments using bacteria &rthosts. However, they have their
own DNA or RNA. Phages can be isolated from wasttewy sewage, and human or
animal fecal samples. Compared to chemical sarstireost phages have less spectrum
killing effects on bacteria. Therefore, for inaeting various strains of pathogens, one

solution to overcome this disadvantage is to us&teds of several phagég1l, 95)

Phages are considered to be a potential alternatigleemical sanitizers, and
because of the emergence of antibiotic resistdheeg is significant research devoted to
developing viable alternatives for many differeathpgenic bacteria. Phages have been

approved for use on foods and at least three diffecommercially available phage
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preparations are offered by different companiesretily, one of the most widely used
phages for foodborne pathogens is commerciallyl@vail isteria phage, P 100Q.
monocytogeneghage. It was reported that this phage is effeativ many strains af.
monocytogenesn different food$45, 148, 205, 275, 287-289he limitation is that the
strains tested are much limited and should be dateg by the manufacturing company.
In our laboratory, a phage cocktail was examinedrfactivatingk. coliO157:H7
mixture at or above room temperature on differemmonly-used hard surfaces
including stainless steel coupons and directlyamdfsurfacesE. coliO157:H7 on

romaine lettuce and spinach were found to be maietd by phagé314-316)
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CHAPTER IlI

EFFECTIVENESS AND BROAD-SPECTRUM ACTIVITY OF
NEUTRAL ELECTROCHEMICALLY ACTIVATED WATER
AGAINST FOODBORNE PATHOGENS

The objective of this study was to determine tlieatifveness and broad-spectrum
activity of neutral electrochemically activated ea{NECAW) againsEscherichia coli
0157:H7 Listeriamonocytogenesand Salmonella entericaLiquid bacterial cultures,
bacterial cells dried on stainless steel (SS) sadand biofilms of 40 strains Bf coli
0157:H7,L. monocytogenesindS. entericavere treated with NECAW. Sanitizing
effects were determined by direct plate counting) @mrichment testing. NECAW
containing 50 or 100 mg/l FAC caused more thang5d&U/ml reductions for 70% and
100% of the strains in liquid culture, respectiv@lyeatment with NECAW (100 mg/I
FAC) resulted in more than 3 log CFU/coupon redungifor 92.5% and 27.5% of the
strains dried on SS surface and as biofilms, reés@hz. Among all the strain&.
entericaserovar Newport B4442CDC was the most resistaNBGAW on surfaces
while E. coliO157:H7 ATCC 43895 was the most resistant in loifiand liquid pure
culturesNEACW was effective and had a broad-spectrum dgtagainst foodborne
pathogens. Different species and strains of foatbpathogens had variable sensitivity

to NECAW. NECAW can be potentially used as a samitfor food and food processing
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utensils.

3.1. Introduction

Foodborne diseases are a major health problem widddEscherichia coli
0157:H7 Listeria monocytogenedSalmonellaare three of the most important
infectious bacteria, responsible for the largest@etage (82%) of food-related deaths in
the U. S(192, 274) They were targeted for reductions in the Centérsease Control
and Prevention’s Healthy People 2010 pl&92). Compared to the preceding 3 years, the
estimated incidence of infections caused by theetlwacteria in 2008 did not decrease
significantly(317)

Food and food processing equipment are importanecs of foodborne
pathogens. In addition, pathogens on food equipsenféces can easily form biofilms.
Sanitization is a critical step to ensure food safieiring food processing and handling.
Traditional chemical sanitizers can effectivelyatizate foodborne pathogens, but
chemical disposal, impact on food quality and wodadety are great concerns
associated with their use. Thus, developing enw@mtally friendly sanitizers for food
sanitization is a critical need, especially foramg food production due to limited
choices and efficacy of currently approved sanisiz£98)

Electrochemically activated water (ECAW), oftenemeéd to electrolyzed
oxidizing water (EOW), is a water-based sanitizerfdbod and food processing
equipment that uses an electrolyzed diluted sé&ltiso to generate two distinct fractions,

referred as the anolyte and the catholyte. Theytan@ generated at the anode containing
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chlorine (acidic or neutral) and is the fractiorttwantimicrobial properties. This
antimicrobial activity is due to formation of fre@ailable chlorine (FAC) and relatively
high oxidation-reduction potential (ORP). In costyahe catholyte is generated at the
cathode, which can be used for cleaning food utsosgiaces or food directl{60, 185,
267). The sanitizing effect of ECAW is determined bg ffarameters ORP, FAC, and pH
of the anolyte. Neutral ECAW (NECAW) is ECAW of thaolyte with a pH near
neutrality(124)

A number of researchers have demonstrated that NE@Aan effective sanitizer,
resulting in 2 to 6 log colony forming unit (CFWductions of some bacteria suct&zas
coli 0157:H7,SalmonellaandL. monocytogeng$6, 130) However, some researchers
observed different results suggesting NECAW dideftectively reduce foodborne
pathogeng124) To our knowledge, though there are a numberpnte on the
sanitizing effects of EOW or NECAW on food or foequipment surfaces, most of those
studies have used only a very limited number @fisérsuch as on@17, 341)or a five-
strain mixture of specific pathogens for testingigaing effects(312, 313)

Due to possible differing sensitivities among stsaand usage of different
parameters of ECAW, the antimicrobial activity &AW on foodborne pathogens has
varied significantly(60). For biofilms formed on utensil surfaces, onlydiés involving
L. monocytogendsave been published, and the results varied gignily even under
similar conditions from the same research gr@ip 12) These reports provide some
insight into understanding the properties and &fe€ ECAW,; however, due to the

reported inconsistent results, ECAW'’s effectiversss broad-spectrum activity against
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pathogens remain unclear.

The usage of NECAW as a sanitizer appears to leefeafvorkers and the
environment, and the neutral pH of NECAW minimitles loss of chlorine due to
evaporation and typically maintains antimicrobietiiaty longer than acidic ECAW23,
36, 42, 49) Determination of NECAW's effects against differstrains of foodborne
pathogens would contribute to corroborate its @gpibn as a sanitizer for food
processing equipment and food itself.

The objective of this study was to determine thieatifveness and broad-spectrum
activity of NECAW against different strains of fdmane pathogens includirig coli
0157:H7,L. monocytogenesndS. entericaThe sanitizing efficacy of NECAW against
different strains of the pathogens as liquid cel$ydried cells on stainless steel (SS)

surfaces, and biofilms on SS was examined.

3.2. Materials and methods

3.2.1. Bacterial strains

Different strains okE. coliO157:H7 (11 strains. entericg21 strains) and.
monocytogene@ strains) were included in this studyaple 3.). All strains have been
causal organisms in food outbreaks. For each stadoop of glycerol-culture from -
60°C storage was inoculated and transferred thoesecutive times in tryptic soy broth

(TSB) (Neogen Corp,, Lansing, MI) and inoculate@#C at 24 h intervals.
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3.2.2. Preparation and analysis of neutral electrdeemically activated water
(NECAW)

NECAW was freshly produced from softened tap watet saturated NacCl
solutions by a generator (Zap Water Technology,, Richfield, MN, USA) at a voltage
range of 7 to 9 volts. After a stable voltage ragdvas reached, NECAW was collected
using a sterile glass bottle from the anode sideered and used within 2 h post
generation. FAC of NECAW was determined with a @mtest kit by calculating the
drop counts (LaMotte Company, Chestertown, MD). GIRE pH were measured with an
ORP meter (ORPTestr 10, Oakton Instruments Inan&eHills, IL) and a pH meter

(pHTestr 10, Oakton Instruments Inc.), respectively

3.2.3. Liquid culture testing

For each bacterium, 24 h-old cultures (20 ml eadle centrifuged (3, 600 ¢
23°C) for 10 min. Pellets were washed using 10 inpleptone water (PW, Neogen, Inc.),
centrifuged and re-suspended in 10 ml of PW. Ohefmach suspension was added to
99 ml of liquid sanitizer solution (NECAW or deiaeid water [DIW] as control) in
bottles. After the bottles were shaken by han®fbs, 1 ml aliquots were each added to
9 ml neutralizing buffer solutions (5.2 g/l; Bect@ickinson and Company, Sparks, MD)
and shaken for 40 s. The neutralized mixture wedallediluted for plating analysié7,

11).

3.2.4. Bacteria dried on stainless steel surface
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For each strain, 10 ml of 24 h-old cultures wenetickiged. Pellets were washed
with 5 ml sterile TSB, spun and re-suspended il Z&B. Then 25 pl of each bacterial
suspension was inoculated on clean, sterile stsrdeel coupons (1 cm in diameter and
approximately 0.7 mm in thickneg®), 98) Coupons were dried in a biosafety cabinet
for 3 h. Microbial cells on coupons were immersedterile petri plates with 100 mg/I
FAC NECAW or DIW for 1 min, with or without sligtdgitation (approx. 10 rpm). After
treatment, coupons and solutions were neutralizédmveutralizing buffer and the

microbial cells were recovered by plating on TSAtes and enrichment t€832)

3.2.5. Biofilm experiments

Individual strains were prepared as described abmveyuid culture testing.
Suspensions were mixed with 9 ml sterile low nutrieSB (1:10 dilution of normal TSB
solution, LN-TSB) at a dilution of 1:100. Steril@stainless steel coupons were
immersed in the suspensions, mixed well and lettiénliquid cultures for 4 h at room
temperature to allow bacterial attachment. Suspessiere poured off and the coupons
were rinsed gently with a circular motion for 10s8ng 1 ml PW in order to remove
unattached microbial cells. The PW was poured@dfiupons were incubated at room
temperature with 10 ml fresh LN-TSB. After 48 h, {lf$B was discarded and coupons
were transferred to new LN-TSB solutions for ano®#h at room temperature. After
this incubation, coupons were rinsed gently withlIPW twice to remove loosely
attached microbial cells, and then dried in a&iiety cabinet for 2 (i12).

Coupons with biofilms were placed into glass tub@staining 10 ml NECAW
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100 mg/l FAC or DIW as control, slightly mixed geed 2 using a Mdl G-560 Vortex
Genie 2 Mixer (Lehman Scientific, LLC, WrightsvillBA, USA) for 5 s. Aftera 25 s
pause, coupons were mixed again for 5 s, and thpnskill for another 25 s. Coupons
were transferred to new glass tubes containing [I@entralizing buffer solution and
mixed at speed 2 for 5 s. After 35 s of waitingjgons were transferred to 50 ml
disposable plastic tubes containing 10 ml PW agdsterile glass beads (Sigma-Aldrich
Co., St. Louis, MO, USA), and vortexed heavily fomin to remove bacteria from the
coupons. A series of ten-fold dilutions of the Paaining coupons and neutralizing

buffer were conducted, after vortexing for direletting and enrichment test.

3.2.6. Microbial analyses

The numbers of viable cells in the final diluted Wi the neutralizing buffer
were determined by directly plating 0.1 ml of eddient in duplicate on tryptic soy agar
(TSA; Neogen Corp) plates, and further countingdblenies after incubation at 37°C for
24 h (forE. coliO157:H7 andsalmonelld or 48 h (forL. monocytogengsThe CFU of
the recovered bacteria was enumerated and transficioriogarithm base 10 per ml or
coupon. For enrichment tests, 5 ml PW recoverea toupons and neutralizing buffer
after treatment were transferred to 250 ml Erlerenégasks containing 100 ml sterile
TSB and incubated at 37°C for 4812, 244) Selected colonies from TSA plates were

streaked onto selective agar and incubated torcoiifie presence of pathogens.

3.2.7. Data analyses
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Experiments were independently conducted withadtlevo separate trials. For
each trial, the parallel groups were conducteduplidate with two plating results for any
individual condition. Statistical analyses usin@lgsis of variance (ANOVA)R < 0.05)
and Duncan’s multiple range test for differencesagndifferent treatments (between
NWECAW and DIW) were performed using SAS softwarergion 9.1.3, SAS, Cary,

NC, USA). Comparisons that yield® 0.05 were considered significant.

3.3. Results

NECAW was very effective in reducing the viable sbaf E. coliO157:H7,S.
entericaandL. monocytogends liquid culturesTable 3.2shows the survival d&. coli
0157:H7 microbial cells in liquid pure culturesléling exposure to NECAW with 50
mg/l FAC. After 30 s treatment, no survivors of @ of 11E. coliO157:H7 strains were
detected. Among the thré&e coli O157:H7 isolates that had surviving counts, strain
ATCC 43895 was reduced less than 2 log CFU/ml. N¥®Gwvas very effective in
killing all L. monocytogenestrains to below detection levdlgble 3.3. Interestingly,
Salmonellalyphimurium strains were more sensitive to NECA'®Atment than non-
Typhimurium strainsTable 3.4. Approximately 82% of Typhimurium strains tested
were not detected after NECAW treatment, compavésD®o of non-Typhimurium
strains. When the bacterial strains were treatéld MECAW containing 100 mg/l FAC
no survivors were detected above 2 log CFU/ml aftemitial count of approximately 9
log CFU/mI (data not shown).

After testing the effectiveness of NECAW using sit@ndard sanitizer protocol in
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liquid cultures, the next step was investigating ¢ffect of NECAW on the same
pathogenic strains dried on stainless steel (S&s. To resemble real sanitizing
conditions, the treatments with NECAW were donécally or with slight agitation and
only 100 mg/l FAC was tested on cells dried on 8&on surfaces. F&. coliO157:H7
treated statically, 64% of strains had less theogZ_FU reductions, but agitation
resulted in no detactable survivors for almosstlins, even if enrichment was used
(Table 3.9. The use of agitation was also effective in eciankilling of L.
monocytogenesn that detectable survivorship decreased fras than 1 log CFU
reduction without agitation to undetectable couwvith slight agitation Table 3.7. For
Salmonella48% of strains were inactivated to less thang2G&U without agitation
(Table 3.§. Two strains, Typhimurium UK-1 and Newport B4442C, had survival
counts above the detection limit even with slightation.

NECAW was applied to treat biofilms of pathogensé&rmed on SS coupon
surfaces. Since biofilms are generally hard to neamthe protocol oAyebah and others
(2005)(11) was modified to include two cycles of 5 s disturtx@following 25 s still
incubation. However, in this current study, thisdification did not markedly improve
NECAW's effectiveness. More than halfBf coliO157:H7 strains had less than 2 log
CFU/coupon reductions, while this number was 38#&fanonocytogenesnd 29% for
Salmonellastrains as biofilmsTables 3.8 to 3.10

To better illustrate NECAW'’s sanitizing effect, thervival count of microbial
cells rinsed into washing solutions and neutratjziaffer was also determinedigbles

3.11to 3.13).Interestingly, no survivors of washing solution aralitralizing buffer from
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NECAW groups were detected by direct counting oA dEenrichment tests, with or
without agitation, while significant amounts of giving microbial cells were found in all
the solutions in DIW control groups (5 to 7 log QEtupon). The same results were also
found in liquid fractions from biofilms treated WiNECAW and DIW Tables 3.140
3.16.

Figure 3.1summarizes all the sanitizing results of liquidtues, cultures dried
on SS coupon surface and biofilms. Overall, NECA®&tment (50 mg/l FAC for 30 s)
on most strains yielded more than 5 log CFU/ml ctiduas, greater than 3 log
CFU/coupon reductions for pathogens dried on SPamosurfaces and less than 2 log
reductions for biofilms formed (100 mg/l FAC fondin). Among all the strain§
Newport B4442CDC was the most resistant to NECAV¥unfiaces whild. coli
0O157:H7 ATCC 43895 was the most resistant stralmofilms and liquid cultures.
Compared tde. coliO157:H7 andsalmonellaL. monocytogendsiofilms were more

resistant to NECAW treatment.

3.4. Discussion

The three critical parameters affecting the sanigizffects of ECAW are FAC,
ORP and pH. In the current study, we used NECAW wHl near neutrality, which
minimized the influence of pH. A FAC of 63 mg/l wdstermined to be the critical
concentration that resulted in more than 5 log @HWéductions for liquid cultures
according to European Standard UNE-EN 1&6& 69) however, recent research

suggested that such generalizations are limitethdynfluence of other factors. Several
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studies have indicated that it is still uncleaFAC or ORP is more important for
NECEW(/(36, 45, 46) Most of those publications agreed, however, pirhitvas effective,
but not very critical, in maintaining the sanitigieffects of NECAW. As supported by
our results and some oth€id 4, 117) the neutral pH ECAW was very effective for
killing foodborne pathogens.

To our knowledge, published data onantimicrobisivég of ECAW on
foodborne pathogens or other microorganisms vaiguificantly, although in general
ECAW has been more effective on liquid culturesitiredried forms or in biofilms. For
example, treatment &. coliK 12 (NBRC 3301) for 30 s with ECAW (21.2 mg/I, (&8,
ORP 948 mV) achieved 3.85 log CFU/ml reductions ahigher concentration of FAC
and ORP (45.3 mg/l, pH 2.6, ORP 1140 mV) resultesl.27 log CFU/ml reductions
(130) Extending the treatment from 30 s, which was usedAOAC official method
960.09(8), to 5 min with ECAW (89 mg/|, pH 8.0, ORP 760 mdthieved greater than 6
log CFU reductions foE. coli O157,SalmonellaEnteritidis, and.. monocytogeng$6).
The varied sanitizing effects among different stsatould be due to application of
different parameters of ECAW and strains’ difféarpanetration barriers, thus different
sensitivity to NECAW treatmer{b9).

Large variety in ECAW'’s sanitizing effects on swda is evident in published
literature. Neutral EOW with 63 mg/l FAC was regatias effective as NaClO solution
but was safer and easier to (8@). Acidic ECAW (40 mg/l, pH 2.65, ORP 1155 mV)
treatment resulted in 1.91 log CFU/coupon redustiii.. monocytogenedried on SS

coupon surfaces, but these results could haveib@eanced by the presence of food
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residues and usage of tap water controls, resutiigog CFU reductiongl69). In
contrast, EOW (90 mg/l, pH 2.5, ORP 1160) 10 miusea 4 log CFU per 100 ém
reductions of.. monocytogenedried on a cutting board surfa(@13), and reduced the
viable count oE. coliO0157:H7,S. Enteritidis and.. monocytogendsy 3 log CFU on
tomato surfaces (30.3 mg/l, pH 2.6, ORP 1140 1i1¥8) 17) In the current report,
NECAW'’s antimicrobial effects were markedly diminéx when bacteria were dried on
surfaces compared to liquid suspensions, possu#ytal a limited penetration ability of
NECAW into microbial cells because of biofilm sttuie (6).

Biofilms on materials associated with food prodoictis a serious food safety
issue. Biofilms can develop when microbial cells ira disadvantageous environment.
It was widely accepted that biofilms are a commwuaftmicrobial cells embedded in a
matrix of extracellular polymeric substances (EP8)ng more resistant to sanitizers
than viable cells mainly due to the EPS and quasansing7, 59, 194, 236)In addition,
the antimicrobial effects of sanitizer on biofilinave been quite variable even with
similar treatment conditiond 1, 12) For instance, ECAW treatment lof
monocytogenelsiofiims for 1 min (85 mg/l, pH 2.29, ORP 1163 m¢)l to 3.69 to 4.81
log CFU reduction$11). Conversely, less FAC concentrations (47 mg/|2p40, ORP
1163 mV) resulted in equivalent or greater redungi@t.65 log CFUJ12). However, in
the work described here, NECAW treatment.omonocytogendsiofilms resulted in an
average of 2.2 log CFU/coupon reductions. The afiee was in some degree due to the
control group. Our control group (DIW treatment@lgdied around 0.8 log CFU/coupon

more reductions than controls used by Ayebgal. (11). For this reason, we applied a
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higher concentration of microbial cells to dry twe 1SS coupon surface for biofilms to
develop since 1 to 2 log CFU/coupon could be wastvesly.

Results for our control group were similar to thegiorted by Venkitanarayanan
al. (313) For biofilms, our currently used biofilms werédaté/ely younger (less than 4
days) compared to a more realistic situation (ntlea@ 7 days). Thus, it is possible that
with more developed biofilms, more than 21 daysjristance, the sanitizing effects of
NECAW would be lowe(332). Even though our observed reductions of biofilm
microbial cells by NECAW may be comparable to tteggorted in the literature for liquid
cultures or surfaces, more concentrated ECAW agplidoiofilms needs to be taken into
account. Overall, ECAW had a lower sanitizing efferc biofilms possibly due to the
strong attachment of microbial cells to the SSae$ and cells being less accessible to
ECAW because of outer EPS of biofilifrg.

ECAW'’s antimicrobial effects were limited by seuveiactors. Chlorine
compounds react with organic compounds to formmeghloramines, leading to
compromised sanitizing effects, which could be ohthe reasons for less sanitizing
effects on biofilms than liquid cultures as chlericompounds could react with the EPS
component of the biofilmd{gure 3.). In addition, FAC was transformed to N-chloro
compounds by reacting with food amino acids andiems, or lipids to form carbon-
carbon double bond230) Both reactions resulted in reduced ECAW antinbab
activity (11, 230)and limited ECAW ability to penetrate into the f@ctive layer of
microbial polymerg6, 244) Evidence supporting this was that without focsldee or

organic compounds, ECAW (approx. 90 ritgpH 2.5, ORP 1160 mV) treatment for
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around 10 min generated 3.5 to 4.0 log CFU redaostammpared to DIW. This value
decreased when food residue exig@&tP, 313) Thus, the actual effects of NECAW on
practical food or food utensils may be reduced caneqgb to bacteria dried on clean
surfaces as used in this repd9). For improvingsanitizing effects, especially oedin
produce surfaces, alkaline electrolyzed water pagtnent could be an option, especially
with mild heating(11, 154)

To alleviate the limiting factor (accessible of @ers)’s effect on sanitization,
agitation or soaking could be applied. Agitationilitated the penetration of ECAW into
microbial cells, and improved contact between ¢héoand microbial cells, resulting in
significant increase of sanitizing effd&, 124, 244)Without agitation, between 2.2 and
2.4 log CFU/crireductions oEnterobacter aerogenesTCC 13048 and 1.7-1.9 log
reductions foiStaphylococcus aureusT CC 6538 were observed with an initial
inoculation of 10 CFU/cnf on the surface. In contrast, agitation of 50 reaiuced the
population of viable cells on the tested surfacetuding glass, stainless steel, glazed
and unglazed ceramic tiles, and vitreous chinase than 1 log CFU/cfor both strains
(244).

To enhance the sanitizing effect and minimize thiesanitizing effect of washing
away the microbial cells from SS coupon surfaceféosolution, in the current
manuscript a slight agitation of 10 rpm was applisgitation enhanced sanitization to
such a level that most of the strains post-NECA&dtment were killed to below
detection levels. Soaking also enhances the sagjteffect. Soaking of cutting boards in

EOW at a high temperature decreased the duratietedkto achieve the same reduction
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of bacterial counts obtained at lower temperat(t24) We did not detect the effect of
soaking in the current research.

Prevention of cross contamination is critical iderto maintain food safety
during processing. In this report, no viable baaterells were detected in washing
solution and neutralizing buffer, two sources ofgmbial contamination, of NECAW
treatment group, while more than 2 log CFU/coupiwviable microbial cells were
recovered from control group. The result indicateat NECAW at the conditions we
applied could not only sanitize pathogens but aféectively prevent cross
contamination from the washing solutions, which wagported by previous reports as

well (244)

3.5. Conclusion

NECAW is effective and had a broad-spectrum agtiwit inactivating foodborne
pathogens including. coliO157:H7,L. monocytogenesndSalmonellaNECAW (100
mg/l FAC) inactivated all the strains of the patbog with greater than 5 log CFU/ml
reductions. Different strains of these pathogemisditierent sensitivities to NECAW,
having different bacterial cell reductions wheratesl with 50 mg/l| FAC NECAW
treatment in liquid cultures. Of the 40 strains s#@&ins in liquid culture had more than 5
log CFU reductions by the treatment of NECAW. NECAW0 mg/lI FAC) resulted in >
3 log CFU/coupon reductions for 92.5% of the ssalried on SS surface and 27.5% of
the biofilms.E. coliO157:H7 ATCC 43895 was the most resistant st@aMECAW in

biofilms and liquid pure cultures whie Newport B4442CDC was the most resistant
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strain on surfaces.
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Figure 3.1. Proportion of strains dEscherichia. col0157:H7,Salmonelleentericaand
Listeria monocytogendslled by neutral electrochemically activated watd ECAW)
according to the extent of count reduction. (a)itiocultures, (b) cultures dried on

stainless steel surface with agitation, and (chilms.
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Table 3.1.Bacterial strains used in this study to deterneifieacy of NECAW.

Bacteria Strain Source or
species/serovar reference
Escherichia coli ATCC 43890 ATCC
O157:H7
ATCC 43895 ATCC
2028, 2029, 2257, 4719, 86-24 ARS
6058 Dr. Todd Callaway,
USDA/ARS
EK1 TWO8609 MSU
EK27 TWO 8635 MSU
E32511 TWO2383 MSU
Listeria monocytogenes ATCC 19115 ATCC
U MN-VM UMNVM
DUP-1030A ILSI
DUP-1038 ILSI
DUP 1044A ILSI
2349, 2422, 3528 FSML

Salmonella enterica

Serovar Typhimurium ATCC 700408, ATCC 14028 ATCC

E2009005811 MDH
UK-1, 1503, 1526, 1534, 1535, @ FSML
1536, 1758

Serovar Newport AMO 7073, AMO 7076, AMO CDC

5313, B4442CDC

Serovar Enteritidis 2009595 FSML
95657613 CDC
Serovar Tennessee E2007000302 MDH
Serovar Montevideo 95573473 MDH
Serovar Agona FDA
Serovar Saintpaul E2008001236 MDH

Abbreviations: ARS, Agricultural Research Servicg@uthern Plains Agricultural
Research Center; ATCC, American Type Culture Cobbe¢c CDC, Centers for Disease
Control and Prevention; FSML, Food Safety Microbgy Laboratory, University of
Minnesota; MDH, Minnesota Department of Health; M3licrobial Evolution
Laboratory, Michigan State University. ILSI, Intational Life Sciences Institute,
Cornell University; UMNVM, University of Minnesot¥eterinary Medicine. NECAW,
neutral electrochemically activated water.

59



Table 3.2.Survival ofEscherichia coli0157:H7 cells (log CFU/mlI) in liquid cultures

after exposure to neutral electrochemically actstatiater (NECAW). Distilled ionized

water (DIW) was used as control.

Treatment
Strain Initial
DIW NECAW Reduction

ATCC 43890 9.10+0.04 6.98+0.03 2.19+0.16 4.79
ATCC 43895 9.22+0.03 7.14+0.01 5.25+0.10 1.89
2028 9.22+0.03 7.16+0.01 <2.00 >5.16
2029 9.2740.03 7.1940.03 <2.00 >5.19
2257 9.18+0.06 7.0840.02 <2.00 >5.08
4719 9.1240.10 7.00£0.09 3.16+2.11 3.84
6058 9.12+0.10 7.15+0.07 <2.00 >5.15
86-24 9.21+0.04 7.13+0.02 <2.00 >5.13
EK1 TWO8609 9.18+0.05 7.13+0.04 <2.00 >5.13
EK27 TWO 8635 8.75+0.04 6.69+0.07 <2.00 >4.69
E32511 TWO2383 9.03+0.12 6.96+0.18 <2.00 >4.96

Note: the free available chlorine of the NECAW V&@smg/l, treatment time was 30 s.

Detection limit: 2 log CFU/ml.
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Table 3.3.Survival ofListeria monocytogenasicrobial cells (log CFU/ml) in liquid

cultures after exposure to neutral electrochenyicadtivated water (NECAW). Distilled

ionized water (DIW) was used as control.

Treatment
Strain Initial
DIwW NECAW Reduction

ATCC 19115 9.30+0.05 7.2440.03 <2.00 >5.24
UMN-VM 9.27+0.05 7.19+0.04 <2.00 >5.19
DUP-1030A 9.31+0.04 7.22+0.02 <2.00 >5.22
DUP-1038 9.50+0.10 7.53+0.05 <2.00 >5.53
DUP 1044A 9.09+0.08 7.0240.03 <2.00 >5.02
2349 9.20+0.03 7.18+0.03 <2.00 >5.18
2422 8.89+0.09 6.66+0.09 <2.00 >4.66
3528 9.22+0.03 7.24+0.01 <2.00 >5.24

Note: the free available chlorine of the NECAW VBfismg/I, treatment time was 30 s.

Detection limit: 2 log CFU/ml.
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Table 3.4.Survival ofSalmonellaspp.microbial cells (log CFU/ml) in liquid cultures

after exposure to neutral electrochemically actstatater (NECAW). Distilled ionized

water (DIW) was used as control.

Treatment
Serovar Strain Initial

DIwW NECAW Reduction
Typhimurium 700408 8.95+0.10 6.78+0.04 3.00+0.68 3.78
ATCC 14028  9.23+0.03 7.10+0.03 3.56+0.14 3.54

E2009005811  9.29+0.05 7.03+0.07 <2.00 >5.03

UK-1 9.22+0.07 7.11+0.02 <2.00 >5.11

1503 9.21+0.06 7.1340.07 <2.00 >5.13

1526 9.26+0.07 7.19+0.06 <2.00 >5.19

1534 9.06+0.10 6.97+0.07 <2.00 >4.97

1535 9.21+0.05 7.12+0.03 <2.00 >5.12

1536 9.12+0.14 7.16%0.02 <2.00 >5.16

1740 9.19+0.07 7.03+0.02 <2.00 >5.03

1758 9.38+0.05 7.32+0.01 <2.00 >5.32

Newport AMO 7073 9.03+0.09 6.84+0.01 <2.00 >4.84
AMO 7076 9.27+0.07 7.07+0.04 2.65+1.04 4.42

AMO 5313 9.0240.12 6.95+0.06 4.05+0.26 2.90

B4442CDC 9.20+0.04 7.13+0.03 <2.00 >5.13

Enteritidis 2009595 9.31+0.06 7.25+0.04 <2.00 >5.25
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95657613 9.22+0.05 7.03+0.10

Tennessee E2007000302  9.34+0.117.38+0.03
Montevideo 95573473 9.39+0.05 7.18+0.05
Agona FDA 9.25+0.06 7.04+0.09
Saintpaul E2008001236  9.20+0.09 7.09+0.02

<2.00

3.10+0.35

<2.00

2.49+0.76

3.73+0.75

>5.03
4.28

>5.18
4.55

3.36

Note: the free available chlorine of the NECAW Ve@smg/l, treatment time was 30 s.

Detection limit: 2 log CFU/ml.
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Table 3.5.Efficacy of neutral electrochemically activatedteraf NECAW) on the viability of liquid cultures &scherichia coli

0157:H7 dried on stainless steel surfaces (log Célpon). Distilled ionized water (DIW) was usedcastrol.

Strain Initial Static With agitation
DIW NECAW Reduction DIW NECAW  Reduction

ATCC 43890 6.99+0.04 4.11+0.28 <2.00 >2.11 4.33+0.41 N.D. >3.33
ATCC 43895 7.58+0.05 5.87+0.27 4.50+0.47 1.36£0.44  4.85+0.46 <2.00 >2.85
2028 7.07+0.50 5.84+0.61 4.51+0.62 1.33+0.59  4.89+0.37 N.D. >3.89
2029 6.43+0.35 4.59+0.51 4.16+0.50 0.43+0.49 4.00+0.48 N.D. >3.00
2257 7.2440.22 5.46+0.29 4.60+0.57 0.86+0.72  4.38+0.21 N.D. >3.38
4719 8.03+0.02 5.50+0.32 <2.00 >3.50 4.35+0.21 N.D. >3.35
86-24 7.01+0.13 4.10+0.32 <2.00 >2.10 4.17+0.27  N.D. >3.17
6058 7.94+0.05 5.47+0.34 <2.00 >3.47 4.02+0.02 N.D. >3.02
EK1 TWO8609 7.3610.34 5.55+0.46 3.88+0.71 1.66+0.92  4.09+0.33 N.D. >3.09
EK27 TWO 8635  7.30+0.34 5.60+0.45 4.01+0.66 1.59+0.92  4.18+0.28 N.D. >3.18
E32511 TWO2383 7.18+0.55 6.13+0.34 4.84+0.20 1.28+0.22  4.08+0.49 N.D. >3.08

Note: N.D.: Not detectable by TSA plate count ardative on enrichment. Free available chloringfnefNECAW was 100 mg/I.
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Table 3.6.Efficacy of NECAW on the viability of liquid cultes ofListeria monocytogeneadried on stainless steel surfaces (log

CFU/coupon). Distilled ionized water (DIW) was usesicontrol.

Strain Initial Static With agitation
DIW NECAW Reduction DIW NECAW Reduction
ATCC 19115 6.81+0.05 5.70+0.19 5.35+0.28 0.34+0.09 4.26+0.54 N.D. >3.26
U MN-VM 7.3940.48 6.53+0.33 5.58+0.43 0.95+0.11  6&0.28 N.D. >3.26
DUP-1030A 7.16+0.50 5.95+0.09 5.81+0.16 0.14+0.10 .2440.35 N.D. >3.24
DUP-1038 7.32+0.50 6.60+0.24 6.29+0.52 0.31+0.29 92$0.43 N.D. >4.92
DUP 1044A 7.29+0.41 6.26+0.57 6.20+0.58 0.06+0.05 .61%0.07 <2.00 >3.61
2349 7.75+0.05 6.07+0.30 5.88+0.72 0.19+0.54 4.0Bk0 N.D. >3.03
2422 6.84+0.18 5.79+0.15 5.01+0.71 0.78+0.63 4.3220 N.D. >3.32
3528 7.25+0.22 6.04+0.32 5.57+0.53 0.47+0.35 4.0020 N.D. >3.07

Note: N.D.: Not detectable by TSA plate count ardative on enrichment. Free available chlorindnefNECAW was 100 mg/I.
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Table 3.7.Efficacy of NECAW on the viability of liquid cultes ofSalmonella sppdried on stainless steel surfaces (log

CFU/coupon). Distilled ionized water (DIW) was usesicontrol.

Serovar Strain Initial Without agitation Slight agitation

DIW NECAW  Reduction DIW NECAW  Reduction

Typhimurium 700408 7.60+0.13 6.13+0.38 5.61+0.43 0.52+0.51 5.45+0.28 <2.00 >3.45

ATCC 14028 7.82+0.02 6.26+0.14 5.21+0.29 1.05+0.39 4.73+0.40 <2.00 >2.73

E2009005811 7.60+0.08 5.27+0.39  <2.00 >3.27 4.04+0.27  N.D. >3.04
UK-1 8.04+0.05 5.81+0.17 3.69+1.38 2.11+1.41 5.26+0.08 2.60+0.30 2.66+0.35

1503 7.75+0.30 6.64+0.11 6.35+0.10 0.2940.11 5.66+0.19 <2.00 >3.66

1526 7.65+0.10 5.62+0.13 <2.00 >3.62 4.46+0.53 N.D. >3.46

1534 7.91+0.08 5.43+0.15 2.82+0.45 2.61+0.36 4.42+0.85 N.D. >3.42

1535 7.46x0.02 5.68+0.23  N.D. >4.68 4.05+0.39 N.D. >3.05

1536 7.01+0.08 4.90+0.17 3.39+0.18 1.51+0.08 4.14+0.49 N.D. >3.14

1740 7.96+0.09 5.47+0.15 2.87+0.46 2.60+0.40 4.43+0.89 N.D. >3.43

1758 7.77+0.11 5.84+0.36 <2.00 >3.84 4.36+0.74  N.D. >3.36
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Newport

Enteritidis

Tennessee
Montevideo
Agona

Saintpaul

AMO 7073

AMO 7076

AMO 5313

B4442CDC

2009595

95657613

7.36+0.10 6.54+0.45

7.55+0.20 5.87+0.16

7.86+0.06 6.87+0.07

7.58+0.14 6.01+0.38

7.32+0.246.25+0.55

7.69+0.15 5.74+0.23

E20070003038.11+0.10 6.01+0.25

95573473

FDA

7.54+0.21 6.08+0.20

7.46+0.34 6.04+0.22

E20080012367.80+0.09 5.61+0.15

5.50+0.63

3.03+2.13

5.52+0.67

5.60+0.51

5.68+0.19

<2.00

<2.00

5.47+0.42

3.01+2.29

4.12+0.35

1.04+0.20
2.84+2.29
1.35+0.63
0.41+0.20
0.57+0.38
3.74
>4.01
0.61+0.58
3.03+2.09

1.49+0.49

5.55+0.84

4.29+0.35

5.74+0.76

5.75+0.24 3.23+2.25 2.52+2.48

5.64+0.48

4.04+0.07

4.34+0.75

5.06+0.29

4.74+0.65

4.50+0.23

N.D.

N.D.

<2.00

N.D.

N.D.

N.D.

<2.00

N.D.

N.D.

>4.55
>3.29

>3.74

>4.64
>3.04
>3.34
>3.06
>3.74

>3.50

Note: N.D.: Not detectable by TSA plate count ardative on enrichment. FAC of NECAW was 100 mg/I.
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Table 3.8.Recovery oEscherichia coliO157:H7 cells from biofilms grown on coupons (l6gU/coupon). Distilled ionized water

(DIW) was used as control.

Strain Initial Treatment

DIW NECAW  Reduction
ATCC 43890 7.54+0.10 6.1940.24 4.99+0.981.20+0.75
ATCC 43895 7.18+0.07 6.294+0.15 5.12+0.671.16+0.74
2028 7.74+0.33  6.93+0.60 2.71+0.424.21+0.98
2029 7.9840.46  6.75+0.48 4.01+0.582.73+0.52
2257 7.4240.28 4.99+0.32  3.40+0.481.58+0.55
4719 7.3310.16  5.82+0.27 4.49+0.541.33+0.26
6058 7.4240.23  5.2040.37 <2.00 >3.20
86-24 7.94+0.33  7.39+0.47 4.98+0.572.41+0.63
EK1 TWO8609 7.25+0.09 4.82+0.16 3.05%+0.33L.76+0.22
EK27 TWO 8635 7.47+0.15 5.62+0.51 4.27+0.4Q.35+0.65
E32511 TWO2383 7.43+0.24  6.39+0.33 2.91+0.28 3.48+0.33

Note: Free available chlorine (FAC) of NECAW wa®10g/l.
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Table 3.9.Recovery oListeria monocytogene=lls from biofilms grown on coupon (log CFU/coupaifter treatment with neutral

electrochemically activated water (NECAW). Distillenized water (DIW) was used as control.

Strain Initial Treatment
DIW NECAW  Reduction

ATCC 19115 7.21+0.20 6.01+0.42 3.48+0.87 2.53+0.64
U MN-VM 6.9840.30 5.88+0.24  4.55+0.43 1.33+0.42
DUP-1030A 6.89+0.12 5.71+0.19 4.08+0.68 1.63+0.81
DUP-1038 7.90£0.17 6.19+0.81 3.53+0.44  2.66+0.67
DUP 1044A 7.47+0.23 6.11+0.31 3.50+0.53 2.61+0.53
2349 7.00+0.16  6.03+0.33 3.11+0.40 2.92+0.13
2422 6.55+0.14 5.89+0.22 4.68+0.50 1.21+0.37
3528 6.91+0.13 5.72+0.21 2.97+0.38 2.74+0.49

Note: Free available chlorine (FAC) of NECAW wa®10g/l.
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Table 3.10.Recovery ofSalmonella sppcells from biofilms grown on coupon (log CFU/coupaifter treatment with neutral

electrochemically activated water (NECAW). Distill®nized water (DIW) was used as control.

Serovar Strain Initial Treatment
DIW NECAW  Reduction

Typhimurium 700408 7.83x0.16  7.31+0.32 3.64+1.00 3.67x0.74
ATCC 14028 7.59+0.12 6.68+0.20 4.78+0.49 1.90+0.39
E2009005811 7.28+0.26 6.84+0.40 3.11+2.27 3.731.9
UK-1 7.83+x0.34 6.95+0.30 3.91+0.48 3.03+0.18
1503 7.15+0.49 6.55+0.82 4.82+1.34 1.73+0.59
1526 7.55+0.35 7.10£0.35 3.88+0.31 3.22+0.03
1534 7.3310.13  6.40+0.40 4.34+0.44 2.06+0.18
1535 7.024¢0.14 6.01+0.48 4.24+0.43 1.76+0.43
1536 7.1840.26  6.39+0.19 3.22+0.99 3.17+0.91
1740 7.7940.13  7.48+0.12 4.904+0.23  2.58+0.20
1758 8.39+0.08 7.85+0.12 6.07+0.37 1.78+0.42
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Newport AMO 7073 7.57+0.15 7.23+0.18 3.81+1.66 33U74
AMO 7076 7.62+0.23 7.20+0.29  3.15+1.51 4.05+1.22
AMO 5313 7.46+x0.11 6.46+0.75 3.97+0.83 2.49+0.16
B4442CDC 7.22+0.42  6.44+0.62 5.13+0.74 1.32+0.16
Enteritidis 2009595 7.34+0.30 6.81+0.52  4.35+0.92.45+0.43
95657613 7.65+0.16  7.07+0.20 3.75+1.10 3.32+0.97
Tennessee E2007000302 8.12+0.15 7.62+0.20 6.19+0.2.49+0.17
Montevideo 95573473 7.71+0.21 6.43+0.10 4.09+0.58.34+0.59
Agona FDA 7.32+0.46  6.06+0.80 3.64+0.86 2.41+0.19
Saintpaul E2008001236  7.55+0.44 6.12+0.83 4.02¢0.82.03+0.06

Note: Free available chlorine (FAC) of NECAW wa®1g/l.
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Table 3.11.Escherichia coliO157:H7 population survival (log CFU/coupon) fronashing solutions of cultures dried on stainless

steel surface.

Strain Static With agitation

Washing water Neutralizing buffer Washing water Neutralizing buffer

DIW NECAW DIW NECAW DIW NECAW DIW NECAW

ATCC 43890 6.51+0.05 N.D. 6.20+0.10 N.D. 6.84+0.10 N.D. 5.90+0.15 N.D.
ATCC 43895 7.09+0.08 N.D. 6.73+0.16 N.D. 7.37+0.09 N.D. 6.10+0.20 N.D.
2028 6.59+0.39 N.D. 6.14+0.13 N.D. 6.86+0.32 N.D. 5.75+0.11 N.D.
2029 5.95+0.43 N.D. 5.58+0.40 N.D. 6.30+0.23 N.D. 5.13+0.28 N.D.
2257 6.35+0.29 N.D. 6.03+0.19 N.D. 6.72+0.28 N.D. 5.64+0.09 N.D.
4719 7.38+0.05 N.D. 7.01+0.17 N.D. 7.72+0.03 N.D. 6.04+0.34  N.D.
86-24 6.59+0.13 N.D. 6.29+0.06 N.D. 6.87+0.09 N.D. 5.97+0.04 N.D.
6058 7.44+0.03 N.D. 7.11+0.13 N.D. 7.75+0.02 N.D. 6.11+0.30 N.D.
EK1 TWO8609 6.26+0.09 N.D. 5.89+0.13 N.D. 6.56+0.12 N.D. 5.57+0.07 N.D.

EK27 TWO8635 6.69+0.40 N.D. 6.42+0.42 N.D. 6.99+0.30 N.D. 6.33+0.21  N.D.

E32511 TWO2883 6.63+0.38 N.D. 6.17+0.11 N.D. 7.00+0.13 N.D. 5.96+0.11  N.D.

Note: N.D.: Not detectable by TSA plate count ardative on enrichment. FAC of NECAW was 100 mg/I.
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Table 3.12.Listeria monocytogengsopulation survival (log CFU/coupon) from washsautions of cultures dried on stainless steel

surface.
Strain Static With agitation
Washing solution Neutralizing buffer Washing solution Neutralizing buffer
DIW NECAW DIW NECAW DIW NECAW DIW NECAW

ATCC 19115 6.11+0.23 N.D. 5.80+0.24 N.D. 6.41+0.02 N.D. 5.35£0.48 N.D.
U MN-VM 6.98+0.49 N.D. 6.3320.35 N.D. 7.09+0.46  N.D. 5.70£0.14 N.D.
DUP-1030A  6.76+0.56  N.D. 6.34+0.53 N.D. 6.94+0.53  N.D. 5.33¢0.38  N.D.
DUP-1038 7.09+0.63 N.D. 6.7320.70 N.D. 7.24+0.59 N.D. 6.13+0.51 N.D.
DUP 1044A  6.54+0.41 N.D. 6.34+0.10 N.D. 6.85+0.29 N.D. 5.83x0.30 N.D.
2349 6.74+0.34 N.D. 6.17+0.11 N.D. 7.00+0.13 N.D. 5.96+0.11 N.D.
2422 6.09+0.23 N.D. 5.87+0.21 N.D. 6.29+0.26  N.D. 5.03+0.62 N.D.
3528 6.84+0.25 N.D. 6.36+0.30 N.D. 7.00+0.35 N.D. 5.85+0.29 N.D.

Note: N.D.: Not detectable by TSA plate count aedative on enrichment. FAC of NECAW was 100 mg/I.
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Table 3.13.Salmonella spgpopulation survival (log CFU/coupon) from washimdusions of cultures dried on stainless steel srfa

Serovar Strain Without agitation Slight agitation
Washing solution Neutralizing buffer Washing solution Neutralizing buffer
DIW NECAW DIW NECAW DIW NECAW DIW NECAW
Typhimurium 700408 7.224¢0.11 N.D. 6.95+0.08 N.D. 7.42+0.06 N.D. 6.20£0.12 N.D.
ATCC 14028 7.36+0.04 N.D. 6.96+0.07 N.D. 7.60+£0.08 N.D. 6.16+0.12 N.D.
E2009005811 7.22+0.08 N.D.  6.98+0.03  N.D. 7.44+0.06 N.D. 6.19+0.11 N.D.
UK-1 7.40£0.02 N.D. 7.00+0.07 N.D. 7.64+0.07 N.D. 6.21+0.11 N.D.
1503 6.9940.34 N.D.  6.63+0.53 N.D. 7.48+0.21 N.D. 5.97+0.50 N.D.
1526 7.26x0.09 N.D. 6.99+0.05 N.D. 7.60+0.11 N.D. 6.17+0.15 N.D.
1534 7.43+0.05 N.D. 7.21+0.02 N.D. 7.75+0.04 N.D. 6.32+0.14 N.D.
1535 7.02+0.04 N.D. 6.74+0.08 N.D. 7.33+0.10 N.D. 6.29+0.14 N.D.
1536 6.52+0.13 N.D. 6.17+0.12 N.D. 6.80+0.10 N.D. 5.58+0.06 N.D.
1740 7.41+0.06 N.D. 7.16+0.02 N.D. 7.73+0.05 N.D. 6.29+0.14 N.D.
1758 7.3620.13 N.D. 7.06+0.12 N.D. 7.65+0.13 N.D. 6.23+0.12 N.D.
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Newport AMO 7073 6.47+0.65 N.D. 5.93+0.55 N.D. 7.07+0.35 N.D. 5.29+0.32 N.D.
AMO 7076  7.10+0.12 N.D. 6.75+0.12 N.D. 7.38+0.12 N.D. 6.10+0.16 N.D.

AMO 5313 7.3720.07 N.D. 7.01+0.14 N.D. 7.61+0.10 N.D. 6.26+0.07 N.D.

B4442CDC  7.12+0.14 N.D. 6.58+0.20 N.D. 7.33+0.10 N.D. 5.78+0.09 N.D.

Enteritidis 2009595 6.94+¢0.30 N.D. 6.4940.36  N.D. 7.0840.18 N.D. 5.95+0.30 N.D.
95657613  7.37+0.10 N.D.  7.05+0.08 N.D. 7.60+0.13 N.D. 6.20#0.13 N.D.

Tennessee E2007000302.47+0.05 N.D. 7.14+0.04 N.D. 7.93+0.13 N.D. 6.21+0.12 N.D.
Montevideo 95573473 7.14+0.22 N.D. 6.87+0.19 N.D. 7.29+0.16 N.D. 6.11+0.15 N.D.
Agona FDA 7.10+0.25 N.D. 6.72+0.30 N.D. 7.35+0.20 N.D. 6.07+0.15 N.D.
Saintpaul E20080012367.31+0.12 N.D. 7.03+0.15 N.D. 7.47+0.12 N.D. 5.97+0.43 N.D.

Note: N.D.: Not detectable by TSA plate count ardative on enrichment. FAC of NECAW was 100 mg/I.



Table 3.14. Escherichia coliO157:H7 population survival (log CFU/coupon) from

washing solutions of biofilms grown on stainlessesturface.

Strain Washing solution Neutralizing buffer
DIW NECAW DIW NECAW
ATCC 43890 7.03+0.20 N.D. 5.68+0.39  N.D.
ATCC 43895 6.98+0.11 N.D. 5.19+0.18 N.D.
2028 7.2740.16 N.D. 5.72+0.34  N.D.
2029 7.54+0.42 N.D. 6.18+0.36  N.D.
2257 7.15+0.23 N.D. 6.09+0.24  N.D.
4719 7.0740.23 N.D. 5.2610.26  N.D.
6058 7.07+0.26 N.D. 6.10+0.31 N.D.
86-24 7.22+0.19 N.D. 6.10+0.26 N.D.
EK1 TWO8609 6.90+0.10 N.D. 5.90+0.14 N.D.
EK27 TWO 8635 7.0940.11 N.D. 5.11+0.44 N.D.
E32511 TWO2383 7.13+0.14 N.D. 5.99+0.44 N.D.

Note: N.D.: Not detectable by TSA plate count aedative on enrichment. FAC of

NECAW was 100 mgl/l.
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Table 3.15.Listeria monocytogengsopulation survival (log CFU/coupon) from washing

solutions of biofilms grown on stainless steel acef

Strain Washing solution Neutralizing buffer
DIW NECAW DIW NECAW
ATCC 19115 7.07+0.22 N.D. 5.55+0.29 N.D.
U MN-VM 6.78+0.36 N.D. 5.57+0.44 N.D.
DUP-1030A 6.75+0.14 N.D. 5.27+0.25 N.D.
DUP-1038 7.36+0.58 N.D. 5.76+0.57 N.D.
DUP 1044A 7.29+0.20 N.D. 5.87+0.35 N.D.
2349 6.83+0.22 N.D. 5.56+0.23  N.D.
2422 6.16+0.36 N.D. 5.10+0.45 N.D.
3528 6.78+0.16 N.D. 5.32+0.22 N.D.

Note: N.D.: Not detectable by TSA plate count ardative on enrichment. FAC of

NECAW was 100 mg/l.
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Table 3.16. Salmonella spppopulation survival (log CFU/coupon) from washing

solutions of biofilms grown on stainless steel acef

Serovar Strain Washing solution Neutralizing buffer
DIW NECAW DIW NECAW

Typhimurium 700408 7.12+0.19 N.D. 6.22+0.21  N.D.

ATCC 14028 6.92+0.07 N.D. 6.15+0.30  N.D.

E2009005811  6.20+0.18 N.D. 5.84+0.17 N.D.

UK-1 7.26%0.13 N.D. 6.30+0.15 N.D.

1503 6.17+0.55 N.D. 5.55+0.37 N.D.

1526 6.80+0.31 N.D. 5.97+0.29  N.D.

1534 6.80+0.27 N.D. 5.29+0.16 N.D.

1535 6.79+0.11 N.D. 6.38+0.51 N.D.

1536 6.70+0.21 N.D. 5.10+0.17 N.D.

1740 7.03+0.29 N.D. 6.16+0.19 N.D.

1758 7.54+0.19 N.D. 6.34+0.17 N.D.

Newport AMO 7073 6.97+0.15 N.D. 6.06+0.14 N.D.

AMO 7076 6.99+0.17 N.D. 5.43+0.47 N.D.

AMO 5313 6.70+0.18 N.D. 5.50+0.50 N.D.

B4442CDC 6.84+0.28 N.D. 4.98+0.75 N.D.

Enteritidis 2009595 6.74+0.28 N.D. 6.10+0.16  N.D.

95657613 6.89+0.30 N.D. 6.19+40.21  N.D.
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Tennessee E2007000302 7.29+0.08 N.D. 6.49+0.12 N.D.

Montevideo 95573473 7.28+0.12 N.D. 6.24+0.22 N.D.
Agona FDA 6.98+0.19 N.D. 6.06+0.13  N.D.
Saintpaul E2008001236 7.10+0.23 N.D. 5.63+0.44 N.D.

Note: N.D.: Not detectable by TSA plate count aedative on enrichment. FAC of

NECAW was 100 mgl/l.
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CHAPTER IV

SANITIZING EFFECTIVENESS OF COMMERCIAL “ACTIVE
WATER” TECHNOLOGIES ON ESCHERICHIA COLI O157:H7,
SALMONELLA ENTERICA AND LISTERIA MONOCYTOGENES

Electrochemically activated water (ECAW), also kmoas electrolyzed water,
and ozonized water, are typically effective in iingting bacteria, but their generation
typically uses high current and voltage. A few den@ntimicrobial technologies that are
also based on the application of a mild electricatent have been recently marketed to
food retail and service customers claiming to heagtizing properties for controlling
bacteria. The objective of this study was to deteenthe sanitizing effect of some of
these commercial technologies (londtband Lotus™) onEscherichia coliO157:H7,
Listeria monocytogeneandSalmonellaenterica,compared to sterile water, ECAW
generated with a pilot size electrolyzing unit, @at solutions sprayed using lonatbr
sprays. A concentration of 100 mg/L ECAW had saimg effects of at least 5 log
CFU/ml reductions on liquid culture and more thdngtCFU/coupon reductions fé&.
coli O157:H7,L. monocytogenesndSalmonelladried on stainless steel surfaces,
respectively. No bacterial cells were detected ibgcti plate counting post-ECAW

treatment. In contrast, treatment of liquid cultuwdth any of the commercial
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technologies resulted in non-significant bacter@ll reductions greater than 0.5 log
CFU/ml. Similarly, when cells had been dried onahstirfaces and treated with water
generated with those technologies, no reductiome wleserved. In the case of lonatgr
when the manufacturer’s instructions were followtbe, reduction of cells on surfaces
was largely due to physical removal by cloth-wipafter water fraction application.
These results indicate that treatment with lord&tar Lotus™ technologies had no
noticeable antimicrobial activity. These resultsandobe helpful for guiding consumers

when choosing the right sanitization to ensure feafety.

4.1. Introduction

Escherichia coli0O157:H7,Salmonella sppandListeria monocytogenese three
of the most important infectious bacteria targdtededuction by the Centers for Disease
Control and Prevention (CD@)92) Salmonellas the bacterial pathogen that causes
most foodborne outbreaks ahdmonocytogenes one of the most deadly pathogens
transmitted by food51, 305) The detection of these bacteria lead to mostefdod
recalls within the category of foodborne pathogentamination(3, 4). Several
foodborne disease outbreaks have been due to th@naimation of industrially produced
foods, but there could be a range of raw foodsdbald also be contaminated in the
domestic environment.

The possibility of transmission of these pathogeasinsanitary conditions
during food preparation is quite high. Microbiahgeys of domestic kitchens have found

significant contamination with a variety of bacgtnmicroorganisms, including fecal
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coliforms, E. coli,andSalmonella (258)The source of contamination of kitchen surfaces
can be multiple, but raw foods such as poultry medts have been documented to
spread some of these pathogenic bacteria. Progaming and sanitizing of kitchen sites
and food equipment is critical for preventing tipeesid of microorganisms and
minimizing cross-contamination to ready-to-eat fetafood preparation surfaces.

There is a variety of chemical sanitizers curreapproved as direct-contact
disinfectants for food preparation surfaces. Howgetlee use of chemical compounds
presents some issues related to disposal and wsaifety. Electrolyzed water and ozone
are two alternative sanitizing technologies thatagate the active oxidizing component
on site and do not use toxic chemical substandestrBchemically activated water
(ECAW) is an electrolyzed water sanitizer usedféad and food equipment, which uses
electrolysis of dilute sodium chloride solutionsigeating two distinct fractions,
catholyte and anolyte. The anolyte is the sangiZzraction and contains different forms
of chlorine including hypochlorous adjii24) ECAW'’s sanitizing effects depend on free
available chlorine (FAC), oxidation-reduction pdiah(ORP) and pH.

The use of different types of electrolyzed wates been reported to kill various
foodborne pathogens includikg coli O157:H7,SalmonellaandL. monocytogeng4.2,
33). It has many advantages including the usage efsafrce materials, safety for
handling and distribution and being more environtakyrfriendly compared to
traditional chlorine sanitizel®6, 67, 69, 142)its effectiveness is the result of a
combination of different forms of chlorine with hyghlorous acid which contributes a

great extent of sanitatidi24)
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Ozone (Q) is a potent oxidant, formed from oxygemn®y a high energy input.
Commercially, ozone can be generated using diffdggres of energy that include
photochemical (i.e. ultraviolet radiation), elecédidischarge (i.e. coronal discharge)
chemical, thermal, chemonuclear, and electrolygthody(85, 138, 222)Ozone can be
spontaneously decomposed into a nontoxic produggen(318), leaving no disinfectant
residueg138) Treating food surfaces with ozone can be achieuber by adding
gaseous ozone continuously or intermittently tostoeage atmosphere throughout the
storage period or by washing or dipping in ozonatater to prevent the spread of cross-
contamination and inactivate microbial c€l149, 138, 222, 246)

Ozone was approved as a disinfectant or sanitizixad processing by FD85,
138). Treating food surfaces with ozone can be achieubeér by adding gaseous ozone
continuously or intermittently to the storage atptosre throughout the storage period or
by washing or dipping in ozonated water to prevkatspread of cross-contamination
and inactivate the microbial cell$1, 15, 26, 31)An ozone concentration of 0.1 mg/L
for 6 h was found to be appropriate to inactiviateoliin whole and ground black
peppers without alteration of the organoleptic prtips(85).

Both ECAW and ozone are effective sanitizers factivating foodborne
pathogengl, 11, 12, 66, 67, 69, 85, 114, 124, 246, 3b8) the equipment for
generating ECAW or ozonation is typically quitegarand expensive for household or
and small business applications. In addition, giative short shelf life of the generated
sanitizing solutions may also limit their applicatiin small scales. These limitations

have led to demand for small-sized and affordal@@&® or ozone generators. To meet
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this market need, currently several companies daveloped portable water sanitizing
equipment advertising effective sanitization. Acting to informational materials, these
types of equipment also use some sort of eleciepecessing for generating sanitizing
water. However, to the best of our knowledge, tlaeeeno independent studies
supporting their sanitizing claims.

This study was undertaken to investigate the zamitieffects of some of these
commercial technologies and provide guidance fasamers when considering
sanitizing equipment. The objectives of this stuaye to evaluate the efficacy of water
products made from several commercial technolagmdsscherichia colO157:H7,

SalmonellaandListeria monocytogeneasactivation.

4.2. Materials and Methods

4.2.1. Bacterial strains

Strains ofE. coliO157:H7 (ATCC 43890, ATCC 43895, 2028, 2257, 2029),
enterica(Typhimurium ATCC 14028, Typhimurium E20090058Ehteritidis 2009595,
Tennessee E2007000302, and Saintpaul E2008001286) enonocytogengf®ATCC
19115, DUP-1030A, DUP-1038, DUP-1044A, and 2422)ewecluded. For each strain,
a loop of culture from -60°C storage was inoculateghsferred three consecutive times
in tryptic soy broth (TSB) (Neogen, Inc., Lansifj) and inoculated at 37°C at 24 h

intervals.
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4.2.2. Preparation and assessment of water sanitrse

ECAW was produced from a STEL 80 ECT US gener&ap (Water
Technology, Inc, Richfield, MN) using tap water asaturated NaCl solutions at a
voltage of 7 to 9 volts. After the machine reacheddable voltage reading, ECAW was
collected from the anode side into a sterile gheessker, covered to prevent the loss of
chlorine and used within 2 h post-production. Freailable chlorine (FAC), pH, and
oxidation-reduction potential (ORP) of ECAW werdeatenined by a chorine test kit
using a drop count method (LaMotte Company, Chester, MD), a pH meter (Oakton
Instruments Inc., Vernon Hills, IL) and an ORP mé@akton Instruments Inc., Vernon
Hills, IL), respectively. The generated ECAW wakithid to 50 mg/l (ECAW-50) and
100 mg/l (ECAW-100) FAC for liquid culture testimgpd 100 mg/l for surface testing,
respectively.

For other commercial technologies including thetogrgroup, sterile tap water
was used and prepared using QuRRfilters (Falcon, Oxnard, CA). lonatBf EXP was
purchased from Activeion Cleaning Solutions, LL®¢@rs, MN). lonatB” EXP was
operated using tap water and tap water with 0.1%INaotus ™ sanitizing system
(Model LSR 100, Tersano SRL, Buffalo, NY) also waed with filter-sterilized tap
water. Sterile tap water and salt-containing tapewaere loaded onto the lonatdrEXP
sprayer, produced and delivered by turning theyspgadevice on. The filtered tap water
for Lotus™ was cooled to 4°C before transfer to the machaveraling to
manufacturer’s instructions. Then the equipment tvased on and the water within the

container circulated until the apparatus indicabed the cycle was complete.
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4.2.3. Liquid culture testing

For each bacterial group, 30 ml cultures of 24 heveentrifuged for 10 min
(3,600 x g, 4°C). Pellets were washed using 15aptgne water (PW), centrifuged and
re-suspended in 15 ml PW. For all the water sariiexcept lonatdt, 1 ml
resuspended bacterial suspensions were addedattkesbcontaining 99 ml of solution
generated by different commercial technologiedili@red tap water as the control). For
lonator™ streams, 20 ml of generated solution were pre-ctméottles, 1 ml culture
was added and an additional 79 ml of the solutveeie sprayed. Bottles were shaken by
hand for 30 s. Volumes of 1 ml of bacteria-solutioixtures were transferred to 9 ml
neutralizing buffer solutions and shaken for 46.2 @/l; Becton Dickinson, Sparks, MD,
USA). The neutralized mixture was then seriallyigitl. Two 0.1 ml aliquots of the
diluents were spread on tryptic soy agar (TSA; Nepdnc., Lansing, MI) plates which
were incubated at 37°C for 24 h f6r coli O157:H7 andsalmonellsor 48 h forl.
monocytogenefRkecovered bacteria were enumerated by countiloggdorming units
(CFU) (12). Bacterial counts as CFU were calculated per mitha data were

transformed to logarithm base 10.

4.2.4. Bacteria dried on stainless steel surfaces
For each strain, approximately 10 ml of 24-h c@tuwere centrifuged as above.
Pellets were washed with 5 ml sterile TSB, cengeft and re-suspended in 2 ml TSB.

Volumes of 25 ul of bacterial suspensions wereufaded on clean, sterile stainless steel
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coupons in Petri dishes. The Petri dishes and camupere dried in a biosafety cabinet
for 3 h. Different solutions from each of the cah@nd treatments were sprayed on
inoculated coupons for 6 s at a distance of 7 tori0OThe coupon surface was wiped dry
with a clean sterile cloth (around 3 cm x 3 cm)e Ebupon and the cloth, respectively,
were placed in clean Petri dishes containing 1@euatkralizing buffer for 40 s, and
transferred to 50 ml sterile plastic tubes, to Whieere added 10 ml PW and 15-20 glass
beads (3 mm) using sterile forceps. Tubes were theexed with full velocity for 2 min.
Sprayed solutions were kept in the Petri dishesufoadditional 54 s, then 0.1 ml of the
sprayed solutions was spread on TSA plé&&R). Bacterial counts as CFU were

calculated per stainless steel coupon and thewsstransformed to logarithm base 10.

4.2.5. Data analyses

For each strain, at least two separate trials welependently conducted. For
each trial, parallel groups were conducted in chapéi with two serials of plating results
for any individual condition. Statistical analysesng analysis of variance (ANOVAP(
< 0.05) and Tukey Test for differences among d#fietreatments were performed using
SAS software (Version 9.1.3, SAS, Cary, NC, USA)nparisons that yielddel < 0.05

were considered significant.

4.3. Results

The detection limits for the recovery i6f coli O157:H7,SalmonellaandL.

monocytogenesom liquid culture and on stainless steel couporiaces were 2 log
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CFU/ml and 2 log CFU/coupon, respectively, duehreutralization step and 0.1 ml of
the maximum plating volume of coupon/buffer mixtoerdiquid culture/buffer mixture.
All the results were presented with the assumptian the survival of foodborne
pathogens at levels below the detection limits @mdt be quantified. Thus, when no
colony was found on the plates, the result wagassi a value of 2 log CFU/ml or 2 log
CFUl/coupon level.

Table 4.1shows the effect of different water fractions ba tecovery of 5
individual E. coliO157:H7 strains in liquid culture. None of theatraents with
lonator™, salt lonatol™ or Lotus™ water fractions reduced the cell count of liquid
cultures compared with controls. Treatment of kbjpacterial cultures with ECAW (50
mg/l FAC) caused at least 5 log CFU/ml viable cellint reductionsR < 0.05) in all
strains with the exception of strain ATCC 43895 atthivas only killed by 2 log CFU/ml.
When ECAW fractions with concentrations of 100 nigIC were tested, no survivors
were detected.

Similar results were obtained wiBalmonellastrains in liquid culturesT@ble 4.2
as only ECAW treatments yielded significant viabdeint reductions. Exposure to
ECAW (50 mg/l FAC) resulted in more than 3 log CRlUfeductions for alSalmonella
strains and no detectable levels were found withrh@/| FAC. Liquid cultures of.
monocytogenesere also only susceptible to ECEW among all wiaesatmentsTable
4.3). Both levels of FAC caused more than 5 log CFUWlgdreases in cell viability to all

the strains tested for this Gram positive organism.
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E. coliO157:H7,SalmonellaandL. monocytogenesells dried on stainless steel
coupon surface exposed to the different waterrtreats were determined in each of the
following fractions: coupons, wiping cloths, ane ttinsing solution after treatment
(Tables 4.40 4.6). For control, Lotu8”, lonatof™, and salt lonator treatments, from an
initial inoculation of approximately 7 log CFU/coup, more than 90% of the count was
consistently recoveried in the water treatmentioaily sprayed on the coupon (rinse). In
all of those treatments, the counttofcoli O157:H7 strains remaining on coupons ranged
from 2.2 to 3.0 log CFU and transferred to wipitgtlt from 3.4 to 4.1 log CFUT@ble
4.4). The recovery oSalmonellaserovars on coupons was slightly higher tharEfaroli
0157:H7 and foL.. monocytogene$ut it never reached more than 4.0 log CFU. When
any of the pathogenic bacterial strains were sgrayith ECAW (100 mg/l FAC) no
survivors were detected above the detection levehy coupon, cloth and rinse.

Survival ofE. coliO157:H7,S. entericaandL. monocytogeneds buffers after
treatment with antimicrobial water treatments wals® determined: NB (neutralizing
buffer) for coupon and NB for clotiébles 4.0 4.9). Microbial cells recovered from
the two fractions of ECAW-100 (100 mg/l FAC) growere below the detection limit,
while other groups had detectable microbial celtg lonatot™, Salt lonator and

Lotus™ groups did not have significantly different resuftom the control group

4.4. Discussion

Sanitization plays a very important role in impmoyifood safety. Chemical

sanitizers are part of routine utilization in fogetvice and are often recommended to
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customers for household use. However, traditiohaehdcal sanitizers such as chlorine,
iodine, and hydrogen peroxide among others ar@ oéplaced with alternatives that do
not employ concentrated potentially toxic compoutidsas long been recognized that
electrochemically activated water solutions withircrobial activity can be generated
from diluted salt solutions by passage throughexigily designed electrode. Recently, a
few technologies that offer some electrical treathad plain water have been marketed
to the food service industry as a convenient amanital-free alternative. In this study,
two of those commercially available sanitizing waexhnologies were tested and
compared with ECAW. In one of them, the water wgspgemented with salt to
determine if it would increase antimicrobial adtyvi The results indicated that with the
exception of ECAW, all water sanitizers tested westeffective in inactivating. coli
0157:H7,SalmonellaandL. monocytogeneshree representative foodborne pathogens,
either in liquid culture or dried on surfaces.

The effectiveness of electrolyzed water and oza@hatger has been widely
documented in the literatu(2, 6-13, 16, 18-20, 22-24, 29, 33, 3Bhese waters are
generated by relatively large equipment with higlver, and had been electrolyzed
sufficiently or had enough ozone content. The déffik sanitizing waters can be based on
electrolysis or on electrolysis and ozonation. Thaus™ water used ozone as its
sanitizing component, according to its instructidbgone has typical ORP values of 2.07
V, which is higher than chlorine-containing sarat(138) It is effective both in the
agueous and gaseous phgE8). At sufficient concentration, ozone cafiectively and

rapidly inactivate foodborne pathogg246)
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Ozonized water has been determined to have almosffect on food quality
propertieg119) However, efficiency of ozone is affected by “oeatemand of the
medium’s residual ozone”, which means that ozeneaining on food product or
equipment after its application is also neefk8B). One possible reason why Lotls
water was not effective may be that the equipmeat uelatively low-power treatments,
i.e., the current and voltage were not high enosglmot enough ozone was generated to
exert sanitizing effects. Ozone is a versatileraittiobial agent that is relatively stable in
air but highly unstable in water, decomposing regy short time. Due to this property,
another possible reason why Lottisvater did not work could be that the ozone
generated by Lotd¥ is in a much more unstable form than that genéraydarge-scale
machines. Considering that the Ld{(isvater was applied immediately after its
preparation, the second reason is highly unlikébytest any of these hypotheses, further
work measuring generated ozone concentrations weaeéd to be conducted.

The action modes of different sanitizers might bedent (1, 159) When pH of
ECAW is near neutral and within a limited rangelydwo factors, chlorine (HOCI, OCI
and Cp) and ORP, determine its antimicrobial effects.ivethlorine exerts its effect by
destroying the membranes of microorganisms or agtireg with biochemical molecules
(amino acids, nucleic acids, or enzymes) as prapbgesome researchgik24, 147, 152,
181, 182) High ORP corresponds to strong oxidizing strenijttiamages cell
membranes, oxidizes cell surfaces, and disruptsmeghbolism, thus inactivating

microbial cells(166). Though there is no agreement about which ofwleefactors, FAC
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or ORP, is more important for sanitization, chlersurely is a necessary component for
exerting sanitizing effects by ECAW.

The user manual of lonafdt EXP indicates that tap water without chlorine-
containing salt is enough for generating sanititleas have sanitizing effects of at least 3

log reductionstttp://www.activeion.com/EXP.aspx#frameZ he manufacturer even

provided a cartoon showing the electrolysis proggdsion exchange and electrically
charged nanobubbles. However, our results inditatieits effectiveness did not match
the manufacturer’s claims. The lack of effect a$ technology could be due to the lack
of an active chemical component as tap water wasihy component. In the case of
ECAW, if sodium chloride is not present before #l@gsis, the resulting fraction is
largely non-effective (data not shown). Tap watself cannot be electrolyzed to
generate high ORP either because limited curreshivaltage can be applied for
electrolysis due to the absence of an electroljte.commercial technologies tested here
were clearly not effective sanitizers, supporting importance of electrolytes during
electrolysis.

For better understanding of electrolysis and tlaseas why the two waters did
not work, 0.1% NaCl solution was applied to lonR{oEXP (salt lonator). Even this salt
lonator can not generate effective sanitizing congmbs. One possible reason could be
that the electrical power delivered by lonatbwas not sufficient to cause electrolysis.
The results of no sanitizing effects by 0.1% Natlicated that this portable equipment
used to generate sanitizing components might netficiently powerful Tables 4.1to

4.6).
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Previous results about the antimicrobial activitfg@AW on foodborne
pathogens varied significant{§24, 126, 243)Many researchers have demonstrated that
ECAW can generate 2 to 6 log CFU reductions of sbawteria such &s. coliO157:H7,
SalmonellaandL. monocytogene# recent report indicated that treatmengoftcoli
NBRC 3301 for 0.5 min with ECAW (FAC 21.2 mg/l, @8, ORP 948) achieved 3.85
log CFU reductions. Higher concentrations of FA@ &RP (FAC 45.3 mg/l, pH 2.6,
ORP 1140) resulted in 5.27 log CFU reducti¢®0). Another report provided evidence
that 5 min treatment of ECAW (FAC 89 mg/l, pH 8ZRP 760) achieved greater than 6
log CFU reductions foE. coli O157,SalmonellaEnteritidis, and.. monocytogeng$6).
Our results showed ECAW resulted in 3 to more théog CFU reductions fdg. coli
0157:H7,L. monocytogenesndSalmonellan liquid culture, which was comparable to
published results.

In general, ECAW for bacteria dried on surfacdess effective and more
variable than it is for liquid suspensions. Eomonocytogenedried on surfaces, acidic
ECAW (40 mg/l, pH 2.65, ORP 1155) only resulted.if81 log CFU reductions per chip
dirty stainless steel, having 0.88 log CFU moreuotidn than tap watgd69). In the
present report, only ECAW fractions containing 10§/l FAC were applied for surface
treatment. The survival of microbial cells from fale fractions collected was below
detection limits at 100 mg/l FAC, indicating tha€ AW at this concentration can
effectively stop cross contamination during foodgassing. Several factors may affect
the antimicrobial effects of ECAW on surfaces amctéase variability169, 170)

Organochloramine and organochlorine are formed vehéorine compounds react with
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organic compounds on surfaqéd, 230, 242)resulting in reduced ability to penetrate
into the protective layer of microbial polymers aeduced sanitizing effec(s, 244)

This may explain why ECAW is less effective on agds than in liquid culture and why
with similar parameters, sanitizing effects of ECAWfoods and surfaces varied more
as compared with liquid culture bactefid 4, 333)

The microbial cells recovered from neutralizingflets for coupon and for cloth
(Tables 4.7-4in groups of lonatdl, Salt lonator and Lotd¥ alerted that cross
contamination could happen.

In conclusion, this study investigated the samtzeffects of two commercial
technologies, which are available and recommengdtidir manufacturers to consumers,
onE. coliO157:H7,SalmonellaandL. monocytogends liquid or dried on a stainless
steel surface. All the tested water sanitizers wete=ffective in sanitizing any of the
above foodborne pathogens except ECAW. The reagbyshey did not have sanitizing
effects were explained. The result is helpful fordgng food service operators and

consumers to choose effective sanitizers for engddod safety.
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Table 4.1.Effect of water fractions previously treated waifferent electrolysis

technology on the viabilitpf Escherichia colD157:H7 liquid cultures.

Strain Survival count after treatment (log CFU/ml)

Control lonator " Salt Lotus'™ ECAW-50° ECAW-100"
lonator®

ATCC 7.04 7.02 7.05 7.03 2.07 <2.00 C

43890 +0.03 A +0.04 A +0.06 A +0.09 A +0.30 B

ATCC 7.16 7.15 7.14 7.14 4.90 <2.00C

43895 +0.02 A +0.07 A +0.06 A +0.16 A +0.65 B

2028 7.17 7.14 7.12 7.09 <2.00B <2.00B
+0.05 A +0.05 A +0.03 A +0.08 A

2257 7.19 7.17 7.17 7.08 <2.00B <2.00B
+0.04 A +0.03 A +0.05 A +0.09 A

2029 7.10 7.10 7.07 7.04 <2.00B <2.00B

+0.04 A +0.05 A +0.07 A +0.08 A

& Within each row, means with different capital éest are significantly differenP(<
0.05).

P Salt lonator means lonafd8t using 0.1% NaCl (w/v) solution.

¢ Concentration: FAC 50 mgl/l.

4 Concentration: FAC 100 mgl/l.

® Detection limit: 2.00 log CFU/m.
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Table 4.2.Effect of water fractions previously treated waifferent electrolysis

technology on the viability dbalmonella spgiquid cultures?

Serovar and Survival count after treatment (log CFU/ml)
strain

Control lonator ™ Salt Lotus'™ ECAW- ECAW-

lonator® 50° 100"

Typhimurium 7.10 7.05 7.12 7.0 347 <2.00C
ATCC 14028 +0.04 A +0.04A +0.05A 3#0.06 A 0.26B
Typhimurium 7.04 7.00 7.03 7.02 <2.00B <2.00B
E2009005811 *0.07 A +0.08 A +0.06 A +0.06 A
Enteritidis 7.26 7.24 7.25 7.23 <2.00B <2.00B
2009595 +0.04 A £0.10A +0.09 A +0.05 A
Tennessee 7.34 7.30 7.33 7.26 3.05 <2.00C
E2007000302 O0.05A +0.08 A +0.07 A +0.16 A +0.408B
Saintpaul 7.10 7.08 7.07 7.05 3.69 <2.00C
E2008001236 *0.06 A 0.07 A +0.06 A +0.12A +0.60B

& Within each row, means with different capital éest are significantly differenP(<

0.05).

P Salt lonator means lonaf8 using 0.1% NaCl (w/v) solution.

¢ Concentration: FAC 50 mgl/l.
4 Concentration: FAC 100 mgl/l.

® Detection limit: 2.00 log CFU/m.
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Table 4.3.Effect of water fractions previously treated waifferent electrolysis

technology on the viability dfisteria monocytogendiguid cultures?

Strain Survival count after treatment (log CFU/ml)
Control  lonator ™ Salt Lotus™  ECAW-  ECAW-
lonator® 50° 100"

ATCC 7.24 7.17 7.19 7.21 <2.00B <2.00B
19115 +0.03A  0.09 A +0.04 A £0.04 A

DUP- 7.23 7.19 7.19 7.20 <2.00B <2.00B
1030A +0.03A 0.04 A +0.01A  £0.03A

DUP- 7.53 7.50 7.51 7.51 <2.00B <2.00B
1038 +0.05A 0.04 A +0.04 A 1£0.04 A

DUP- 7.08 7.10 7.10 7.04 <2.00B <2.00B
1044A +0.07A  0.07 A +0.04 A £0.05A

2422 6.58 6.54 6.61 6.52 <2.00B <2.00B

+0.05 A +0.12 A +0.05 A +0.11 A

& Within each row, means with different capital éest are significantly differenP(<
0.05).

P Salt lonator means lonat8rusing 0.1% NaCl (w/v) solution.

¢ Concentration: FAC 50 mgl/l.

4 Concentration: FAC 100 mg/l.

© Detection limit: 2.00 log CFU/m.
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Table 4.4.Survival ofEscherichia coliO157:H7 dried on coupons after treatment with

antimicrobial water treatments (log CFU/coupdn).

Strain  Testing Survival count after treatment
fraction
Control  lonator '™ Salt Lotus' ECAW-
lonator® 10¢F
ATCC Coupon 2.38+0.20 2.31+0.12 2.42+0.13 2.35+0.06 <2.00'B
43890 A A A A
Cloth 3.50+0.06 3.48+0.11 3.48+0.09 3.46+0.11 <2.00B
A A A A
Rinse 6.60+0.18 6.64+0.10 6.65+0.12 6.63+0.12 <2.00B
A A A A
ATCC Coupon 3.01+0.21 2.93+0.09 3.00+0.12 2.94+0.08 <2.00B
43895 A A A A
Cloth 3.44+0.11 3.44+0.01 3.40+0.02 3.39+0.04 <2.00B
A A A A
Rinse 6.70+0.15 6.71+0.14 6.70+0.14 6.72+0.12 <2.00B
A A A A
2028 Coupon 2.98+0.19 2.68+0.23 2.80+0.33 2.61+0.17 <2.00B
A A A A
Cloth 4.10+0.04 4.06+0.05 4.07+0.10 3.99+0.05 <2.00B
A A A A
Rinse 6.54+0.16 6.52+0.21 6.51+0.20 6.50+0.21 <2.00B
A A A A
2257 Coupon 2.72+0.67 2.16+0.38 2.28+0.28 2.23+0.29 <2.00B
A A A A
Cloth 3.85+0.37 3.7840.34 3.83+0.28 3.73+0.38 <2.00B
A A A A
Rinse 6.45+0.04 6.50+0.08 6.51+0.05 6.47+0.08 <2.00B
A A A A
2029 Coupon 2.57+0.66 2.24+0.26 2.30+0.20 2.11+0.29 <2.00B
A A A A
Cloth 3.47+0.09 3.45+0.07 3.43+0.10 3.38+0.13 <2.00B
A A A A
Rinse 6.37+0.42 6.47+0.37 6.44+0.36 6.47+0.38 <2.00B
A A A A

2 Initial number of microbial cells was 6.94+0.0307+0.18, 7.10+0.15, 6.50+0.08,
6.96+0.33 for strains 43890, 43895, 2028, 2257,2019, respectively. Within each

row, means with different capital letters are digantly different P < 0.05).
P Salt lonator means lonat8rusing 0.1% NaCl (w/v) solution.
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¢ Concentration: FAC 100 mg/I.

4 Detection limit: 2.00 log CFU/coupon.
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Table 4.5.Survival ofSalmonella sppdried on coupons after treatment with

antimicrobial water treatments (log CFU/coupdn).

Strain Testing

fraction

Survival count after treatment

Control lonator ™

Salt lonator®

Lotus'™'  ECAW-

100

Typhimurium Coupon

ATCC 14028

Cloth

Rinse
Typhimurium Coupon
E2009005811

Cloth

Rinse
Enteritidis Coupon
2009595

Cloth

Rinse
Tennessee  Coupon
E2007000302

Cloth

Rinse
Saintpaul Coupon
E2008001236

Cloth

Rinse

3.29+0.26 A 3.23+0.29 A

3.54+0.30 A 3.47+0.32 A
6.95+0.26 A 6.98+0.23 A

3.77+0.08 A 3.73+0.09 A

3.96+0.03 A 3.93+0.02 A
6.92+0.30 A 6.95+0.28 A

3.62+0.42 A 3.49+0.16 A

3.81+0.25 A 3.70+0.14 A
6.88+0.25 A 6.81+0.23 A
3.30+0.16 A 3.19+0.24 A

3.99+0.14 A 3.95+0.16 A
7.14+0.22 A 7.16+0.20 A

3.87+0.23 A 3.72+0.14 A

3.29+0.26 A 3.23+0.29 A
7.11+0.18 A 7.10+0.20 A

3.26+0.24 A

3.46+x0.32 A
6.99+0.22 A

3.74+0.09 A

3.92+0.03 A
6.95+0.29 A

3.51+0.17 A

3.71+0.15 A
6.79+0.25 A
3.31+0.21 A

3.99+0.17 A
7.16+0.22 A

3.77+0.25 A

3.26+0.24 A
7.09+0.21 A

3.19+0.20 A <2.00'B

3.46+0.36 A <2.00 B
6.93+0.25 A <2.00 B

3.67+0.17 A <2.00B

3.78+0.20 A <2.00 B
6.89+0.30 A <2.00 B

3.47+0.54 A <2.00 B

3.55+0.40 A <2.00 B
6.83+0.18 A <2.00 B
3.16+0.30 A <2.00 B

3.88+0.20 A <2.00B
7.09+0.27 A <2.00 B

3.75+0.32 A <2.00 B

3.19+0.20 A <2.00 B
7.03+0.27 A <2.00 B

& Initial number of microbial cells was 7.22+0.2036+0.29, 7.31+0.24, 7.97+0.21,
7.71+0.43 for Typhimurium ATCC 14028, Typhimuriur2@9005811, Enteritidis
2009595, Tennessee E2007000302, and Saintpaul B20DP86, respectively. Within

each row, means with different capital letterssagaificantly different P < 0.05).

P Salt lonator means lonaf8t using 0.1% NaCl (w/v) solution.
¢ Concentration: FAC 100 mg/I.

9 Detection limit: 2.00 log CFU/coupon.
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Table 4.6.Survival ofListeria monocytogenadried on coupons after treatment with

antimicrobial water treatments (log CFU/coupdn).

Strain Testing Survival count after treatment
fraction
Control  lonator ™ Salt Lotus'™  ECAW-
lonator® 10
ATCC Coupon  3.28+0.2 A 3.15+0.3 A 3.14+0.2 A 3.200.2 A <2.00'B
19115 Cloth 3.19+0.2 A 3.12+0.2 A 3.17+0.2 A 3.20+0.3 A <2.00B
Rinse 6.2+0.1 A 5.89+0.6A 5.91+0.6 A5.91+0.6 A <2.00B
DUP- Coupon 3.26+0.3 A 3.2+0.25A 3.13+0.3 A 3.32+0.3 A <2.00B
1030A  Cloth 3.35+0.2A 3.1+0.26 A 3.2+0.28 A 3.44+0.2A <2.00B
Rinse 6.73+0.5 A 6.58t0.6 A 6.57+0.6 A 6.64+0.6 A <2.00B
DUP- Coupon  3.3x0.36 A 3.1+0.28 A 3.19+04 A 3.1+0.24 A <2.00B
1038 Cloth 3.4+0.34 A 3.13t0.2 A 3.22+0.2 A 3.2+0.18 A <2.00B
Rinse 6.8+0.95 A 6.4+0.74 A 6.38+0.7 A 6.45+0.8 A <2.00B
DUP- Coupon  3.30+0.3 A 3.06+0.2 A 3.2+0.25A 3.0+0.37 A <2.00B
1044A  Cloth 3.44+0.3 A 3.13+t0.2 A 3.2+0.15A 3.11+0.2A <2.00B
Rinse 6.61+0.6 A 6.24+0.4 A 6.25+0.5A 6.31+04 A <2.00B
2422 Coupon  3.19#0.2 A 3.1+0.18 A 3.12+0.2 A 3.24+0.1 A <2.00B
Cloth 3.3t0.26 A 3.2+0.24 A 3.06£0.2 A 3.3t0.25A <2.00B
Rinse 6.4+0.46 A 6.0+0.65A 6.03x0.6 A 6.35+t0.4 A <2.00B

& Initial number of microbial cells was 6.80+0.1115+0.52, 7.31+0.50, 7.29+0.42,

6.78+0.19 for ATCC 19115, DUP-1030A, DUP-1038, DUB44A, and 2422,

respectively. Within each row, means with differeapital letters are significantly

different P < 0.05).

P Salt lonator means lonaf8t using 0.1% NaCl (w/v) solution.

¢ Concentration: FAC 100 mg/I.

9 Detection limit: 2.00 log CFU/coupon.
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Table 4.7.Survival ofEscherichia coli0157:H7 in buffers after treatment with

antimicrobial water treatments (log CFU/coupdn).

Strain Testing Survival count after treatment
fraction
Control  lonator ™ Salt Lotus'™  ECAW-
lonator” 100°

ATCC NBfor 2.62+0.29 2.54+0.17 2.69+0.21 A 2.45+0.10 <2.00B
43890 coupon A A A

NB for cloth 3.26+0.17 3.18+0.08 3.18+0.09 A 3.20#0.11 <2.00B
A A A

ATCC NB for 3.38£0.10 3.38+0.06 3.35#0.07 A 3.33+0.10 <2.00B
43895 coupon A A A

NB for cloth 3.13+0.08 3.01+0.12 3.10+0.11 A 3.03#0.12 <2.00B
A A A

2028 NB for 3.561£0.15 3.53+0.07 3.47+0.16 A 3.45+0.09 <2.00B
coupon A A A

NB for cloth 3.42+0.30 3.14+0.13 3.14+0.26 A 3.33#0.14 <2.00B
A A A

2257 NB for 2.6910.70 2.09+0.27 2.2840.24 A 2.12+0.15 <2.00B
coupon A A A

NB for cloth 3.62+0.21 3.41+0.32 3.45+0.27 A 3.43#0.28 <2.00B
A A A

2029 NB for 2.91+0.50 2.49+0.16 2.48+0.21 A 2.36x0.27 <2.00B
coupon A A A

NB for cloth 3.02+0.43 2.48+0.23 2.68+0.20A 2.61+0.21 <2.00B
A A A

& Initial number of microbial cells was 6.94+0.0307+0.18, 7.10+0.15, 6.50+0.08,

6.96+0.33 for strains 43890, 43895, 2028, 2257,2019, respectively. Within each

row, means with different capital letters are digantly different P < 0.05).

P Salt lonator means lonaf8t using 0.1% NaCl (w/v) solution.
¢ Concentration: FAC 100 mg/I.

4 NB, neutralizing buffer.

® Detection limit: 2.00 log CFU/coupon.
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Table 4.8.Survival ofSalmonella sppn buffers after treatment with antimicrobial wate

treatments (log CFU/coupor?).

Strain Testing Survival count after treatment
fraction
Control  lonator ™ Salt Lotus'™  ECAW-
lonator” 100°
Typhimurium NB%for  3.15+0.66 3.05+0.07 3.08+0.08 3.03+0.12 <2.00°B
ATCC 14028 coupon A A A A
NB for  3.19+0.09 3.08+0.07 3.05£0.09 3.13+0.18 <2.00B
cloth A A A A
Typhimurium NBfor  3.68+0.08 3.64+0.09 3.64+0.10 3.56+0.19 <2.00B
E2009005811 coupon A A A A
NB for  3.321+0.12 3.13+#0.15 3.24+0.12 3.29+0.27 <2.00B
cloth A A A A
Enteritidis NB for  3.43+0.31 3.38+0.18 3.39+0.20 3.26+0.47 <2.00B
2009595 coupon A A A A
NB for  3.20£0.35 2.95+0.13 3.09+0.14 3.17+0.44 <2.00B
cloth A A A A
Tennessee  NB for 3.38+0.18 3.29+0.20 3.36+0.25 3.20+0.30 <2.00B
E2007000302 coupon A A A A
NB for  3.57+0.08 3.41+0.21 3.52+0.23 3.44+0.18 <2.00B
cloth A A A A
Saintpaul NB for  3.52+0.43 3.32+0.23 3.40+0.24 3.40+0.53 <2.00B
E2008001236 coupon A A A A
NB for  3.59+0.42 3.48+0.13 3.58+0.18 3.45+0.52 <2.00B
cloth A A A A

& Initial number of microbial cells was 7.22+0.2036+0.29, 7.31+0.24, 7.97+0.21,
7.71+0.43 for Typhimurium ATCC 14028, Typhimuriur2@9005811, Enteritidis
2009595, Tennessee E2007000302, and Saintpaul B20DP86, respectively. Within

each row, means with different capital letterssagaificantly different P < 0.05).

P Salt lonator means lonaf8t using 0.1% NaCl (w/v) solution.
¢ Concentration: FAC 100 mg/I.

4 NB, neutralizing buffer.

€ Detection limit: 2.00 log CFU/coupon.
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Table 4.9.Survival ofListeria monocytogenen buffers after treatment with

antimicrobial water treatments (log CFU/coupdn).

Strain  Testing Survival count after treatment
fraction
Control  lonator " Salt Lotus" ECAW-
lonator” 100F
ATCC NB®for  3.14+0.29 3.02+0.34 2.99+0.31 3.06+0.20 A <2.00B
19115 coupon A A A
NB for 3.041£0.09 3.03+0.25 3.05+0.26 2.96+0.31 A <2.00B
cloth A A A
DUP- NB for 3.17£0.12 2.99+0.21 2.91+0.34 3.18+0.25A <2.00B
1030A coupon A A A
NB for 3.25£0.09 3.12+0.22 3.19+0.21 3.14+0.36 A <2.00B
cloth A A A
DUP- NB for 3.10£0.40 2.93+0.33 2.90+0.44 2.94+0.32 A <2.00B
1038 coupon A A A
NB for 3.0910.47 2.89+0.29 3.04+0.22 2.97+0.21 A <2.00B
cloth A A A
DUP- NB for 3.11+0.38 2.92+0.45 3.14+0.40 2.79+0.35A <2.00B
1044A coupon A A A
NB for 3.17+0.30 2.80+0.15 2.97+0.15 2.88+0.28 A <2.00B
cloth A A A
2422 NB for 3.06+0.16 2.91+0.17 3.01+0.18 3.17+0.18 A <2.00B
coupon A A A
NB for 3.1840.25 3.11+0.24 3.14+0.34 3.26x0.31 A <2.00B
cloth A A A

& Initial number of microbial cells was 6.80+0.1115+0.52, 7.31+0.50, 7.29+0.42,

6.78+0.19 for ATCC 19115, DUP-1030A, DUP-1038, DWB¥4A, and 2422,

respectively. Within each row, means with differeapital letters are significantly

different P < 0.05).

P Salt lonator means lonafd8t using 0.1% NaCl (w/v) solution.

¢ Concentration: FAC 100 mg/I.

4 NB, neutralizing buffer.

© Detection limit: 2.00 log CFU/coupon.
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CHAPTER V

MORPHOLOGY OF BIOFILMS OF ESCHERICHIA COLI O157:H7,
SALMONELLA ENTERICA AND LISTERIA MONOCYTOGENES

VISUALIZED BY ATOMIC FORCE MICROSCOPY

Bacterial biofilms are composed of extracellulalypteric substances (EPS) and
microbial cells that confer protection against exaét stressful condition&scherichia
coli 0157:H7,Salmonella entericandListeria monocytogeneswe foodborne pathogens
that are capable of forming biofilms. The nativerpimlogy of biofiims has been studied
using a variety of microscopic techniques. In thisrent study, atomic force microscopy
(AFM), which is considered to have the least eftethative biofilm structure, was used
for studying the morphology of pathogen biofilmsstainless steel surfaces. Three
morphologies of the biofilms were observed: tré&e-Btructures, individual cells and no
characteristic structures of the above two (nohé relative percentages of observations
of the tree-like, individual cells, and no struesivere about 29.8%, 18.1%, and 52.1%,
respectively, foL.. monocytogenestrain ATCC 19115E. coliO157:H7 strain 6058 and

S. enterical'yphimurium E2009005811 had significantly low peEntages of tree-like
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morphology, compared to othEr coli O157:H7 strains an8almonella sppThere were
no significant differences in biofilm morphologiadiktribution within the four strains of
L. monocytogened/orphological distribution was not affected bywgth media or
inoculation amounts fdr. monocytogendsiofilm formation. Neutral electrochemically
activated water (NECAW) treatment destroyed miabbells as well as removed the
tree-like structures. AFM appeared to be a suitiabnique to study and describe

biofilms and may offer a unique perspective.

5.1. Introduction

Listeria monocytogenas an intracellular pathogenic Gram-positive bacta
that causes listeriosiEscherichia collO157:H7 is an enterohemorrhagic serotypE.of
coli, responsible for hemorrhagic diarrhea, and in scases hemolytic uremic syndrome
(HUS), especially in childrersalmonellas a rod-shaped, non-spore-forming
enterobacterial pathogen that infects more pedale &ny other foodborne bacteia.
coli 0157:H7,L. monocytogenesndSalmonellacombined are responsible for the largest
number of deaths linked to foods (82%), and areetlof the most important infectious
bacteria targeted for reductions in the U. S. Qerfter Disease Control and Prevention
(CDC)’s Healthy People 2010 pl&h92) For instancel.. monocytogeneaccounted for
approximately 18.9% of deaths caused by foodboases<due to 31 pathogens in the U.S.
(274) The estimated number of infection incidences edus/E. coliO157:H7 L.
monocytogeneandSalmonellan 2008 was not significantly less compared to 2005

(317).
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Biofilms are organized communities of bacteria grigvand surviving in their
natural environment under suitable conditions. Bitd can be formed by a single
bacterial species or mixed sped#94) They are composed of microbial cells and
extracellular polymeric substances (EPS) that cthwecells. In biofilms, microbial cells
form clusters, which are believed to be connectednannels that deliver water and
nutrients. All these clusters, channels, and EP® #3-dimensional structure. The
microbial clusters or microcolonies encased by E&Sbe physically separated by
interstitial voids. It is thought that planktoriic monocytogenesells might use a quorum
sensing mechanism to coordinate themselves ademtoed living system and form
biofilms (22).

The biofilms ofE. coliO157:H7,L. monocytogenesndSalmonellacan cause
persistent low-level contamination of foods thameoin contact with contaminated
equipment surfaces, leading to food safety concénrfeod processing, once biofilms
are formed, the microbial community becomes mosestant to antimicrobial agents and
more difficult to be completely removed than th@anktonic statu§73, 194) The
inability to efficiently remove biofilms is a maj@roblem, which results in
contamination of food products and possible foodbatisease outbreak®29) This is
of particular importance fdr. monocytogenesndS. entericasince they are widely
distributed in the environment and food processgiiagits(73). A recent listeriosis
outbreak with cantaloupes tragically illustrates tonsequences of biofilm formation in

the processing environme@o).
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Many methods have been applied to characterizebfmoe pathogen biofilms.
The microtiter plate assay can estimate the grefvtiacteria in sit86, 345) but it is an
indirect method and bacterial morphology cannot¢dsly observed, since the plates
must be optically transparent in order to read speesultg86). The ruthenium red
staining technique was introduced to determinesttistence of EPS based on the
interaction between the ruthenium red dye and d¢amh@tes. Although EPS contains
carbohydrates, cell surface carbohydrates whicmaireart of EPS will also bind to the
dye, therefore affecting the resu|&3). Transmission/scanning electron microscopy,
epifluorescence microsco$8, 110, 236)and (confocal) laser scanning microscopy are
currently widely used for biofilm characterizatiorhese microscopy techniques are
applied mainly for targeting microbial cells. Pesttment or final staining steps might
affect the original status of EPS. Due to this ogafhese microscopes are not perfect for
biofilm EPS visualization since the amount of ER$ibught to be related to strain
virulence(186, 320)and increased resistance to antimicrobial ag@M) In addition,
the pretreatments of staining, fluorescence, onwaceffects involved in these
technigues might interfere with the native statiisiofilm surface structure@6, 307,
336)

Atomic force microscopy (AFM) generates imagesriBasuring changes in the
interaction between a probe and sample surfaces.if$trument has many advantages,
including minimal sample preparation, independesfade substance’s light
transparency, and the ability to measure samplemiong172, 235, 307, 3360ne

special advantage of AFM for biofilms is that itachcterizes EPS almost without
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affecting native morphology because no treatmemninfaging after biofilm formation is
applied(265). AFM has been successfully applied in surfaceadtarization including
stainless steel surfacé€64) single microbial cell§23, 79, 110, 158, 162, 203, 207, 239,
269, 334, 337)biofilms (135, 183, 224, 265, 26d)ydrated biofilm EP$80, 307) and
corresponding physical properties of ER38, 240)

Currently, the morphological organization and pattaf biofilms ofE. coli
0157:H7,SalmonellaL. monocytogenesind their changes with sanitization treatment
remain largely unknown. Moreover, though the saeitneutral electrochemically
activated water (NECAW) is effective for many baigteits antimicrobial mechanism is
not clear(124) In-depth understanding of pathogen biofilms, el their
morphologies, is necessary in order to better agbesrisk of pathogen contamination,
understand the mechanism of NECAW effects and dpv&rategies to control
foodborne pathogen diseagé86, 320)

The aim of the present study was to characté&tizsli 0157:H7,Salmonella
entericaandL. monocytogendsiofilms developed on stainless steel coupons, and
morphological changes &f monocytogendsiofiims as representative of treatment with
washing or NECAW. AFM was performed to image biosl with multimode images

applied to characterize biofilm morphologies andO¥&V effects.

5.2. Materials and Methods
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5.2.1. Bacterial strains

Strains ofE. coliO157:H7 (ATCC 43890, ATCC 43895, 6058, EK-3),enterica
(Typhimurium E2009005811, UK-1, B4442 and Saint@@2008001236) and.
monocytogene@TCC 19115, 2349, 3528 and 2422) were used instiidy. Source
information about these strains is listedrable 3.1 A loop of -60°C storage culture of
each strain was inoculated and transferred thresecuitive times in tryptic soy broth

(TSB) (Neogen, Inc., Lansing, MI) and inoculaté®Z°C at 24 h intervals.

5.2.2. Preparation and characterization of NECAW

NECAW was freshly generated from softened tap waersaturated NaCl
solutions by a generator (Zap Water Technology.,, Richfield, MN) at a voltage range
of 7 to 9 volts. After a stable voltage reading weasched, NECAW was collected using a
sterile glass bottle from the anode side, covenetused within 2 h post generation. FAC
of NECAW was determined with a chorine test kitdayculating the drop counts
(LaMotte Company, Chestertown, MD). ORP and pH weeasured with an ORP meter
(ORPTestr 10, Oakton Instruments Inc., Vernon Hilly and a pH meter (pHTestr 10,

Oakton Instruments Inc.), respectively.

5.2.3. Biofilm formation
Individual strains were prepared as described abmveuid culture testing.
Suspensions were mixed with 9 ml sterile low nutrieSB (1:10 dilution of normal TSB

solution, LN-TSB) with a dilution of 1:100. Ster&d stainless steel coupons were
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immersed into the suspensions, mixed well andnette liquid cultures for 4 h at room
temperature to allow bacteria attachment. Suspessiere poured off and the coupons
were rinsed gently with a circular motion for 10s8ng 1 ml PW in order to remove
unattached microbial cells. The PW were poured@dupons were added with 10 ml
fresh LN-TSB and stayed at room temperature. Af&h, LN-TSB was discarded and
coupons were transferred to a new LN-TSB solutarahother 24 h at room temperature.
After this incubation, coupons were rinsed gentithv®t ml PW twice to remove loosely

attached microbial cells. Then the coupons wermddn a biosafety cabinet for h2).

5.2.4. Biofilm treatment with NECAW

Coupons with biofilms were placed into glass tubastaining 10 ml NECAW
250 mg I* FAC or DIW as control, slightly mixed at speedstng a Mdl G-560 Vortex
Genie 2 Mixer (Lehman Scientific, LLC, WrightsvillBA) for 5 s. After 25 s of stillness,
coupons were mixed again for 5 s, then kept stilPb s again. Coupons were transferred
to new glass tubes containing 10 ml neutralizinfidsisolution and mixed at speed 2 for
5 s. After 35 s of waiting, coupons were transféte50-ml disposable plastic tubes
containing 10 ml PW and 3 g sterile glass beadg(&tAldrich Co., St. Louis, MO), and
vortexed heavily for 5 min to remove bacteria frtita coupons. A series of ten-fold
dilutions of the PW containing coupons and neuwtnadj buffer were conducted,

respectively after vortexing for direct plating agtichment test.
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5.2.5. Microbial analysis

The numbers of viable cells in the final diluted RWd the neutralizing buffer
were determined by directly plating 0.1 ml of eddhent in duplicate on tryptic soy agar
(TSA; Neogen Corp) plates, and further countingdblenies after incubation at 37°C for
24 h (forE. coliO157:H7 andsalmonelld or 48 h (forL. monocytogengsThe CFU of
the recovered bacteria was enumerated and transficioriogarithm base 10 per ml or
coupon. For enrichment test, 5 ml PW recovered ftoopons and neutralizing buffer
after treatment were transferred to 250 ml Erlerenégasks containing 100 ml sterile
TSB and incubated at 37°C for 48112, 244) Selected colonies from TSA plates were

streaked onto selective agar and incubated torconifie presence of pathogens.

5.2.6. AFM experiment and analysis

AFM was carried out using a model 5500 Moleculaadgmg PicoPlus/PicoScan
3000 system (now Agilent Technologies, Santa Clarg, Tapping mode AFM was
applied with rectangular silicon probes and tipiraficurvature 5-10 nm (Applied
Nanostructures Inc., Santa Clara, CA). The spromgstant of the cantilever was
manufacturer-specified in the range of 30-60 N/nd the resonant frequency was
around 300 kHz. AFM imaging of biofilms on stairdegeel coupons was conducted at
ambient temperature (22-24°C) in air with scannetg of 0.5-1 Hz, relative humidity of
15%-30%. Different scan sizes (fromud x 5pum to 50um x 50um) were applied in
order to image bacteria dried on stainless ste&@&es or biofilms. The measurements of

biofilms morphology were conducted independentlieast twice. For each time, at least

112



two parallel coupons were independently includedcetch condition. Different regions
were imaged and recorded for the same coupon &s wel

Three different mode images were recorded simutasig with multimode
imaging: topography, amplitude, and phase imagesagés of topography and
amplitudes are shown in the results. Topographgintarecords the height of the
samples, while amplitude imaging highlights thee=dgf the features and phase imaging
provides contrast of the features and backgrouma features’ physical properties.
Amplitude and phase modes provide even higher tyuatages for better viewing the
structure of the objects.

The characteristic morphology of biofilms was deddmainly according to
amplitude mode images, and the scales (x, y dines}iof the images were also doubled
checked with the height mode images. The treedlikecture was defined as pure
continuous tree-like morphology with no other cleéeastic structures on the coupon
surface. The category of individual cells was dedims when at least one microbial cell
was observed from the AFM images, regardless a&fgoree or absence of a tree-like
morphology. The feature for individual cells wasogntih and regular and in the range of
around 1-3 um in length and 0.5-1.5 um in widthatbees varying from these
dimensions were not considered as individual ¢8Bgl). Other places on the coupon
surfaces without these two features were calculasetie category ‘None’. The relative
percentages of different types of morphologicakabteristics were calculated based on

the images obtained.
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5.2.7. Data analyses

For microbial cell analysis and morphological asayof each strain, at least two
separate trials were independently conducted. &dnr &ial, parallel groups were
conducted in duplicate with two serials of platnegults for any individual condition. For
morphological analysis, different zones of eachpoouwere scanned and collected for
analysis. More than twenty AFM image results weagliad for any specific
experimental conditions. Statistical analyses usimglysis of variance (ANOVAR(<
0.05) and Tukey test for differences among diffestrains or treatments were performed
using SAS software (Version 9.1.3, SAS, Cary, N&mparisons that yielddel< 0.05

were considered significant.

5.3. Results

Figure 5.1shows AFM images of the surfaces of a sterile oauj@ and b) and a
control coupon obtained with the same proceduferdsiofilm growth except that the
bacterial strain was inactivated prior to inocalat(c and d). Cut lines formed during
manufacture of the coupons were visible on the onwgurfaces but no other
characteristic morphologies were observed.

The biofilms were found to have heterogeneous &ires with three categories:
Tree-like, individual microbial cells and none (dot have tree-like or individual cells).
Figures 5.2and5.3 show these different morphological categoried fanonocytogenes
ATCC 19115 andE. coliO157:H7 strain 6058, respectively, as examplesr&iteristic

tree-like structures or individual cells did notveo the whole stainless steel coupon
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surface. Instead, they appeared as non-continwooefions on the coupon surface.
Biofilms were such a highly heterogeneous commuthigy they were very visible on
some parts of the stainless steel surface as maitfiens, while in other areas biofilms
were in developing status or had not formed at all.

Quantitative analysis of the distribution of thevab three morphological
categories foL.. monocytogendsiofilms is shown iffable 5.1 The results indicated that
the distributions of different morphologies werd significantly different among the
four strains oL. monocytogene#iowever, som&. coli0157:H7 and. entericastrains
had significantly less tree-like morphology thaheststrains. For instanci, coli
0O157:H7 strain 6058 arfd. enterical yphimurium E2009005811 had only 8.0% and
8.4% tree-like morphology, respectivelyaple 5.3.

The effect of varied inoculation amounts on thalffinofilm morphology
distribution is also shown ihable 5.1 The inoculation amount ‘1’ meant normal
inoculation amount, while 0.1 and 0.001 denotedard® 1000 time dilutions of normal
inoculation amounts. The results indicated thatleephologies did not change
significantly due to different inoculation amount$e effect of growth media on biofilm
growth was also studied and no difference betwdaehadd TSB (both were used at 1/10
of normal concentrations) was found. The effectmiifal inoculation amounts and
alternative media (BHI) on the survival of micrdhksalls in the biofilms are shown in
Table 5.3. The results demonstrated that biofilnmphology and the growth and survival

of these pathogens were unaffected.
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Figure 5.4depicts represenrative effects of deionized waéatment (a and b)
and NECAW treatment (c and d) on biofilnts (nonocytogeneATCC 19115). Biofilm
surface morphology was washed off by DI water; haavehe integrity of the microbial
cells were still maintained, as indicated by th@sthness of the microbial surface. In
contrast, after NECAW treatment the surface intggd the microbial cells was
damaged, suggesting that NECAW penetrated intonibeobial cells and inactivated
them.

EPS of biofilms were removed by DI water or NECAWatment and inner
microbial cells appearedFigure 5.4, leading to observable distribution of the miadedb
cells by AFM imaging. The effect of NECAW treatmemt survival of microbial cells is
shown inTable 5.4 DI water only resulted in approximately 1.2 lo§W@Wcoupon
reductions. In contrast, NECAW treatment resultechore than 4.6 log CFU/coupon

reductions, thus 3.5 log CFU/coupon more reductibas DI water treatment.

5.4. Discussion

5.4.1. Variation in biofilm morphology

The morphology of the clean coupon surface was sinjlar to that of a
previous reporf264) Cut lines on the coupon surface, formed duringpom processing
in the factory, were observed by AFM imaging. Catreeight variation was also
comparable to that found in the literature. Considedifference in the z scale, the

variation of surface contour over a 25 famas approximately 500 nm, which was similar

116



to numbers reported by other grof6). However, the height of cut lines was taller than
the images fronwang and other@003 (320) One of the reasons could be tiiéding

and otherg2003 might have used offline ‘deflection’ processirfglte AFM software,
which alleviated the variation of substrate andréased the value of height from their
images.

Generally, the use of an AFM probe with a low spr@onstant is suggested for
biological samples to minimize damage of the saraptéace. However, an AFM probe
with a low spring constant can easily be trappethkeysamples. As bacterial EPS can
interact strongly with AFM tips, a relatively higipring constant (k = 3 N/m) was used,
which should result in alleviation of trapping 6etAFM probe by the sampl€a65).

For the control group inoculated with dead bacteudtures, height mode images
showed that the stainless steel coupon surfacemesed with a continuous layer of
adsorbed substances, which could be from growthan&®B or BHI Eigure 5.). For
coupons containing biofilms, protrusions could bersunderneath the continuous
surface layer of EPS, and below the protrusiongdce microbial cells as aggregates or
individuals fFigures 5.2-54(307) AFM images demonstrated that biofilms of the ¢hre
foodborne pathogens on stainless steel were heteeogs in structure, containing both
microbial cells and EPS, which was in accordandé wther reports of biofilms formed
by L. monocytogenesr other bacterié36, 77, 194, 265, 266-or instance, the existence
of heterogeneous distribution of both EPS and rbiataells within the bacterial CCI#8
biofilms was reported with some microbial cellswnag in lines on the coupon surface

(36). However, it was also found thiat monocytogeneasiicrobial cells on mechanically
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polished stainless steel grew along the stainkess srevice¢265) And microbial cells
did not colonize the whole stainless steel surtageassociated as individual associates
or as small microcolonies.

The structure of biofilms depended on various isic and extrinsic parameters
(194) Intrinsically, EPS, a major component of biofilcemposed of polysaccharides,
proteins, nucleic acids, and amphiphilic compoulagds,so complex and diverse that it is
a major factor influencing the structure of biofdrand makes studying biofilm
morphology challengin¢213). However, the composition and structure of biofttAS
always vary due to changing microorganisms, thieysmlogical status, nutrients status,
and physical conditiond 94, 291, 292)Extrinsically,L. monocytogendsiofilm
morphology could vary under each particular conditvith different replicates, as
reported previously186, 320)

The tree-like morphology was first reported fordborne pathogen biofilms,
which was considered to be from EPS and diffenemmhfprevious report&Vang and
others(320) reported thak. monocytogendsiofilm EPS was thread-like, connecting
among microbial cells, or between a microbial eeldl the substance. In contrast,
Dubravka and othel§7) thought, based on SEM results, thatonocytogenestrains
were weak at producing EPS due to its removalrbyrgatment during SEM imaging
with three 10 min rinses in 100% ethanol. Howelemonocytogendsiofiims imaged
by wide-field fluorescence microscopy (WFM) shoviiedtL. monocytogendsiofiims

of three strains had an organized net-like pattamed a “honeycomb” structuf&36),
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although this EPS structure might be affected layniing of culture media and the
washing process during sample preparation for WFM.

The current AFM imaging overcame the shortcominghahy microscopes, and
thus may provide new findings for biofilms researthe biofilms visualized by AFM
were nearly at their natural state since the pegjmar of samples for AFM was very
simple, with a major step of immobilizing microbills on a supportive material
(stainless steel, for instance) and letting theawgnto biofilms(265) Thus, the imaging
of biofilms, especially surface morphology by AFMould extend our understanding of
the pathogens and the understudied EPS componbitfiins (213).

Previous SEM results of weak EPSlbymonocytogendsiofiims could be due
to damage during pretreatment st€pg 202) Epifluorescence microscopy analyzes
images of fluorescence staining or fluorescentailyes but its results might
overestimate EPS area on the studied surface siicebial cells stained as wéB2, 73,
194). On the other hand, confocal microscopy or epifflsoence microscopy can not be
used to visualize unstained (nonfluorescent) maersuch as EPS in which biofilm cells
were embedded. Hence, conclusions about whethemiaB $resent when it was not
specifically stained was primarily based on assiomp{(235). In general, structures in

final images could be affected by imaging artifg826).

119



5.4.2. Effect of inoculation level and growth mediauring biofilm formation on L.
monocytogenes biofilms

A higher inoculation level resulted in a larger ambofL. monocytogenes
transferred and attached to a stainless steelcguctampared to low inoculation levels,
since efficiency of transfer was simil@64). According toMcLandsborough and others
(194), bacteria begin to anchor themselves to stainlessd By execrating EPS after
initial adhesionPalmer and othei232) believed that initial bacterial cell attachmenato
surface (stainless steel surface, for instance)ontisal for biofilm formation. However,
Djordievic and other§73) reported that there was no correlation betweefiltio
formation and microbial cell number, growth ratedensity. On the other handarsh
and otherg187)thought that the organized, net-like patternshafrieycombL.
monocytogenesiofilms were formed gradually.

Growth media influenced biofilm growth and formatiby affecting the
attachment of microbial cells on the substrateaddition, EPS amounts differ among
biofilms developed from high nutrient medium (LuBartain medium, for instance) and
minimum nutrient medium (M9, for instand@R4). Some researchers believe that
different substrate surfaces and media affect rhiata@ell attachment through
influencing surface charges of the microbial cé2132) Generally, the bacterial cell
surface is negatively charged while charges ofthstrate vary depending on the kinds
of substrates and medi232). However Djordjevic and otherfound that both
electrostatic and exopolymer interactions wereassible for microbial cell attachment

to a hydrophilic stainless steel surface. On theiohand, organic components in the
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media might not significantly affect biofilm formah and growth. One example is
carbon sources of different media did not signiftbaaffect biofilm formation(73). In
the current study, biofilms developed in TSB and Bidre similar since both media
were non-selective, complex and relatively simildre media influence was studied by
Wang and otheraho reported thdt. monocytogendsiofilm formation was significantly
inhibited by Tween 80 in deMan-Rogosa-Sharpe b{@20) and a mixed strain (without
L. monocytogeng®iofilm grown on diclofop was thicker than thag®wn on TSB

(330)

5.4.3. Effect of processing treatment oh. monocytogenes biofilms

The structural integrity of biofilms was thoughtlie determined by the activities
of the bacteria, and the bacteria properties aftette integrity of biofilm§202). After
NECAW treatment, the morphology of individual cellas alteredKigure 4. Cells
became wrinkled and broken, possibly due to thepation of NECAW into the
microbial cells and initiation of sanitizing effescHowever, a few microbial cells of
biofilms kept their surface morphology (data nabwh), which was supported by plate
counting results showing some survivahble 4. There were two possible reasons that
could be responsible for this phenomenon. One hatshe resistance of microbial cells
in biofilms to sanitization treatment was heteragmis(202) One example was that
someL. monocytogeneATCC 19115 microbial cells were much more resistan
sanitization of peroxyacetic acid, based on SEMIte§202). Another possible reason

was that the penetration of NECAW was limited iotsa short treatment and may be
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decreased by EPS due to interactions between EfPSaaitizerg12, 194) Therefore,
some microbial cells were not penetrated with NECAECAW is an oxidizing
sanitizer and can interac with organic matter. Tigld partially explain why it was hard
for NECAW to penetrate into the inner part of bimf. In the future, study on the
sanitizing effects of NECAW on EPS will be necegdarimprove NECAW sanitization.
DI water can remove some biofilms from stainlesglssurfaces but cannot kill
microbial cells. When EPS was removed, its protecatiffect on bacterial viability
disappeared or significantly decreag&8l, 17) thus DI water only could cause a low log
CFU reduction of bacteria. It should be noted Kiléihg and removal are two different
phenomena. Microbial cells removed by DI waterréigttach and grow on another
surface area or contaminate washing water, whiteahial cells killed by NECAW

could not reattach and further grow, thus wouldawsttaminate the washing water.

5.5. Conclusion

Bacterial biofilms are composed of EPS and miciai®és. In this reseaerch,
AFM was applied to characterize the morphologyoaidborne pathogen biofilms on
stainless steel surfaces. Three morphologies dbitsféms were tree-like structures,
individual cells and no characteristic structurethe above two (none) and the relative
percentages of these three morphologies were dqaiively determinede. coliO157:H7
strain 6058 an&. enterical yphimurium E2009005811 had significantly low
percentages of the tree-like morphology. Neut@ttebchemically activated water

(NECAW) treatment destroyed the microbial cellsvadl as removed the tree-like
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structures. Results from AFM were promising, ssjgg that AFM could be a suitable
technique for study and characterization of biodijand investigating sanitizing effects.
More valuable information could be obtained if congal with other microscopic

techniqueg91).
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Figure 5.1. AFM images of stainless steel (SS) control couptasand (b): Height and

amplitude mode AFM images of a representativelstann-treated SS coupon; (c) and

(d): height and amplitude mode AFM images of aespntative SS coupon incubated

with L. monocytogenesells suspensions that had been previously avedla
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Figure 5.2. Atomic force microscopy (AFM) images of the tréesIstructure and
individual cells structure dfisteria monocytogendsiofiims ATCC 19115 on stainless
steel coupons. Height (a) and amplitude (b) modeeeflike structure biofilms; height
(c) and amplitude (d) mode of individual cell stuwre biofilms; height (e) and amplitude

(H mode of enlarged images of (c) and (d), respelst
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Figure 5.3.Atomic force microscopy (AFM) images of the trekelistructure and

individual cells structure dEscherichia coli0157:H7 biofilms 6058 on stainless steel

coupons. Height (a) and amplitude (b) mode of lileestructure biofilms; height (c) and

amplitude (d) mode of individual cell structure fdins.
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Table 5.1.Quantitative analysis of the characteristics efltisteria monocytogenes

biofilms (%6).

Strain Inoculation Tree-like Individual cells None
amount morphology
2349 iy 24.0+¢8.0 A 14.8+10.8 A 61.2+18.9 A
3528 1 25.2¢5.6 A 19.2+10.2 A 55.6x15.1 A
ATCC 19115 1 29.8+10.7 A 18.1+15.3 A 52.1+11.2 A
0.1 23.1+10.5 A 16.5£9.0 A 60.4+12.5 A
0.001 24549 A 16.446.7 A 59.0+6.2 A
1-BHI 27.4+£23.2 A 14.9+11.7 A 57.7£135A
2422 1 19.749.3 A 20.6+7.2 A 59.8+7.1 A
0.1 17.9+13.7 A 27.7£11.8 A 54.5£22.5 A
0.001 18.7+4.3 A 21.548.7 A 59.9+125 A

Within each column, means with different capitdides are significantly differenP(<

0.05).

& ‘1’ is standard amount inoculation amount with@0 of bacterial solution to the

growth media of LN-TSB, that is, 1/10 of TSB.

P The LN-TSB in the biofilm growth protocol was stituted by LN-BHI.
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Table 5.2.Quantitative analysis of the characteristics effecherichia coll0157:H7

andSalmonelleentericabiofilms (%6).

Pathogen  Strain Tree-like Individual cells None
morphology
E. coli 43890 26.7¥5.6 A 31.3+11.7 A 42.0+10.5 A
O157:H7
43895 24.1+6.8 AB 34.8+£19.0 A 41.1+14.7 A
6058 8.0#5.6 C 42.7+8.6 A 49.3+5.7 A
EK-1 10.9+8.3 BC 30.9+139 A 58.2+20.8 A
S. enterica Typhimurium 8.445.7 C 27.41£14.2 A 64.2+18.9 A
E2009005811
Typhimurium  11.3+7.6 BC 37.0+£18.7 A 51.7¥125 A
UK-1
Newport 14.1+2.3 ABC 42.9+16.9 A 43.1+15.1 A
B4442
Saintpaul 17.6#5.1 ABC 36.5+18.7 A 46.0£14.2 A
E2008001236

Within each column, means with different capitdides are significantly differenP(<

0.05).
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Table 5.3.Effect of initial inoculation amount dfisteria monocytogenesn number of

viable microbial cells of biofilms (log CFU/coupo(®p).

Relative amount  Strain ATCC 19115 Strain 2422

1* 7.06+0.63 A 6.6420.42 A
0.1 7.12+0.55 A 6.80+0.31 A

0.001 7.0420.41 A 6.57+0.24 A
18 7.18+0.57 A <

Note: Within each column, means with different taldetters are significantly different
(P < 0.05).
A1’ is standard amount inoculation amount withd0 of bacterial solution to
the growth media of LN-TSB, that is, 1/10 of TSB.
B: The LN-TSB in the biofilm growth protocol was stituted by LN-BHI.

€. Character ‘-’ means not determined.
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Table 5.4.Effect of treatments on number of viable microloglls ofListeria

monocytogeneiofiims ATCC 19115 (log CFU/coupon).

Treatment Strain ATCC 19115
Initial 7.151£0.24 A
DIW treatment 5.96+0.44 B
NB treatment 5.89+0.39 B
NECAW (250 mg/l FAC) treatment 2.46x0.45 C

Note: Within each column, means with different talplietters are significantly different
(P < 0.05). NB, neutralizing buffer; DIW, deionizedater. NECAW, neutral

electrochemically activated water; FAC, free avagachlorine.
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CHAPTER VI

ROLE OF SIGB AND INLA GENES ON BIOFILM FORMATION
AND ANTIMICROBIAL EFFICACY OF NEUTRAL
ELECTROCHEMICALLY ACTIVATED WATER ON  LISTERIA

MONOCYTOGENES

Neutral electrochemically activated water (NECAWRisanitizer for food and
food processing equipmersigBis a global stress regulator and amd is a virulence
gene ofL. monocytogenedt has been suggested that these genes plag anrbiofilm
formation and antimicrobial efficacy of NECAW treant onL. monocytogened he
objectives of this study were to determine the afleigB andinlA gene expression levels
in L. monocytogendsiofilm formation and antimicrobial efficacy of NEAW treatment.
Liquid cultures and biofilms grown on stainlessesupon surfaces of folir
monocytogenestrains (wild type [WT] 10403S, isogemynlA, AinlB, andAinlAAsigB
mutants) were treated with NECAW for 10 min. Sannity efficacy of NECAW was
determined by counting the survivors after treathusing standard plate counting. Gene
expression levels were determined using gPCR. lsogdA andsigB mutants were able
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to form biofilms. After NECAW treatment, expressiohboth genes increased for the
WT. While sigB gene expression of theénlA strain increased at a level comparable to
the WT,inlA gene expression of thesigB strain did not significantly increase. Both
genes were expressed more in biofilms than indiquitures. The level oahlA gene
expression in WT increased 4.28 and 5.51-fold withtment of 4 mg/l NECAW for 10
min in liquid cultures and biofilms, respectivelyhile the corresponding values were
5.91 and 10.05-fold for th&gB gene. Mutant strains were more sensitive to NECAW
treatment than the WT strain. For liquid culture3,mg/l NECAW for 10 min resulted in
0.79 and 1.17 more log CFU/ml reductionsAamlA andAsigB strains, respectively, than
the WT, but there was no significant difference agsetrains in form of biofilms under
the same condition. ThegB gene was more important than virglié\ for survival of
NECAW treatment. Surviving. monocytogenesells post-sublethal NECAW treatment

might become resistant to further sanitizer treatme

6.1. Introduction

Listeria monocytogenas a ubiquitous, facultative and non-sporeforming
intracellular foodborne pathogen that causes areemeasive disease in humans and
animals.L. monocytogeneseems to be well adapted to invade human celislss to
survive in many types of environments. This baatarcan tolerate many harsh
conditions including high osmolarity, bile saltsdaorganic acid$256, 343) It can

colonize the surface of food processing equipniEs®), forming biofilms that can
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survive better than planktonic counterparts on fpamtessing equipment under
incomplete sanitizing conditior{S808).

Biofilms are generally more resistant to antimigablagents and sanitizers than
individual cells, enhancing the ability of bactégalls to survive cleaning or sanitizing
stepy308). Biofilms are composed of a community of microangans and a complex
matrix of exopolymeric substances (ER&)7). Although some reports suggest that
some strains df. monocytogenesnay not form very resistant biofilnf249), it has long
been recognized that this pathogen can surviveod processing environment and food
equipment surfaces for a relatively long ti(@&7). Somel.. monocytogenestrains can
even survive for several years in food-processiagtp(139).

The mechanisms that explain the increased resestainuiofilms to sanitizers
include limited penetration to cells within biofiimslower growth rate of the
microorganism, and induction of resistance respp(®e 165, 179, 308At the
molecular level, the persistence of bacterial saviinder stress conditions is thought to
be related to transcription redirection via asdgmmeof alternative sigma factors with
core RNA polymerasg0), but the ability to persist was not linked to apgecific
phenotypic or genetic characterist{@89). Sigma factors are dissociable protein subunits
directing the RNA polymerase holoenzyme to acclyageognize a promoter sequence
upstream of a gene before transcription initiatditernative sigma factors can
reprogram specific promoter recognition processasgawith the core RNA polymerase
when environmental conditions change, thus alloveipgropriate expression of specific

target genes in response to those changing consl{@66). ¢°, or SigB, a stress-
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response alternative sigma factor encodesdipy, was recognized as the global regulator
for general stresses in some Gram-positive baatetielow G+C content including the
generaBacillus, StaphylococcysandListeria (9, 344)

It was originally believed that this stress-resgwwas not associated with
specific bacterial strain@59). In L. monocytogenes® helps microbial cells survive
under stress conditions including nutrient defickedow pH, high or low temperature
and oxidative streg842), and antimicrobial agen(g834, 282)L. monocytogenes: is
activated in order to protect bacterial survivat®ibacteria are exposed to environmental
stress condition256) Loss ofc® (AsigB strain) reduces the ability &f monocytogenes
to invade human intestinal epithelial cet€.was widely viewed as participating in
biofilm formation ofL. monocytogeng808) AsigB strains exhibit significantly
decreased biofilm formation compared to wild-typaiss(55, 308) However, Schwab
and others (2005) view as unnecessary for initial attachment.ofnonocytogene®
the surfacg277)

" has also been found to be responsible for traptimmi of several..
monocytogenegirulence and stress-response genes, includingsgiat relate to
gastrointestinal infectiond 40, 290) For example, loss @f results in reducethlA
expression, a virulence gene conserved and spézificmonocytogeng253), in
stationary-phase microbial ce(543, 144, 193)Thus, transcription ahlA is at least
partially 6® dependent144). InlA is a cell-wall anchored protein and a baieieiactor
mediating the first step of attachment and inteézaéibn ofL. monocytogenet® human

cells as demonstrated by the study. ofmonocytogeneseantry into the Caco-2 human
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colon adenocarcinoma cell lifg44, 220) The expression aflA of L. monocytogenes
changes under different environme(&57), which may help confdr. monocytogenes
ability to adapt for long-term survival while maaming bacterial virulenc&iO).

L. monocytogenasan becontrolled if proper santization conditions werglax
in food processing facilities. It should be notbkdttthe efficiency of sanitizers is
compromised by the presence of organic materialsding food debris, leading to
decreased sanitizing effects. An even worse stnas inappropriate sanitizing treatment
in food processing plants, which leads to expostiathogens to sublethal
concentrations of sanitizers and surviving pathagencrobial cells after sanitizing.
Currently, it is not clear yet whether treatmenthwa sublethal concentration of sanitizers
will affect all pathogen populations or only attackartial fraction of the population
(139)

The objective of this study was to understand the ofinlA, sigB and their
relationship upon sublethal treatment of neutratebchemically activated water
(NECAW) as a sanitizer on. monocytogenes$sogenic parent Wild type (WTnIA null
(AinlA), sigB null (AsigB) and double nullAinlAAsigB) mutant strains in liquid cultures
and biofilms were investigated for a comparativelgtwith sublethal concentrations of
NECAW. Gene expression levelsiofA andsigB and the sanitizing effects of NECAW

among these strains were quantitatively analyzed.

6.2. Materials and Methods
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6.2.1. Bacterial strains

Listeria monocytogeneserotype 1/2a WT strain 10403S and its isoge#c null
mutant (DP-L4405)sigB null mutant (FSL A1-254), and double mutakinlAAsigB
(FSL B2-042) were kindly provided by Dr. Kathryn Boor of Cornell University.
Sources for the strains were described in a previmublication(144) Strains were
confirmed by one-step RT-PCR foA andsigB gene expression. For each strain, a loop
of -60°C storage glycerol-culture was inoculated &nansferred three consecutive times
in tryptic soy broth (TSB) (Neogen Corp,, LansiMj) and inoculated at 37°C at 24 h

intervals.

6.2.2. Preparation and analysis of neutral electrdemically activated water
(NECAW)

NECAW was freshly generated from softened tap waersaturated NaCl
solutions by a generator (Zap Water Technology.,, Richfield, MN, USA) at a voltage
range of 7 to 9 volts. After a stable voltage ragdvas reached, NECAW was collected
using a sterile glass bottle from the anode sidegied and used within 2 h post
generation. FAC of NECAW was determined with a @mtest kit by calculating the
drop counts (LaMotte Company, Chestertown, MD). GIRE pH were measured with an
ORP meter (ORPTestr 10, Oakton Instruments Inan®eHills, IL) and a pH meter

(pHTestr 10, Oakton Instruments Inc.), respectively
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6.2.3. Liquid culture testing

For each bacterium, 20 ml of 24-h old cultures wenetrifuged (3, 600 g, 23°C)
for 10 min. Pellets were washed using 10 ml of peptwater (PW, Neogen, Inc.),
centrifuged and re-suspended in 10 ml of PW. Ohefsuspensions were added into
bottles containing 99 ml of liquid sanitizer sotuti(NECAW or deionized water [DIW]
as control). After the bottles were shaken by Han®0 s, mixture (1 ml) were
transferred to 9 ml neutralizing buffer solutioBs2(g/l; Becton, Dickinson and Company,
Sparks, MD) and shaken for 40 s. The neutralizedure was serially diluted for plating

analysiq(7, 11)

6.2.4. Biofilm experiments

Individual strains were prepared as described abmve&uid culture testing.
Suspensions were mixed with 9 ml sterile low nutrieSB (1:10 dilution of normal TSB
solution, LN-TSB) with a dilution of 1:100. Ster&d stainless steel coupons were
immersed into the suspensions, mixed well andnette liquid cultures for 4 h at room
temperature to allow bacteria attachment. Suspessiere poured off and the coupons
were rinsed gently with a circular motion for 10s8ng 1 ml PW in order to remove
unattached microbial cells. The PW were poured@dupons were added with 10 ml
fresh LN-TSB and stayed at room temperature. Af&h, LN-TSB was discarded and
coupons were transferred to a new LN-TSB solut@mrahother 24 h at room temperature.
After this incubation, coupons were rinsed gentithv ml PW twice to remove loosely

attached microbial cells. Then the coupons wermddn a biosafety cabinet for h2).
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Coupons with biofilms were placed into glass tubastaining 10 ml NECAW
100 mg/l FAC or DIW as control, slightly mixed gte®d 2 using a Mdl G-560 Vortex
Genie 2 Mixer (Lehman Scientific, LLC, WrightsvillBA, USA) for 5 s. After 25 s of
stillness, coupons were mixed again for 5 s, thegt ktill for 25 s again. Coupons were
transferred to new glass tubes containing 10 mirakzing buffer solution and mixed at
speed 2 for 5 s. After 35 s of waiting, couponsentesinsferred to 50-ml disposable
plastic tubes containing 10 ml PW and 3 g stelldsgbeads (Sigma-Aldrich Co., St.
Louis, MO, USA), and vortexed heavily for 5 minremove bacteria from the coupons.
A series of ten-fold dilutions of the PW containicgupons and neutralizing buffer were

conducted, respectively after vortexing for dirgletting and enrichment test.

6.2.5. Microbial analysis

WT L. monocytogeneasnd isogenic mutantsinlA, AsigB, AinlAAsigB cultures
were used for a series of stress survival assays0a60 mg/l NECAW for O to 10 min in
liquid cultures, and 0-100 mg/l ECAW for 0-10 mor biofilms. The experiment was
performed using stationary phase microbial cellsctvwere the same phase used for
RNA experiments. Prior to and after NECAW treatmentvival ofL monocytogenes
was enumerated by plating appropriate serial dihgiin peptone water on tryptic soy
agar (TSA) plate after incubation at 37°C for 4&élected colonies from TSA plates

were streaked onto selective agar and incubatedrtfirm the presence of pathogens.
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6.2.6. RNA extraction

RNA was extracted using a TRIzol® Max™ bacteridlARisolation kit (Life
Technologies Corporation, Grand Island, NY, USAgctrial cultures grown overnight
or biofilm cells (recovered by votexing with gldssads) (1.5 ml) were transferred to
pre-chilled microcentrifuge tubes, which were céngred at 6,000 x for 5 min at 4°C.
After centrifugation, the supernatant was decaatetlthe cell pellet was re-suspended in
a 200 pl preheated (95°C) max bacterial enhanceraagént, mixed and incubated at
95°C for 4 min. After that, 1 ml TRIzol® reagentsvadded to the lysate, and the
solution was mixed and incubated at room tempegdtur5 min. Then 0.2 ml cold
chloroform was added, and the solution mixed aodbated at room temperature for 3
min. The samples were centrifuged at 12,§®0r 15 min at 4°C. The colorless upper
phase was transferred to a new tube, to whichm0éold isopropanol was added for
precipitating RNA. The solution was mixed and inatdal at room temperature for 10
min, then centrifuged at 15,000 x g for 10 min%Z 4The supernatant was removed and
the pellet was resuspended in 1 ml 75% ethanoltf@duspension mixed and
centrifuged at 7,500 g for 5 min at 4°C. The resulting RNA pellet was @dired and re-
suspended in 50 ul RNase-free water. RNA concemtratas determined by
abosorbance at 280 nm and the quality was detednip¢he ratio of asborance at 260
nm to that at 280 nm. RNA quality was examineduoyning extracts on 1% agarose

formaldehyde gels.

141



6.2.7. cDNA synthesis

cDNA syntheis was performed using a SuperScriptlBO/M cDNA synthesis
kit (Invitrogen Corp., Carlsbad, CA, USA), accomglito the manufacturer’s protocol,
RNA (100 ng), 4 pl 5xVILO™ reaction mix, 10xSuperpt® enzyme mix, and
diethylpyrocarbonate (DEPC)-treated water were thiogether to a volume of 20 pl.
The mixture was gently mixed and incubated at Z6?Q.0 min, 42°C for 60 min, and
then 85°C for 5 min. Synthesized cDNA was used idiately or stored at -20°C until

used in PCR.

6.2.8. One-step Reverse Transcriptase-Polymerase &h Reactions

The primers (5’ to 3’) used for target genes were:
TGTGACTGGCGCTTTAATTG and GCGTCACGGTTCCACTAAAT asrfeard and
reverse primers fanlA, respectively; CATGAAGATTTAGTTCAAGTTGGAAA and
CACATGCACACTCCATGTTTT as forward and reverse prisiéor sigB, respectively;
CCCTTATGACCTGGGCTACA and CCTACCGACTTCGGGTGTTA asva@rd and
reverse primers for 16S rRNA, respectively; GGTCABI GTAAGCGTGA and
CAGCAACTGGCGATATGAAA as forward and reverse priméos gapdh
respectively.

SuperScript™ [ll one-step Reverse TranscriptasgrRelase Chain Reactions
(RT-PCR) system with Platinum® Taq High Fidelitpitrogen Corp., Carlsbad, CA,
USA) was used to studglA andsigB gene expression in bacterial strains according to

the manufacturer’s instruction. In a 0.2 ml PCReton ice, 25 pl 2x reaction mix, 2.5 pl
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(100 ng) template RNA, 0.5 pl sense and 0.5 plsarise primers (10 uM each), 0.5 ul
SuperScript™ [ll RT/Platinum® Taq High Fidelity gmae superScript mix were added
and mixed with water to 25 pl. Then cDNA synthegés performed with 1 cycle of

55°C for 30 min, and 94°C for 2 min; followed by@&les of PCR amplification (94°C

for 15 s, 55°C for 30 s, and 68°C for 1 min), aachpleted with 68°C for 5 min.

6.2.9. Real time Quantitative PCR (qPCR)

Each reaction mixture was prepared with 7 pl of B®Nand DNase-free water, 1
pl each of sense and anti-sense primer, 10 pl sfenanix and 1 pl ofsynthesized cDNA
template. gPCR was performed using a LightCycle8® éhstrument (Roche Diagnostics

Corporation, Indianapolis, IN, USA).

6.2.10. Statistical analyses

For gPCR data, expression levels of targeted gepes normalized to expression
levels of reference genes of the same s{2bi, 311) Two reference genes, 16S and
rpoB, were chosen as two independent genes for dataatination. Relative gene
expression was evaluated by analysis of varianangrstrains, different NECAW
concentrations, or NECAW treatment time. Analydisariance (ANOVA) and Tukey
test for differences among different groups wemdgomed by SAS software (version
9.1.3, SAS Inst. Inc., Cary, NC, USA). The quanitf&aresults were represented as
means * standard deviations. Comparisons thatedélc 0.05 were denoted as

significant.
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6.3. Results

The effects of NECAW (4 mg/l FAC) treatment forlasg as 10 min omlA or
sigB gene expression &f monocytogends liquid culture were first investigatedgble
6.1). Deionized water (DIW) treatment did not sigreifintly change gene expression
levels for all strains. ExpressioniofA andsigB genes did not significantly increase with
NECAW treatment after 30 s. However, after 5 nmfA andsigBwere significantly up-
regulated for all strains. Further treatment (1@)mesulted in even higher gene
expression levels. The expression ofitilA gene did not increase significantly for strain
AsigB, butsigB gene of the\inlA strain increased similar to that of the WT straing
was at least 3 times greater than controls aftenih0

When the NECAW concentration was increased and eale treated for 5 min,
inlA expression increased significantly in WT while sgnificantly inAsigB (Table 6.2.

In contrastsigBexpression increased significantly in both WT amdA strains. For the
WT strain,sigB expression increased at a greater level @) for instance a
concentration of 6 mg/l FAC caused 6.35- and 2d@-ihcreases, respectively.

Tables 6.3and6.4 show the effects of time and concentration, retbpsy, of
NECAW treatment on gene expression levels of biefil The changes were very similar
to that of liquid cultures. Both expressionimiA andsigBincreased in the WT strain
with increased concentration and time of NECAWtireant.sigB expression of the
AinlA strain increased at similar levels as the WTiibidt expression of thAsigB strain

did not change significantly with increased expedime or FAC concentration.
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Compared to liquid culturesjgB gene expression increased almost 2-fold in biafilm
after NECAW treatment, in both the WT and thelA strain. For instance, after 10 min
of 4 mg/l FAC treatmensigB level in WT was 5.9-fold that of the reference ggim
liquid cultures Table 6.), while the expression reached 10-fold in biofil(hable 6.3.

To investigate the role of the genes on microhiaisal when cells were
exposed to NECAW, survival counts of the faumonocytogenestrains were
performed for the same sublethal FAC concentraa®well as for increased
concentrations. At the maximum FAC and time usedHe gene expression studies (6
mg/l, 10 min) the WT strain count of liquid cultsrevas only reduced by 0.5 log CFU/ml
(Table 6.9. At similar sublethal conditions, the viable coohthesinlA mutant was a
little different from that of the WT, but at highBAC the viability reductions increased
more for thedinlA mutant than the WT. Both thtsigB and thedsigB4inlA mutants were
more sensitive than the WT at 6 mg/g FAC after & Hh min, as average reductions of
more than 1.2 and 2.2 CFU/ml, respectively, wecended.

Tables 6.6, 6.and6.8show the effect of NECAW concentration lon
monocytogenesiofilm viable counts for 30 s, 5 min and 10 miespectively. The viable
count of WT biofilms were reduced a maximum of GFU/coupon when they were
treated for 10 min at 6 mg/l FAQ éble 6.8. MutantsAsigBandAinlAAsigB appeared to
be slightly more sensitive to this concentratiout, the differences were not statistically
significant. At concentrations above 6 mg/l, thdirkg of WT biofilms reached 3 log
CFU/ coupon at 100 mg/l FAC. ThenlA mutant’s sensitivity to NECAW was similar to

that of the WT, even at the higher FAC concentrestid he biofilms ofAsigBand
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AinlAAsigB mutant strains had no detectable survivard.6 log CFU/coupon) at FAC
concentrations of 50 or higher for 10 min. Howevlee, reductions of both strains were

only 1.3 log CFU/ coupon at 100 mg/l FAC after imi

6.4. Discussion

6.4.1. gPCR analyses and reference genes

gPCR conditions normally need to be optimized torgkable and reproducible
data since many possible factors can affect theoowt of the procedui®22) The first
step in a gPCR experiment is typically lysis of ralmal cells. The efficiency of this step
determines the yield of RNA extracted, thus thesgiity of gPCR(322) It was
reported that appropriate kits for RNA extractioar&vrequired depending on the number
of microbial cells(322) In this study, the Trizol®Max™ bacterial RNA istibn kit was
used, as the whole procedure is relatively conversied allowed a relatively large
volume of bacterial solutions.

The second factor for qPCR analysis is the seledfoeference genes. Once
reference genes were chosen, gPCR could be usgadmditatively determine expression
of the target genesijgBandinlA, in the current study. 16S rRNA is a referenceegbiat
has been extensively used for indicating overadlulze mRNA expression levels for
microbial cells at a specific physiological statG&ne expression levels of target genes
were obtained by dividing by 16S rRNA expressiorels according to the formula

described by Vandesompele et al. (20@®), 311) thus allowing the analysis of relative
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target gene expression at a certain physiologiealis . However, reference gene
expression is not always stable, and can be variaider different condition290, 311)

To minimize the influence from reference gene, latsm was to include additional
standard reference genes. For instance, two indepéneference genes could be used to
calculate relative gene expression of target géstes 16S rRNA andjapdhwere both
used as reference genes in our current rép88, 308) The efficiencies of amplification
of theinlA, sigB and reference genes were found to be in the ran@@%-110%,

comparable to that of other reports and satisfadtorgPCR reactiong6, 225)

6.4.2. Stress responses afgB andinlA gene with time

While o® activation was reported via a single pathway umstiesss conditions,
regulation of the expression of stress-responsevianince genes in the® regulon were
hypothesized to require networks involving multiptenscriptional regulatoi®5). Since
o° exists in active or inactive statgst), transcriptional levels af®-dependent genes are
measured for indirect quantification of proteiniaty (55), which is an approach taken
by many researchers including this reseas€texpression is related to the growth phase
of microorganisms. Cultures approaching statiopdigse have the highest expression
(90). However, this expression changes under stregiitamrs. For instance, static
biofilm cells, subjected to a stress condition ofrient deficiency, exhibit 3-fold
increasedaigB expression compared with planktonic c¢888).

Five minute exposure to stress was reported tobegh for activating stress-

induceds®-dependent activity ith. monocytogenes (55, 29®Joreover, activation of the
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sigB gene was proportional to the level of osmoticsstrieaL. monocytogeness quick as
5 min in responsg06) Our results of the effects of NECAW on activatafrsigB and
inlA of L. monocytogenesere consistant with these findings.

Gene expression @flA andsigBin response to stress might be transient. Under
stress conditions, expression levelsigB andinlA increased with time within a certain
period. For examplenlA transcripts significantly accumulates after 5 5mdin of
exposure to osmotic or acid stress conditions coeapi@ the control condition without
stress exposure. However, gene expression rewattsriormal level after a relatively
longer time. In another report, expressiosigB at the mid-exponential growth phase
was found to increase with exposure to osmotesstfor 15 min, then gradually
decreases, indicating that transcriptional actrais transient in response to osmotic
stresg306). In addition,c® activity of L. monocytogenescreases under exposure to a
cold shock for 30 mii§53, 140) but its level was relatively stable from the stay point

after a relatively longer time (48 h) of expos(225).

6.4.3.6° role in L. monocytogenes's resistance to sanitizers

A functionalc® protein was found essential for acquiring resistafL.
monocytogene® stress condition®0). Survival of theAsigB strain is consistently
lower than that of the WT strain in all growth peasinder many stress conditions
including heatind225, 286)Survival is 2- and 4-fold less in mid-log phase an
stationary phase, respectively AsigB strain compared to the WT, regardless of a prior

acid adaptatioff90). ¢° also plays an important role in monocytogené&senhanced

148



resistance to lethal pH or oxidative treatm@a). Ferreira and others (2001) suggested
thatL. monocytogene=ells in the stationary phase have two mechanidrasid
resistance (AR)s®-dependent AR mechanism asftlindependent AR mechanisi@9,
90).

o° was found essential for the survivallofmonocytogenest lethal levels of
many sanitizers, disinfectants or surfactgd#®)) A significant 1-2 log decrease in the
viability of the AsigB mutant strain exposed to lethal concentratiorsidfctants
including benzalkoniumchloride (BC), cetylpyridinuchloride (CPC) and sodium
docecyl sulfate (SDS) was observed along with tideiition ofs® by those disinfectants.
In addition, planktonic cells afsigB mutant strain have a lower survival rate than WT
microbial cells as liquid cultures and biofilrf&79, 308) Howeverc® does not affect the
growth ofL. monocytogeneshen exposed to sublethal levels of those disiafes(270).

Currently, little information is available for thendamental mechanisms at the
molecular level involved ih. monocytogenésresistance to detergents or sanitizers
(270) For instance, it is not clear why short-term saiss increasés monocytogenes
resistance to D, (26). It is highly possible that the® regulon may be critical for this
increased resistan¢270). Our findings on the increased expression leveiroience
gene (nlA) and stress-response gesgB) at sublethal concentration of NECAW
sanitizer treatment supports this conclusidhwas found to upregulate genes related to
adhesion, acid tolerance, bile tolerance and oderarce(270) The evidence af®-
regulated mechanisms of detergent resistance meygdidance information for the

development of novel sanitizg(&70).
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6.4.4. Relation betweemnnlA and sigB
sigBis an autoregulated gene, as expression of the rggulates several other
genes in the® operon andigBitself. The expression of genes in the operon doeés
significantly change under stress conditions ferAkigB mutant strain since ng
responds to extracellular strg886), suggesting that whesigBis presensigB-
dependent genes might be influenced by the envieatmhstress as welb® contributes
to the regulation of virulence gene expressioh.imonocytogengd40). ¢°-dependent
inlA expression was reported previou@l¥0, 143, 290)When exposed to an osmotic
stressjnlA expression of stationary phasemonocytogenesultures is up-regulated
significantly in the WT strain (9-19-foldP&0.05), while in the\sigBstrain, expression
does not change significantly, demonstrating #3as critical for the up-regulation of
inlA during stationary phagé44) In the current result®lA gene expression in the
AsigBstrain did not change significantly when NECAW cenization and time
increased, both for liquid cultures and biofilnfgbles 6.10 6.4), revealing that under
the NECAW stress condition, the expressiomtk was controlled by theigB gene.
Moreover,inlA expressionn theL. monocytogendsogenicAsigB null mutant is
significantly lower than in the WT stra{80). The current results support this conclusion.
However, to make it easier to compare the effelctsoitizing stress on gene expression,
the relative fold changes oflA andsigB expression in the WT anfikigB strains were
calculated by normalizing tolA andsigBlevels under DIW treatment, respectively.

Recently,inlA was further confirmed as transcribed is®adependent way by a qRT-
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PCR experiment, providing direct evidence wfatvas critical for regulatingnlA
virulence gene expression during stress conditiatign the human intesting 40, 290)
Several other factors could also affadf expression including oxidative stress
(39), therefore it is not clear #°-mediated effects oimlA expression were direct or
indirect(144). However, it is certain tharfA regulates the transcription of theAB
locus, ands® contributes tanlAB locus transcription indirectly via controllimgfA
expressior{144). AlthoughinlA is regulated by®, it should be noted that there are
differences between the effects of stresgbh andsigB expression. FanlA, no
significant changes in its transcription levels eveayund for any of three testéd
monocytogenestrains for liver paté?(> 0.05). While forsigB, the relative expression
for one of the strains (strain 6896) is signifitamcreased by 3.2-fold in liver paté with
a 33% reduced NaCl contef<0.001), compared to liver paté with standard NaCl
content P > 0.05)(225). In addition,L. monocytogenegrown on food products with
changed environments may not increase the expressirulence genes includinglA
gene(15). The current results were obtained under one eyptress, NECAW treatment,
with varied treatment duration and NECAW concendret. Changes in the relative
expression o$igBwere greater than that mflA, revealing thasigB gene was more

important thannlA for L. monocytogenesurvival under NECAW treatment.

6.4.5. Homogeneous sensitivity df. monocytogenes cells to sanitizers
L. monocytogendsiofilms were more resistant than planktonic calsanitizers

such as NECAW and peracetic aflé5, 179, 308)as indicated by higher surviving
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counts and lower maximum inactivation rate of Bi§ than their planktonic cel(808)
In food production plants, persistantmonocytogenestrains are thought to be more
tolerant or resistant to cleaning, especially totszers or disinfectant&l39) However,
the increased survival &f monocytogenas food processing plants is not due to an
increase in tolerant subpopulation of bacteridsq@39). A study revealed that a
population ofL. monocytogenasicrobial cells was homogenous in sensitivity to an
acidic disinfectan{139).

Overall, biofilm formation and antimicrobial effscof sanitizers oh.
monocytogeneis very complicated. One certainty is that the itihn of ® by sublethal
levels of cleaning or sanitizing agents as a sirei®e food industry might increase the
pathogen’s resistance, causing potential safetgerois(270). Future experiments
including examination of both RNA and protein lesselill be essential for elucidating
the roles okigB andinlA genes irl.. monocytogena®sistance. Also, specific agents

targetingsigBor inlA can be develope@33).

6.5. Conclusion

inlA andsigB play important roles in the survival and sanitignesistance df.
monocytogeneasicrobial cellsThe current study found thestogenicinlA andsigB
mutants were able to form biofilms, revealing tthegtse two genes were not the decisive
factors for biofilm formation. After NECAW treatmgrexpression of both genes
increased in WT. WhilsigB gene expression of tienlA strain increased at a level

comparable to that of WTnlA gene expression of thiesigB strain did not change
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significantly. Both genes were expressed moreafilbis than in liquid cultures. Mutant
strains QinlA, AsigB, AinlAAsigB) were more sensitive to NECAW treatment than the
WT strain.ThesigB gene was more important thieahA for pathogen survival under

NECAW treatment. Surviving. monocytogenesells post-sublethal NECAW treatment

might become resistant to further sanitizer treatme
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Table 6.1.Effect of neutral electrochemically activated wgtéECAW, 4 mg/l free

available chlorine) treatment time oA or sigB geneexpression of liquid cultures of

Listeria monocytogenes wild type (WT) anddinlA, 4sigB strains determined by qPCR.

Two housekeeping genes, 16S aooB were used for reference of expression level.

Treatment Relative gene expression level
_ inlA sigB
Time
(min) WT AsigB WT AinlA
DIW 0.5 1.00+0.09 Ca 1.00+0.27 Aa 1.00+0.11 Ca  1.00+0.22 Ca
5 1.01+0.11 Ca  0.98+0.13 Aa 1.06+0.28 Ca  1.01+0.23 Ca
10 0.9940.13Ca  1.16+0.20 Aa 1.14+0.19Ca  1.16+0.21 Ca
NECAW 0.5 1.53+0.36 1.42+0.38 Aa 1.82+0.66 BCal.95+0.57 BCa
BCa
5 2.26+£0.77 Bab 1.49+0.74 Ab  3.72+1.61 ABa3.57+1.71 ABab
10 4.28+0.96 1.68+0.71 Ab 5.91+3.08 Aa  4.79+2.37 Aab
Aab

DIW: de-ionized water.

Within each row, means with different lowercas¢elet are significantly differenP(<

0.05).

Within each column, means with different capitdides are significantly differenP(<

0.05).
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Table 6.2.Effect of the concentration of free available chie (FAC) in neutral

electrochemically activated water (NECAW) treatmemtheinl A or sigB gene

expression of liquid cultures afsteria monocytogenesild type (WT) and4inlA, 4sigB

strains after 5 min incubation using gPCR. Two le#@eeping genes, 16S armbB were

used for reference of expression level.

Relative gene expression level

FAC inlA sigB
(mgfl)
WT AsigB WT AinlA
0 1.00£0.07 Ca 1.00+0.14 Aa  1.00+0.09 Ba 1.00+@&6
2 1.31+0.33 BCa 1.34+0.59 Aa  2.08+0.84 Ba 1.89+®BCa
4 2.11+0.89 ABab  1.59+0.75 Ab 3.97+1.58 ABa 3.8881ABa
6 2.5240.41 Ab 1.58+1.12 Ab  6.35+3.44 Aa 4.67+20Bb

Within each row, means with different lowercas¢elet are significantly differenP(<

0.05).

Within each column, means with different capitdides are significantly differenP(<

0.05).
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Table 6.3.Effect of neutral electrochemically activated wgteECAW, 4 mg/l free

available chlorine) treatment time oA or sigB geneexpression of biofilms dfisteria

monocytogenes wild type (WT) anddinlA, 4sigB strains determined by qPCR. Two

housekeeping genes, 16S apdB were used for reference of expression level.

Treatment Relative gene expression level
inlA sigB
Time
(min) WT AsigB WT AinlA
DIW 0.5 1.00+£0.11 Ca 1.00+0.16 Aa 1.00+0.20 Ba  1.00+®a6
5 1.04+0.30 Ca 1.12+0.24 Aa 1.01+0.30 Ba  0.96+@Bal
10 1.06+0.24 Ca 1.04+0.23 Aa 1.05+0.23 Ba 1.17+B&2
NECAW 0.5 1.86+0.26 BCab 1.40+0.49 Ab 2.94+1.10Ba 2.66+0.60 Ba
5 4.17+2.26 ABab 1.63+0.87 Ab 8.55+3.28 Aa  7.86%3.64 Aa
10 5.51+2.75 Aab 1.73+0.88 Ab  10.05+3.60 Aa  9.89+4A%5

DIW: de-ionized water.

Within each row, means with different lowercas¢elet are significantly differenP(<

0.05).

Within each column, means with different capitdides are significantly differenP(<

0.05).
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Table 6.4.Effect of the concentration of free available ciie (FAC) in neutral

electrochemically activated water (NECAW) treatmenttheinlA or sigBgene

expression of biofilms dfisteria monocytogenesild type (WT) and4inlA, 4sigB

strains after 5 min incubation using gPCR. Two leé@eeping genes, 16S armbB were

used for reference of expression level.

FAC

Relative gene expression level

inlA sigB
(ma/l)
WT AsigB WT AinlA
0 1.00£0.16 Ca 1.00+0.21 Aa 1.00£0.20 Ca 1.0D2Ba
2 2.11+0.18 1.20+0.47 Ab 3.44+1.57 BCa 3.34+0.82 Ba
BCab
4 3.61+1.71 ABb 1.39+0.66 Ab 8.50+3.25 ABa &306 Aa
6 5.06£1.95 Ab 1.58+1.15 Ab 14.01+7.46 Aa 12.6144A&

Within each row, means with different lowercas¢elet are significantly differenP(<

0.05).

Within each column, means with different capitdides are significantly differenP(<

0.05).
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Table 6.5.Effect of the concentration of free available chie (FAC) in neutral

electrochemically activated water (NECAW) on liqueidture viable count dfisteria

monocytogenewild type (WT) and mutadinlA, AsigB strains.

Time FAC Viable count reduction®
(min) (mgll) (log CFU/ml)
WT AinlA AsigB AinlAAsigB
0.5 0 0.00£0.00 A 0.00+0.00 A 0.00+0.00 A 0.00+0400
2 0.04+0.12 A 0.05+0.03 A 0.11+0.05 A 0.20£0.15 A
4 0.02+0.05 A 0.07£0.03 A 0.44+0.54 A 0.55+0.14 A
6 0.20+0.21 A 0.62+0.33 A 0.82+0.60 A 0.87+0.27 A
10 1.27+0.42 B 1.49+0.29 AB 1.86+0.24 AB 2.00+0/26
20 4.43+0.40 A 4.98+0.49 A >5.11+0.07 >5.05+0.04
5.0 0 0.00£0.00 A  0.00+0.00 A 0.00+£0.00 A 0.00+£0400
0.02+0.11 B 0.05£0.13 B 0.24+0.03 AB  0.41+0.17 A
0.03£0.10B 0.08+0.13 B 0.97£0.29 A 1.07+0.33 A
0.45£0.30 B 0.79+£0.30 AB 1.23+0.39 A 1.32+0.31 A
10 1.68+0.35B 1.82+0.42 B 2.34+0.17 AB  2.83+0433
20 >5.29+0.05 >5.23+0.08 >5.12+0.09 >5.03+0.08
10.0 0 0.00+0.00 A 0.00+0.00 A 0.00+£0.00 A 0.00£040
0.03+0.11 B 0.11+0.15B 0.43£0.12 A 0.62+0.06 A
0.11+0.13C 0.18+0.15C 1.58+0.36 B 2.17+0.33 A
0.54+0.26 B 0.93+0.30 B 2.23x0.43 A 2.45+0.46 A
10 1.98+0.27 C 2.77£0.44 B 3.15£0.34 AB  3.63x027
20 >5.28+0.03 >5.23+0.11 >5.14+0.10 >5.05+0.11

& Within each row, means with different cap lettars significantly different® < 0.05).
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Table 6.6.Effect of the concentration of free available ciie (FAC) in neutral

electrochemically activated water (NECAWteria monocytogenasable count of

wild type (WT) and mutandinlA, 4sigB strains biofilms on stainless steel coupons

treated for one minute.

FAC Viable count reduction after 1 mirf
(mg/l) (log CFU/coupon)
WT AinlA AsigB AinlAAsigB
0 0.00+0.00 A 0.00+0.00 A 0.00+0.00 A 0.00+0.00 A
2 -0.03+0.15 A 0.00+0.15 A 0.01+0.28 A 0.17+0.84 A
4 0.10+0.19 A 0.16+0.26 A 0.21+0.39 A 0.27+0.71 A
6 0.31+0.35 A 0.36+0.31 A 0.42+0.39 A 0.39+0.40 A
10 0.39+0.29 A 0.43+0.25 A 0.50+0.26 A 0.49+0.24 A
20 0.73x0.32 A 1.01+0.83 A 1.03+0.84 A 0.98+0.80 A
50 0.77+0.76 A 0.89+0.87 A 0.98+0.87 A 1.02+1.01 A
100 1.14+0.42 A 1.31+1.01 A 1.34+0.96 A 1.30+0.93 A

& Wwithin each row, means with different cap lettars significantly differentR < 0.05).

159



Table 6.7.Effect of the concentration of free available ciie (FAC) in neutral

electrochemically activated water (NECAWteria monocytogenasable count of

wild type (WT) and mutandinlA, 4sigB strains biofilms on stainless steel coupons

treated for five minutes.

FAC Viable count reduction after 5 mirf
(mg/l (log CFU/coupon)
WT AinlA AsigB AinlAAsigB

0 0.00+0.00 A 0.00+0.00 A 0.00+0.00 A 0.00+0.00 A
2 0.22+0.10 A 0.20+0.14 A 0.32+0.25 A 0.28+0.33 A
4 0.06+0.55 A 0.0940.47 A 0.55+0.75 A 0.4840.74 A
6 0.20+0.54 A 0.16+0.44 A 0.45+0.54 A 0.47+0.65 A
10 0.37+0.39 A 0.36+0.36 A 0.75+0.32 A 0.79+0.36 A
20 0.79+0.51 A 0.79+0.43 A 1.12+0.53 A 1.18+0.49 A
35 1.12+0.62 A 1.07+0.51 A 1.43+0.64 A 2.22+1.25 A
50 1.61+0.82 A 1.56+0.78 A 2.01+0.85 A >4.62+0.22
75 2.30+0.61 A 2.24+0.62 A 3.15+0.58 A >4.62+0.22

100 3.00+0.36 A 3.09+0.43 A >4.73+0.12 >4.62+0.22

& Within each row, means with different cap lettars significantly different® < 0.05).
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Table 6.8.Effect of the concentration of free available chie (FAC) in neutral

electrochemically activated water (NECAWteria monocytogenasable count of

wild type (WT) and mutandinlA, 4sigB strains biofilms on stainless steel coupons

treated for 10 minutes.

FAC Viable count reduction after 10 ndin
(mg/l (log CFU/coupon)
WT AinlA AsigB AinlAAsigB

0 0.00+0.00 A 0.00+0.00 A 0.00+0.00 A 0.00+0.00 A
2 0.09+0.14 A 0.09+0.17 A 0.13+0.24 A 0.22+0.28 A
4 0.28+0.41 A 0.29+0.44 A 0.77+0.57 A 0.88+0.57 A
6 0.72+0.31 A 0.78+0.31 A 1.00+0.19 A 1.10+0.35 A
10 0.96+0.76 A 1.14+0.81 A 1.45+1.06 A 1.93+1.13 A
20 1.12+0.36 A 1.16+1.08 A 1.49+1.23 A 1.55+1.25 A
35 1.74+0.81 A 1.85+1.33 A 2.97+0.55 A 2.59+1.46 A
50 2.39+0.73 A 2.69+0.76 A >4.73%+0.12 >4.62+0.22
75 2.77£0.75 A 3.39+0.19 A >4.73+0.12 >4.62+0.22

100 3.16+0.33 A 3.82+0.52 A  >4.73+0.12 >4.62+0.22

& Within each row, means with different cap lettars significantly differentR < 0.05).
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Appendices

Al. Survival ofEscherichia coli0157:H7 cells (log CFU rit) in liquid cultures after
exposure to neutral electrochemically activatecew@ECAW). Distilled ionized water
(DIW) was used as control.

Trial Strain Initial DIW NEC;QW
Trial 1 ATCC 43890 9.05 6.98 2.18
9.09 7.03 2.18
ATCC 43895 922 7.14 5.39
9.18 7.15 5.23
2028 9.18 7.14 2.88
9.26 7.17 2.30
2029 9.29 7.21 <2.00
9.23 7.16 <2.00
2257 9.23 7.08 <2.00
9.16 7.08 <2.00
4719 9.19 7.01 4.33
9.22 7.12 4.21
6058 9.16 7.19 <2.00
9.14 7.17 <2.00
86-24 9.25 7.15 <2.00
9.17 7.10 <2.00
EK1 TWO8609 9.15 7.2 <2.00
9.25 7.19 <2.00
EK27 TWO 8635 8.69 6.60 <2.00
8.73 6.67 <2.00
E32511 TWO2383 9.07 7.05 <2.00
9.16 7.11 <2.00
Trial 2 ATCC 43890 9.16 6.95 2.00
9.09 6.98 2.40
ATCC 43895 9.23 7.15 5.17
9.26 7.13 5.22
2028 9.22 7.17 <2.00
9.24 7.16 <2.00
2029 9.30 7.22 <2.00
9.26 7.17 <2.00
2257 9.10 7.05 <2.00
9.22 7.11 <2.00
4719 9.02 6.96 4.10

9.04 6.93 <2.10
190



6058 8.98 7.04 <2.00
9.21 7.18 <2.00

86-24 9.23 7.12 <2.00
9.17 7.13 <2.00
EK1 TWO8609 9.16 7.10 <2.00

9.17 7.09 <2.00
EK27 TWO 8635 8.79 6.76 <2.00
8.77 6.71 <2.00
E32511 TWO2383 9.04 6.98 <2.00
8.87 6.71 <2.00

Note: the free available chlorine of the NECAW vB8smg I}, treatment time was 30 s.
Detection limit: 2 log CFU mi. All NECAW-100 were below the detection limit (<
2.00).
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A2. Survival ofListeria monocytogene=lls (log CFU mif) in liquid cultures after
exposure to neutral electrochemically activatecew@®ECAW). Distilled ionized water
(DIW) was used as control.

Trial Initial DIW NECAW

Strain 50
Trial 1 ATCC 19115 9.32 6.59 <2.00
9.27 6.79 <2.00
UMN-VM 9.20 7.19 <2.00
9.32 7.21 <2.00
DUP-1030A 9.34 7.22 <2.00
9.26 7.23 <2.00
DUP-1038 9.37 7.47 <2.00
9.48 7.57 <2.00
DUP 1044A 9.01 7.01 <2.00
9.21 7.06 <2.00
2349 9.16 7.16 <2.00
9.21 7.21 <2.00
2422 8.82 6.59 <2.00
9.03 6.79 <2.00
3528 9.24 7.24 <2.00
9.21 7.22 <2.00
Trial 2 ATCC 19115 9.25 7.23 <2.00
9.37 7.27 <2.00
UMN-VM 9.27 7.14 <2.00
9.31 7.22 <2.00
DUP-1030A 9.34 7.20 <2.00
9.31 7.25 <2.00
DUP-1038 956 7.52 <2.00
9.61 7.55 <2.00
DUP 1044A 9.09 7.02 <2.00
9.06 7.00 <2.00
2349 9.20 7.15 <2.00
9.23 7.21 <2.00
2422 8.85 6.65 <2.00
8.86 6.59 <2.00
3528 9.23 7.25 <2.00

9.18 7.23 <2.00

192



A3. Survival ofSalmonella entericaells (log CFU nif) in liquid cultures after exposure
to neutral electrochemically activated water (NECAWDistilled ionized water (DIW)
was used as control.

Trial Sevovar Strain Initial DIW NECAW
-50
Trial 1 Typhimurium 700408 8.88 6.79 2.54
9.09 7.13 3.60
ATCC 14028 9.24 7.07 3.45
9.27 7.13 3.70
E2009005811 9.26 7.07 <2.00
9.35 7.02 <2.00
UK-1 9.29 7.09 <2.00
9.18 7.13 <2.00
1503 9.18 7.11 <2.00
9.30 7.24 <2.00
1526 9.21 7.20 <2.00
9.35 7.26 <2.00
1534 9.14 7.04 <2.00
8.98 6.88 <2.00
1535 7.15 7.15 <2.00
7.13 7.13 <2.00
1536 9.15 7.19 <2.00
8.92 7.16 <2.00
1740 9.21 7.03 <2.00
9.24 7.05 <2.00
1758 9.34 7.31 <2.00
9.42 7.33 <2.00
Newport AMO 7073 9.12 6.83 <2.00
8.91 6.83 <2.00
AMO 7076 9.24 7.08 2.00
9.36 7.13 2.18
AMO 5313 8.97 6.99 3.95
9.12 6.99 4.38
B4442CDC 9.23 7.16 <2.00
9.17 7.10 <2.00
Enteritidis 2009595 9.30 7.28 <2.00
9.38 7.30 <2.00
95657613 9.23 7.20 <2.00
9.28 7.24 <2.00
Tennessee E2007000302 9.19 7.39 3.40
9.34 7.41 3.39
Montevideo 95573473 9.34 7.20 <2.00

9.37 7.24 <2.00
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Agona FDA

Saintpaul E2008001236

Trial 2 Typhimurium 700408
ATCC 14028
E2009005811
UK-1
1503
1526
1534
1535
1536
1740
1758
Newport AMO 7073
AMO 7076
AMO 5313
B4442CDC
Enteritidis 2009595
95657613
Tennessee E2007000302

Montevideo 95573473
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9.23
9.19
9.29
9.13

8.98
8.87
9.23
9.19
9.31
9.24
9.14
9.28
9.16
9.20
9.20
9.27
9.17
8.98
9.23
9.17
9.23
9.20
9.22
9.10
9.35
9.43
9.01
9.07
9.19
9.28
9.11
8.87
9.24
9.15
9.31
9.22
9.15
9.23
9.39
9.45
9.38
9.46

7.03
6.94
7.07
7.10

6.82
6.72
7.10
7.11
6.94
7.09
7.13
7.11
7.07
7.12
7.12
7.19
7.01
6.95
7.14
7.08
7.16
7.13
7.04
7.01
7.34
7.31
6.85
6.85
7.04
7.04
6.94
6.87
7.16
7.10
7.22
7.21
6.92
7.00
7.35
7.38
7.12
7.16

2.00
2.32
4.33
3.04

2.30
3.56
3.42
3.66
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
4.33
4.21
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
413
2.30
3.76
4.10
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
3.76
4.10
<2.00
<2.00



Agona FDA 9.34 7.06 2.00
9.24 7.15 2.62
Saintpaul E2008001236 9.27 7.11 4.43
9.13 7.07 3.11
Note: the free available chlorine of the NECAW vs@smg I, treatment time was 30 s.
Detection limit: 2 log CFU mit. All NECAW-100 were below the detection limit (<
2.00).

195



B1. Effect of water fractions previously treated walifferent electrolysis technology on
the viability of Escherichia colD157:H7 liquid cultures.

Trial  Strain Survival count after treatment (log CFU/ml)
Control lonator Salt Lotus ECAW-50° ECAW-
lonator” 100"
Trial1 ATCC 7.01 7.00 7.10 7.00 2.18 <2.00
43890 7.04 7.01 7.04 7.06 2.00 <2.00
ATCC 7.15 7.14 7.14 7.21 5.43 <2.00
43895 7.17 7.16 7.20 7.29 4.14 <2.00
2028 7.14 7.08 7.08 6.98 2.00 <2.00
7.19 7.19 7.15 7.13 2.00 <2.00
2257 7.10 7.07 7.11 7.06 <2.00 <2.00
7.07 7.12 7.08 7.09 2.00 <2.00
2029 7.21 7.14 7.18 7.14 <2.00 <2.00
7.14 7.17 7.13 7.05 <2.00 <2.00
Trial2 ATCC 7.01 6.99 6.97 6.92 2.40 <2.00
43890 7.08 7.08 7.10 7.13 1.70 <2.00
ATCC 7.19 7.07 7.06 6.93 4.57 <2.00
43895 7.14 7.24 7.17 7.12 5.44 <2.00
2028 7.11 7.15 7.15 7.15 2.00 <2.00
7.23 7.16 7.11 7.11 <2.00 <2.00
2257 7.23 7.04 6.97 6.93 <2.00 <2.00
7.19 7.15 7.13 7.10 <2.00 <2.00
2029 7.07 7.18 7.13 6.98 <2.00 <2.00
7.16 7.21 7.23 7.17 <2.00 <2.00

® Salt lonator means lonator using 0.1% NaCl (wohison.
¢ Concentration: FAC 50 mgl/l.

4 Concentration: FAC 100 mg/l.

© Detection limit: 2.00 log CFU/m.
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B2. Effect of water fractions previously treated walifferent electrolysis technology on
the viability of Salmonella spgiquid cultures.

Trial  Serovar and Survival count after treatment (log CFU/ml)
Strain
Control lonator Salt Lotus ECAW- ECAW-
lonator” 50F 100"
Trial 1 Typhimurium 7.04 7.00 7.06 6.95 3.38 <2.00
ATCC 14028  7.13 7.08 7.15 7.06 3.69 <2.00
Typhimurium  7.09 7.02 7.08 7.03 <2.00 <2.00
E2009005811 7.05 7.04 7.02 7.00 2.30 <2.00
Enteritidis 7.28 7.26 7.30 7.24 <2.00 <2.00
2009595 7.31 7.34 7.36 7.29 <2.00 <2.00
Tennessee 7.36 7.23 7.32 7.23 3.29 <2.00
E2007000302 7.39 7.24 7.38 7.43 3.35 <2.00
Saintpaul 7.10 7.05 7.00 7.07 3.94 <2.00
E2008001236 7.16 7.17 7.11 7.18 3.24 <2.00
Trial 2 Typhimurium 7.10 7.07 7.11 7.05 3.15 <2.00
ATCC 14028 7.14 7.07 7.16 7.08 3.69 <2.00
Typhimurium  6.94 6.89 6.95 6.95 <2.00 <2.00
E2009005811 7.09 7.08 7.07 7.09 <2.00 <2.00
Enteritidis 7.22 7.11 7.18 7.19 <2.00 <2.00
2009595 7.23 7.24 7.18 7.20 <2.00 <2.00
Tennessee 7.27 7.31 7.23 7.05 2.48 <2.00
E2007000302 7.35 7.40 7.37 7.32 3.10 <2.00
Saintpaul 7.01 7.04 7.03 6.89 4.39 <2.00
E2008001236 7.22 7.09 7.14 7.04 3.16 <2.00

P Salt lonator means lonator using 0.1% NaCl (wlyton.
¢ Concentration: FAC 50 mgl/l.

4 Concentration: FAC 100 mgl/l.
® Detection limit: 2.00 log CFU/m.
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B3. Effect of water fractions previously treated walifferent electrolysis technology on

the viability ofListeria monocytogendjuid cultures.

Trial Strain Survival count after treatment (log CFU/ml)
Control lonator Salt Lotus ECAW- ECAW-
lonator” 50F 100°
Trial1 ATCC 19115  7.23 7.15 7.17 7.16 <2.00 <2.00
7.26 7.19 7.22 7.23 <2.00 <2.00
DUP-1030A 7.22 7.19 7.20 7.18 <2.00 <2.00
7.26 7.23 7.19 7.23 <2.00 <2.00
DUP-1038 7.48 7.45 7.48 7.46 <2.00 <2.00
7.58 7.55 7.56 7.53 <2.00 <2.00
DUP-1044A 7.12 7.12 7.08 6.99 <2.00 <2.00
7.17 7.19 7.15 7.11 <2.00 <2.00
2422 6.51 6.37 6.63 6.38 <2.00 <2.00
6.59 6.56 6.54 6.51 <2.00 <2.00
Trial2 ATCC 19115 7.20 7.05 7.13 7.21 <2.00 <2.00
7.28 7.28 7.23 7.26 <2.00 <2.00
DUP-1030A 7.20 7.14 7.19 7.17 <2.00 <2.00
7.25 7.20 7.21 7.22 <2.00 <2.00
DUP-1038 7.51 7.49 7.47 7.50 <2.00 <2.00
7.56 7.53 7.52 7.56 <2.00 <2.00
DUP-1044A 7.03 7.04 7.06 7.05 <2.00 <2.00
7.02 7.06 7.13 7.02 <2.00 <2.00
2422 6.62 6.60 6.67 6.57 <2.00 <2.00
6.61 6.63 6.61 6.64 <2.00 <2.00

P Salt lonator means lonator using 0.1% NaCl (wblyton.
¢ Concentration: FAC 50 mgl/l.

4 Concentration: FAC 100 mgl/l.

© Detection limit: 2.00 log CFU/m.
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B4. Survival ofEscherichia colilO157:H7 dried on coupons after treatment with
antimicrobial water treatments (log CFU/coupon).

Trial Strain Testing Survival count after treatment
fraction
Control  lonator Salt Lotus ECAW-
lonator® 100F
Trail ATCC Coupon  2.40 2.18 2.40 230 <2.00°
1 43890 2.65 2.48 2.30 2.40 <2.00
Cloth 3.42 3.39 3.45 3.43 <2.00
3.49 3.45 3.39 3.40 <2.00
Rinse 6.86 6.77 6.74 6.77 <2.00

6.57 6.64 6.62 6.65 <2.00
ATCC Coupon 3.26 2.93 3.06 3.00 <2.00

43895 3.06 2.93 2.85 2.98 <2.00
Cloth 3.31 3.44 3.43 3.45 <2.00

3.56 3.43 3.37 3.39 <2.00

Rinse 6.49 6.55 6.75 6.60 <2.00

6.74 6.77 6.70 6.81 <2.00
2028 Coupon 2.95 2.60 2.40 2.40 <2.00
3.26 2.78 3.11 2.74 <2.00

Cloth 4.07 3.99 3.92 3.95 <2.00
4.16 4.10 4.16 4.03 <2.00
Rinse 6.76 6.79 6.81 6.76 <2.00

6.41 6.30 6.36 6.32 <2.00
2257 Coupon 2.18 2.54 2.30 2.60 <2.00
3.54 2.00 2.18 2.00 <2.00

Cloth 4.16 4.05 4.00 4.08 <2.00
3.59 3.62 3.77 3.39 <2.00
Rinse 6.40 6.40 6.45 6.37 <2.00

6.46 6.59 6.54 6.56 <2.00
2029 Coupon 2.00 2.18 2.40 2.40 <2.00
2.00 2.60 2.40 2.18 <2.00

Cloth 3.56 3.44 3.37 3.53 <2.00
3.36 3.54 3.58 3.41 <2.00
Rinse 6.92 6.98 6.94 7.01 <2.00

6.47 6.49 6.47 6.46 <2.00

Trial ATCC Coupon 2.18 2.30 2.40 2.30 <2.00

2 43890 2.30 2.30 2.60 2.40 <2.00
Cloth 3.50 3.44 3.48 3.40 <2.00

3.57 3.65 3.61 3.62 <2.00

Rinse 6.51 6.62 6.65 6.63 <2.00

6.46 6.52 6.59 6.48 <2.00
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ATCC Coupon
43895
Cloth
Rinse
2028 Coupon
Cloth
Rinse
2257 Coupon
Cloth
Rinse
2029 Coupon
Cloth

Rinse

3.00
2.74
3.48
3.39
6.69
6.86
2.88
2.85
4.07
4.11
6.53
6.44
2.98
2.18
4.17
3.48
6.49
6.45
3.06
3.22
3.54
3.42
6.09
6.00

3.04
2.81
3.43
3.46
6.64
6.86
2.40
2.93
4.04
4.08
6.57
6.51
2.00
2.00
4.07
3.37
6.50
6.51
2.00
2.18
3.44
3.36
6.16
6.24

3.13
2.98
3.41
3.40
6.84
6.70
2.65
3.02
4.07
4.11
6.50
6.39
2.65
2.00
4.09
3.45
6.55
6.51
2.00
2.40
3.39
3.40
6.15
6.44

2.95
2.81
3.39
3.35
6.64
6.84
2.54
2.74
4.03
3.95
6.57
6.36
2.30
2.00
4.05
3.41
6.49
6.47
2.18
<2.00
3.38
3.20
6.16
6.24

<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00

P Salt lonator means lonator using 0.1% NaCl (wlyton.
¢ Concentration: FAC 100 mg/I.

9 Detection limit: 2.00 log CFU/coupon.
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B5. Survival ofSalmonella sppried on coupons after treatment with antimicroliater
treatments (log CFU/coupon).

Trial Strain Testing Survival count after treatment
fraction
Control  lonator Salt Lotus ECAW-
lonator® 100F
Trail Typhimurium Coupon  3.53 3.48 3.49 344  <2.00
1 ATCC 14028 5.04 2.90 2.98 2.95
Cloth 3.27 3.19 3.24 3.15 <2.00
3.83 3.73 3.74 3.76
Rinse 7.16 7.18 7.17 7.13 <2.00

6.69 6.74 6.74 6.66
Typhimurium Coupon 3.66 3.63 3.66 3.45 <2.00

E2009005811 3.86 3.82 3.84 3.87
Cloth 3.93 3.91 3.89 3.53 <2.00

3.99 3.96 3.94 4.01
Rinse 6.67 6.69 6.66 6.62 <2.00

7.15 7.22 7.22 7.14
Enteritidis Coupon 3.97 3.67 3.69 3.84 <2.00

2009595 3.98 3.57 3.59 4.01
Cloth 3.95 3.87 3.88 3.53 <2.00

4.04 3.76 3.78 411
Rinse 7.04 6.98 6.97 6.99 <2.00

7.03 6.93 6.95 6.95
Tennessee  Coupon 3.11 2.90 3.10 2.90 <2.00

E2007000302 3.33 3.19 3.22 3.04
Cloth 3.80 3.73 3.74 3.64 <2.00

4.01 3.96 4.03 3.84
Rinse 6.86 6.90 6.90 6.76 <2.00

7.07 7.09 7.07 7.00
Saintpaul Coupon  3.87 3.52 3.54 3.69 <2.00

E2008001236 3.95 3.74 3.71 3.82
Cloth 3.47 3.68 3.77 3.30 <2.00
4.05 3.86 3.84 3.53
Rinse 6.85 6.80 6.78 6.64 <2.00
7.17 7.21 7.23 7.10
<2.00
Trial Typhimurium Coupon  3.51 3.48 3.43 3.26 <2.00
2 ATCC 14028 3.10 3.06 3.13 3.13
Cloth 3.28 3.19 3.13 3.16 <2.00
3.76 3.76 3.73 3.78
Rinse 7.18 7.17 7.18 7.15 <2.00

6.75 6.81 6.86 6.77
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Typhimurium Coupon
E2009005811
Cloth

Rinse
Enteritidis Coupon
2009595

Cloth

Rinse
Tennessee  Coupon
E2007000302

Cloth

Rinse
Saintpaul Coupon
E2008001236

Cloth

Rinse

3.79
3.76
3.98
3.93
6.66
7.21
3.23
3.28
3.76
3.48
6.51
6.92
3.26
3.50
4.02
4.12
7.27
7.36
4.11
3.57
4.24
3.31
7.17
7.24

3.67
3.78
3.93
3.93
6.73
7.18
3.31
3.40
3.56
3.62
6.48
6.84
3.18
3.48
4.00
4.10
7.29
7.35
3.77
3.86
3.94
4.00
7.19
7.21

3.66
3.80
3.92
3.95
6.75
7.17
3.31
3.45
3.54
3.66
6.44
6.82
3.22
3.59
4.06
4.12
7.32
7.36
3.69
4.12
3.87
4.09
7.17
7.18

3.66
3.69
3.83
3.77
6.63
7.16
2.95
3.06
3.41
3.16
6.59
6.79
3.10
3.60
3.92
4.12
7.22
7.38
4.12
3.34
4.08
281
7.11
7.26

<2.00

<2.00

<2.00

<2.00

<2.00

<2.00

<2.00

<2.00

<2.00

<2.00

<2.00

<2.00

P Salt lonator means lonator using 0.1% NaCl (wblyson.

¢ Concentration: FAC 100 mg/I.

9 Detection limit: 2.00 log CFU/coupon.
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B6. Survival ofListeria monocytogeneairied on coupons after treatment with

antimicrobial water treatments (log CFU/coupon).

Trial Strain Testing Survival count after treatment
fraction
Control  lonator Salt Lotus ECAW-
lonator® 100F
Trail ATCC 19115 Coupon  3.10 3.13 3.02 3.15 <2.00'
1 3.06 2.98 2.90 3.06 <2.00
Cloth 3.06 2.95 2.95 3.02 <2.00
3.20 3.10 3.10 3.19 <2.00
Rinse 6.42 6.15 6.12 6.17 <2.00
6.05 6.22 6.24 6.24 <2.00
DUP-1030A Coupon 3.24 3.16 3.22 3.42 <2.00
3.20 2.88 2.70 3.00 <2.00
Cloth 3.16 3.31 3.37 3.55 <2.00
3.40 2.74 2.78 3.27 <2.00
Rinse 6.23 6.17 6.16 6.24 <2.00
6.58 6.09 6.07 6.17 <2.00
DUP-1038 Coupon 3.51 3.34 3.66 3.19 <2.00
3.63 3.40 3.40 3.29 <2.00
Cloth 3.52 3.23 3.34 3.38 <2.00
3.73 3.20 3.45 3.23 <2.00
Rinse 7.55 6.36 6.41 6.41 <2.00
7.66 7.42 7.36 7.56 <2.00
DUP-1044A Coupon  3.51 3.35 3.43 3.53 <2.00
3.53 3.08 3.08 2.98 <2.00
Cloth 3.56 3.37 3.31 3.39 <2.00
3.64 3.13 3.29 3.08 <2.00
Rinse 7.31 6.28 6.21 6.35 <2.00
6.80 6.75 6.86 6.80 <2.00
2422 Coupon  3.41 2.95 3.06 3.19 <2.00
3.24 3.37 3.22 3.45 <2.00
Cloth 3.48 2.98 3.11 3.58 <2.00
3.32 2.98 3.35 3.35 <2.00
Rinse 6.43 6.12 6.10 6.18 <2.00
6.90 6.84 6.86 6.87 <2.00
Trial ATCC 19115 Coupon  3.15 2.93 3.11 3.10 <2.00
2 3.63 3.58 3.51 3.56 <2.00
Cloth 3.02 3.93 3.13 2.95 <2.00
3.20 3.51 3.48 3.62 <2.00
Rinse 3.02 4.95 5.03 4.97 <2.00
3.45 6.24 6.24 6.27 <2.00
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DUP-1030A Coupon
Cloth
Rinse
DUP-1038 Coupon
Cloth
Rinse
DUP-1044A Coupon
Cloth
Rinse
2422 Coupon
Cloth

Rinse

3.65
2.93
3.55
3.28
6.67
7.44
2.85
3.16
2.93
3.38
5.96
5.97
3.30
2.88
3.55
3.02
6.43
5.89
2.95
3.13
2.90
3.41
5.79
6.56

3.47
3.30
3.20
3.23
6.63
7.44
2.93
2.85
2.70
2.60
5.85
5.84
2.85
2.95
3.00
3.00
6.21
5.75
2.95
3.19
2.90
3.36
5.79
5.38

3.36
3.26
3.29
3.31
6.61
7.42
2.81
2.88
3.06
3.02
5.88
5.87
2.95
3.45
3.00
3.32
6.25
5.70
2.85
3.23
2.90
3.43
5.66
5.38

3.66
3.18
3.72
3.24
6.68
7.47
3.13
2.74
3.23
2.95
5.97
5.88
2.70
2.82
2.95
3.00
6.30
5.80
3.20
3.13
3.41
2.98
5.89
6.47

<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00
<2.00

P Salt lonator means lonator using 0.1% NaCl (wblyton.

¢ Concentration: FAC 100 mg/I.

9 Detection limit: 2.00 log CFU/coupon.
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B7. Survival ofEscherichia coliO157:H7 in buffers after treatment with antimiaedb

water treatments (log CFU/coupon).

Trial Survival count after treatment
Strain Testing Control lonator Salt Lotus ECAW-
fraction lonator” 100°
Trial ATCC NBfor 2.40 2.30 2.40 2.40 <2.00°
1 43890  coupon 2.70 2.54 2.70 2.40 <2.00
NB for 3.16 3.10 3.13 3.43 <2.00
cloth 3.41 3.13 3.19 3.40 <2.00
ATCC NB for 3.45 3.38 3.45 3.40 <2.00
43895  coupon 3.38 3.39 3.31 3.41 <2.00
NB for 3.06 2.90 3.19 3.15 <2.00
cloth 3.06 2.90 3.11 2.88 <2.00
2028 NB for 3.69 3.58 3.45 3.45 <2.00
coupon 3.69 3.58 3.68 3.54 <2.00
NB for 3.42 2.95 2.74 3.13 <2.00
cloth 3.70 3.24 3.27 3.47 <2.00
2257 NB for 2.18 1.70 2.18 2.00 <2.00
coupon 3.31 2.30 2.40 2.18 <2.00
NB for 3.84 3.65 3.67 3.61 <2.00
cloth 3.48 3.36 3.31 3.34 <2.00
2029 NB for 2.18 2.48 2.60 2.65 <2.00
coupon 3.28 2.70 2.48 2.40 <2.00
NB for 2.54 2.18 2.54 2.65 <2.00
cloth 2.88 2.54 2.81 2.30 <2.00
Trial ATCC NB for 2.40 2.60 2.78 2.40 <2.00
2 43890 coupon 3.00 2.70 2.88 2.60 <2.00
NB for 3.39 3.29 3.31 3.40 <2.00
cloth 3.08 3.19 3.10 3.62 <2.00
ATCC NB for 3.45 3.45 3.35 3.19 <2.00
43895 coupon 3.23 3.31 3.29 3.33 <2.00
NB for 3.22 3.15 2.95 3.10 <2.00
cloth 3.18 3.08 3.16 3.02 <2.00
2028 NB for 3.40 3.42 3.29 3.48 <2.00
coupon 3.48 3.53 3.45 3.33 <2.00
NB for 3.55 3.22 3.29 3.33 <2.00
cloth 3.00 3.15 3.25 3.38 <2.00
2257 NB for 3.27 2.18 2.54 2.00 <2.00
coupon 2.00 2.18 2.00 2.30 <2.00
NB for 3.75 3.64 3.68 3.69 <2.00
cloth 3.41 2.98 3.13 3.06 <2.00
2029 NB for 3.06 2.30 2.18 2.00 <2.00
coupon 3.11 2.48 2.65 2.40 <2.00
NB for 3.57 2.48 2.48 2.78 <2.00
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cloth 3.10 2.74 2.88 2.70 <2.00

P Salt lonator means lonator using 0.1% NaCl (wilyton.
¢ Concentration: FAC 100 mg/I.

4 NB, neutralizing buffer.

€ Detection limit: 2.00 log CFU/coupon.
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B8. Survival ofSalmonella spgn buffers after treatment with antimicrobial water
treatments (log CFU/coupon).

Trial Serovar and Survival count after treatment
Strain Testing Control lonator Salt  Lotus ECAW-
fraction lonator® 100°

Trial Typhimurium NB%for  3.06 2.95 3.02 2388 <2.00
1 ATCC 14028 coupon 3.18 3.08 3.10 3.02 <2.00
NB for 3.08 2.98 3.02 3.00 <2.00

cloth 3.26 3.13 3.18 3.16 <2.00

Typhimurium NB for 3.59 3.56 3.59 3.37 <2.00
E2009005811 coupon  3.79 3.74 3.72 3.80 <2.00

NB for 3.18 2.90 3.08 298 <2.00

cloth 3.40 3.23 3.27 3.63 <2.00

Enteritidis  NB for 3.72 3.55 3.58 3.56 <2.00
2009595  coupon  3.69 3.51 3.50 3.75 <2.00

NB for 3.42 2.95 3.11 3.26 <2.00

cloth 3.57 2.98 3.06 3.76 <2.00

Tennessee NB for 3.45 3.08 3.02 290 <2.00
E2007000302 coupon  3.68 3.30 3.43 3.10 <2.00

NB for 3.55 3.13 3.18 3.33 <2.00

cloth 3.79 3.40 3.66 3.35 <2.00

Saintpaul NB for 3.45 2.98 3.19 3.15 <2.00
E2008001236 coupon  3.68 3.38 3.28 3.54 <2.00

NB for 3.55 3.31 3.53 3.36 <2.00

cloth 3.79 3.46 3.41 3.53 <2.00

Trial Typhimurium NB for 3.18 3.08 3.00 3.06 <2.00
1 ATCC 14028 coupon  3.18 3.10 3.15 3.18 <2.00
NB for 3.16 3.10 2.98 298 <2.00

cloth 3.27 3.11 3.04 3.36 <2.00

Typhimurium NB for 3.64 3.56 3.53 3.46 <2.00
E2009005811 coupon  3.71 3.69 3.72 3.61 <2.00

NB for 3.43 3.19 3.24 3.26 <2.00

cloth 3.28 3.20 3.37 3.31 <2.00

Enteritidis  NB for 3.15 3.16 3.13 290 <2.00
2009595 coupon  3.19 3.11 3.36 281 <2.00

NB for 2.85 2.78 2.93 281 <2.00

cloth 2.98 3.08 3.27 285 <2.00

Tennessee NB for 3.99 3.23 3.34 3.18 <2.00
E2007000302 coupon  2.98 3.55 3.63 3.61 <2.00

NB for 3.99 3.47 3.57 3.37 <2.00

cloth 3.02 3.64 3.67 3.71 <2.00

Saintpaul  NB for 3.99 3.43 3.37 4.08 <2.00
E2008001236 coupon  2.98 3.48 3.74 285 <2.00
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NB for 3.99 3.57 3.56
cloth 3.02 3.60 3.84

4.08
2.81

<2.00
<2.00

P'Salt lonator means lonator using 0.1% NaCl (wlyiton.
¢ Concentration: FAC 100 mg/I.

4 NB, neutralizing buffer.

€ Detection limit: 2.00 log CFU/coupon.
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B9. Survival ofListeria monocytogenen buffers after treatment with antimicrobial
water treatments (log CFU/coupon).

Trial Survival count after treatment
Strain Testing Control lonator Salt Lotus ECAW-
fraction lonator” 100°
Trial ATCC NBfor 3.00 2.90 2.81 3.02 <2.00°
1 19115  coupon 3.02 2.85 2.79 2.95 <2.00
NB for 2.98 2.88 2.81 2.81 <2.00
cloth 3.02 3.27 3.02 3.15 <2.00
DUP- NB for 3.11 3.02 3.15 3.23 <2.00
1030A  coupon 3.10 2.70 2.40 2.95 <2.00
NB for 3.23 3.00 3.23 2.81 <2.00
cloth 3.15 2.88 2.88 3.41 <2.00
DUP- NB for 3.36 3.23 3.24 3.08 <2.00
1038 coupon 3.48 3.20 3.29 3.10 <2.00
NB for 3.35 3.04 3.15 3.23 <2.00
cloth 3.54 3.23 3.29 2.81 <2.00
DUP- NB for 3.50 3.54 3.52 3.30 <2.00
1044A  coupon 3.32 2.95 3.08 2.70 <2.00
NB for 3.29 2.95 2.85 2.78 <2.00
cloth 3.43 2.85 3.00 3.26 <2.00
2422 NB for 3.29 2.88 2.93 3.23 <2.00
coupon 3.04 3.27 2.79 3.40 <2.00
NB for 3.45 3.43 2.81 3.36 <2.00
cloth 3.16 3.08 3.02 3.59 <2.00
Trial ATCC NB for 2.98 2.81 2.93 2.90 <2.00
2 19115 coupon 3.57 3.53 3.44 3.35 <2.00
NB for 2.98 2.88 2.95 2.60 <2.00
cloth 3.18 3.40 3.41 3.28 <2.00
DUP- NB for 3.35 3.16 3.08 3.51 <2.00
1030A coupon 3.13 3.10 3.00 3.02 <2.00
NB for 3.36 3.30 3.30 3.50 <2.00
cloth 3.28 3.32 3.34 2.85 <2.00
DUP- NB for 2.60 2.70 2.65 3.15 <2.00
1038 coupon 2.95 2.60 2.40 2.48 <2.00
NB for 2.48 2.60 2.85 3.04 <2.00
cloth 2.98 2.70 2.88 2.78 <2.00
DUP- NB for 2.98 2.54 2.60 2.54 <2.00
1044A  coupon 2.65 2.65 3.37 2.60 <2.00
NB for 3.22 2.60 2.88 2.60 <2.00
cloth 2.74 2.81 3.18 2.90 <2.00
2422 NB for 2.90 2.90 2.65 3.08 <2.00
coupon 3.00 3.00 3.04 2.98 <2.00
NB for 2.85 2.85 2.70 2.85 <2.00
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cloth 3.24 3.10 3.19 3.28 <2.00

P Salt lonator means lonator using 0.1% NaCl (wilyton.
¢ Concentration: FAC 100 mg/I.

4 NB, neutralizing buffer.

€ Detection limit: 2.00 log CFU/coupon.
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C1. Quantitative analysis of the characteristics efliisteria monocytogendsofilms.

Trial Strain Inoculation Tree-like Individual None
amount morphology cells

Trial 1 2349 b 25.0 25.0 50.0

30.0 20.0 50.0

3528 1 22.2 11.1 66.7

25.0 12.5 62.5

ATCC 1 25.0 375 37.5

19115 18.2 18.2 63.6

0.1 20.0 30.0 50.0

37.5 12.5 50.0

0.001 18.2 18.2 63.6

25.0 12.5 62.5

1-BHIP 42.9 14.3 42.9

0.0 28.6 71.4

2422 1 12.5 25.0 62.5

25.0 25.0 50.0

0.1 0.0 25.0 75.0

28.6 28.6 42.9

0.001 20.0 20.0 60.0

22.2 33.3 44 .4

Trial 2 2349 i 28.6 14.3 57.1

12.5 0.0 87.5

3528 1 33.3 33.3 33.3

20.0 20.0 60.0

ATCC 1 42.9 0.0 57.1

19115 33.3 16.7 50.0

0.1 22.2 11.1 66.7

12.5 12.5 75.0

0.001 30.0 10.0 60.0

25.0 25.0 50.0

1-BHIP 50.0 0.0 50.0

16.7 16.7 66.7

2422 1 30.0 10.0 60.0

11.1 22.2 66.7

0.1 28.6 42.9 28.6

14.3 14.3 71.4

0.001 12.5 12.5 75.0

20.0 20.0 60.0

&1’ js standard amount inoculation amount withd0 of bacterial solution to the

growth media of LN-TSB, that is, 1/10 of TSB.
P The LN-TSB in the biofilm growth protocol was stituted by LN-BHI.
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C2. Quantitative analysis of the characteristics efElcherichia coli0157:H7 and
Salmonellaentericabiofilms.

Trial Pathogen  Strain Tree-like Individual None
morphology cells

Trial1  E. coli 43890 28.5 14.3 57.1

0157:H7 33.3 33.3 33.3

43895 28.5 14.3 57.1

25.0 25.0 50.0

6058 8.33 50.0 41.7

11.11 33.3 55.6

EK-1 20.0 40.0 40.0

0.0 14.3 85.7

S. enterica Typhimurium 0.0 10.0 90.0

E2009005811 10.0 30.0 60.0

Typhimurium 16.7 16.7 66.7

UK-1 0.0 60.0 40.0

Newport 14.3 42.9 42.9

B4442 11.1 66.7 22.2

Saintpaul 16.7 33.3 50.0

E2008001236 25.0 12.5 62.5

Trial2  E. coli 43890 25.0 37.5 37.5

0157:H7 20.0 40.0 40.0

43895 14.3 57.1 28.6

28.6 42.9 28.6

6058 12.5 37.5 50.0

0.0 50.0 50.0

EK-1 111 44.4 44.0

12.5 25.0 62.5

S. enterica Typhimurium 11.1 44.4 44.4

E2009005811 12.5 25.0 62.5

Typhimurium 14.3 42.9 42.9

UK-1 14.3 28.6 57.1

Newport 16.7 33.3 50.0

B4442 14.3 28.6 57.1

Saintpaul 14.3 57.1 28.6

E2008001236 14.3 42.9 42.6

212



C3. Effect of initial inoculation amount dfisteria monocytogeneam the viable

microbial cells of biofilms (log CFU/coupon).

Trial Relative amount  Strain ATCC 19115 Strain 2422
Trial 1 1 6.65 6.42
6.40 6.49
0.1 6.55 6.53
6.76 6.99
0.001 6.83 6.88
6.58 6.65
18 6.83 -
6.58 -
Trial 2 7" 7.69 7.26
7.49 6.38
0.1 7.66 7.14
7.50 6.55
0.001 7.38 6.43
7.39 6.33
18 7.79 -
7.51 -

Character ‘- means not determined.
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C4. Effect of treatments on the viable microbial celid.isteria monocytogendsiofiims
ATCC 19115 (log CFU/coupon).

Trial Treatment Strain ATCC 19115

Trial 1 Initial 7.32
7.36

DIW treatment 6.16
5.82

NB treatment 5.83
5.58
NECAW (250 mg/l FAC) treatment 3.06
2.30
Trial 2 Initial 6.83
7.08

DIW treatment 541
6.44

NB treatment 5.69
6.45
NECAW (250 mg/l FAC) treatment 2.47
2.00

Note: NB, neutralizing buffer; DIW, deionized waterNECAW, neutral
electrochemically activated water; FAC, free avagachlorine.
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D1. Effect of neutral electrochemically activated wateECAW, 4 mg/l free available
chlorine) treatment omlA or sigB geneexpression of liquid cultures afsteria
monocytogenes wild type (WT) andfinlA, 4sigB strains

Trial Treatment Gene expression level
Time , .
(min) inlA sigB
WT AsigB WT AinlA
1 DIW 0.5 1.118 |1.129 1.114 1.048

0.964 0.861 1.011 1.147
0.918 1.010 0.874 0.805
5 1.058 0.983 1.381 1.255
1.134 0.969 0.937 1.005
0.871 1.105 0.880 0.716
10 1.166 | 1.031 1.307 1.092
1.005 0.861 1.228 0.971
0.884 1.333 0.887 1.290
NECAW 0.5 1.461 |0.826 2.525 2.580
1.995 1.429 1.954 1.345
1.146 1.479 1.219 1.997
5 1.780 0.949 5.564 4.493
1.615 1.711 2.782 2.246
3.208 0.873 2.841 2.563
10 4.203 |0.892 8.374 8.501
3.710 2.289 2.542 3.405
5.565 1.596 9.423 4.340

2 DIW 0.5 1.122 | 0.572 0.898 1.090
0.954 1.067 1.145 1.252
0.924 1.360 0.956 0.657
5 0.905 0.929 1.440 1.270
0.944 0.755 0.937 1.024
1.122 1.128 0.782 0.804
10 1.092 1.278 1.362 0.867
0.967 1.097 0.983 1.399
0.810 1.370 1.061 1.315
NECAW 0.5 1.420 | 1.510 2.631 2.487
1.940 1.261 1.106 1.210
1.194 1.992 1.460 2.077
5 1.411 2.876 5.410 4.361
2.525 1.296 4.215 6.125
3.045 1.226 1.532 1.607
10 3.990 1.687 1.757 6.843
2.993 0.955 2.228 2.470
5.228 2.684 5.154 3.170
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D2. Effect of the concentration of free available cler(FAC) in neutral
electrochemically activated water (NECAW) treatmemttheinl A or sigB gene
expression of liquid cultures afsteria monocytogenesild type (WT) and4inlA, 4sigB
strains after 5 min incubation using gPCR.

Trial FAC Gene expression level
(mg/l)
inlA sigB

WT AsigB WT AinlA
1 0 1.035 0.978 1.129 1.128
1.013 0.851 0.997 1.046
0.952 1.171 0.874 0.826
2 1.164 0.945 3.022 3.083
1.764 0.945 1.511 1.193
1.049 1.997 1.631 1.448
4 2.988 1.019 5.372 5.480
1.205 2.510 2.524 2.150
1.944 1.179 2.371 2.917
6 2.866 0.384 9.418 8.307
2.967 3.405 4.775 4.939
2.098 2.424 3.746 3.192
2 0 0.994 1.044 1.034 1.223
0.902 0.822 1.020 0.830
1.103 1.134 0.945 0.947
2 1.015 2.184 3.269 3.055
1.684 0.881 1.318 1.065
1.207 1.084 1.704 1.475
4 2.852 0.636 4.560 3.012
2.755 1.982 6.058 2.678
0.934 2.199 2.926 6.639
6 2.717 0.944 11.785 3.485
2.465 1.385 5.059 5.661
1.989 0.949 3.315 2.413
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D3. Effect of neutral electrochemically activated wqteECAW, 4 mg/l free available
chlorine) treatment omlA or sigB geneexpression of biofilms dfisteria
monocytogenes wild type (WT) anddinlA, 4sigB strains determined by qPCR.

Trial Treatment Gene expression level
(Tr:]rr;le)‘ inlA sigB
WT AsigB WT AinlA
1 DIW 0.5 1.162 | 1.073 1.241 1.203
0.957 0.847 0.825 0.827
0.881 1.080 0.934 0.970
5 0.991 1.043 1.518 1.280
0.957 0.940 0.780 0.766
0.788 1.073 0.909 0.893
10 1.170 | 0.915 1.330 1.927
0.899 1.182 0.830 0.845
0.810 1.396 0.947 0.963
NECAW 0.5 1577 | 0.859 4.175 2.244
2.154 1.455 2.269 2.213
1.599 1.581 2.570 3.241
5 5452 | 0.764 | 12.310 | 11.602
6.219 2.533 7.119 4.647
1.092 1.767 5.783 9.622
10 9.427 | 0.987 | 12.833 | 4.396
3.802 2.753 5.586 | 17.104
4.948 1.258 | 13.102 | 9.555
2 DIW 0.5 1.075 | 0.758 1.270 1.165
1.046 1.086 0.844 0.841
0.879 1.156 0.886 0.994
5 0.745 | 0.946 1.244 0.895
1.244 1.109 0.850 1.141
1.542 1.579 0.782 0.774
10 1.469 | 1.007 1.342 1.415
0.976 0.727 0.983 0.940
1.017 1.042 0.856 0.953
NECAW 0.5 2.048 | 1.140 4.485 2.363
2.077 1.125 2.021 2.298
1.734 2.249 2.107 3.607
5 5.915 1.148 |13.133 |11.397
4.805 0.801 6.941 2.810
1.552 2.769 6.042 7.065
10 8.307 | 2.968 9.351 | 13.092
2.386 1.301 6.042 8.115
4,212 1.132 | 13.409 | 7.065
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D4. Effect of the concentration of free available chie (FAC) in neutral
electrochemically activated water (NECAW) treatmenttheinlA or sigBgene
expression of biofilms dfisteria monocytogenesild type (WT) andinlA, 4sigB
strains after 5 min incubation using gPCR.

Trial FAC Gene expression level
(mg/l)
inlA sigB

WT AsigB WT AinlA
1 0 1.202 0.943 1.165 1.208
0.911 0.695 0.946 0.825
0.886 1.362 0.889 0.967
2 2.138 0.874 4.757 4.898
1.900 0.777 2.567 2.755
2.228 1.619 3.117 2.625
4 3.151 0.924 11.714 13.016
5.963 1.700 6.499 5.825
1.967 0.937 6.917 7.322
6 3.195 0.425 22.011 13.290
7.140 3.216 11.714 16.939
5.227 1.822 6.775 6.927
2 0 1.064 0.956 1.315 1.210
0.795 1.004 0.793 0.827
1.141 1.039 0.892 0.963
2 2.394 1.861 5.918 3.353
2.000 0.766 1.784 3.284
1.972 1.289 2.523 3.128
4 5.539 0.597 13.503 12.427
2.713 2.213 6.476 6.478
2.345 1.967 5.877 7.138
6 4.198 0.844 24.678 15.730
3.010 2.595 8.908 16.743
7.567 0.585 9.953 6.002
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D5. Effect of the concentration of free available chiler(FAC) in neutral
electrochemically activated water (NECAW) on liqueidture viable count dfisteria
monocytogenewild type (WT) and mutadinlA, 4sigB strains.

Trial Time FAC Viable count reduction?
(min) (mgll) (log CFU/ml)

WT AinlA AsigB  AinlAAsigB

Triall 0.5 0 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

2 0.16 0.10 0.09 0.10

-0.08 0.03 0.15 0.25

4 0.07 0.10 0.13 0.54

-0.04 0.04 1.24 0.64

6 0.18 0.36 0.14 0.85

0.50 0.96 0.98 1.16

10 1.89 1.34 1.72 1.80

1.23 1.45 1.97 2.15

20 4.28 5.32 >5.05 >5.12

4.87 5.11 >5.01 >5.07

5.0 0 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

2 0.11  0.13 0.02 0.25

-0.03  -0.03 0.27 0.57

4 0.11 0.16 0.69 1.05

-0.03  0.02 1.03 0.88

6 0.30 0.58 0.76 1.04

0.90 1.01 1.45 1.67

10 2.00 2.21 2.38 2.61

1.42 1.45 2.23 3.01

20 >5.29 >5.26 >5.10 >5.04

>5.33 >5.31 >5.13 >5.01

10.0 0 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

2 0.08 0.20 0.27 0.56

-0.06  0.09 0.50 0.63

4 0.12 0.26 1.39 2.66

-0.02 0.16 1.44 1.93

6 0.35 0.77 2.65 3.12

0.93 1.25 2.20 2.40

10 2.16 2.98 2.70 3.67

1.81 3.10 3.16 3.28

20 >5.30 >5.31 >5.07 >5.17

>5.31 >5.27 >5.03 >5.12
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Trial 2 0.5

5.0

10.0

0

10

20

10

20

10

20

0.00
0.00
-0.03
0.13
0.03
0.03
0.06
0.06

0.95
1.08
3.95
4.61

0.00
0.00
0.11
-0.11
0.12
-0.09
0.34
0.27

1.96
1.32
>5.23
>5.24

0.00
0.00
0.16

-0.05
0.27
0.05
0.44
0.45
2.26
1.71

>5.26
>5.23

0.00
0.00
0.05
0.02
0.09
0.05
0.32
0.84
1.91
1.27
5.25
4.26
0.00
0.00
0.18
-0.10
0.21
-0.08
0.48
1.07
2.15
1.47
>5.18
>5.12
0.00
0.00
0.24
-0.10
0.33
-0.02
0.60
1.11
2.87
2.13
>5.12
>5.07

0.00
0.00
0.04
0.15
0.12
0.27
0.58
1.57
1.60
2.13
>5.21
>5.26
0.00
0.00
0.24
0.23
0.80
1.35
1.09
1.63
2.57
2.20
>5.00
>5.23
0.00
0.00
0.54
0.40
1.37
2.12
1.65
2.42
3.50
3.25
>5.21
>5.26

0.00
0.00
0.06
0.38
0.36
0.68
0.95
0.52
1.76
2.30
>5.01
>4.98
0.00
0.00
0.29
0.54
1.53
0.81
1.07
1.49
2.50
3.17
>5.13
>4.97
0.00
0.00
0.58
0.71
1.99
2.10
2.17
2.10
3.94
3.64
>5.01
>4.98
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D6. Effect of the concentration of free available ciie (FAC) in neutral

electrochemically activated water (NECAWteria monocytogenasable count of
wild type (WT) and mutandinlA, 4sigB strains biofilms on stainless steel coupons

treated for one minute.

Trial FAC Viable count reduction after 1 mirf
(mg/l) (log CFU/coupon)

WT AinlA AsigB AinlAAsigB

Trial 1 0 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

2 0.01 0.03 0.07 1.09

0.13 0.02 -0.03 -0.04

4 0.05 0.08 0.11 0.08

-0.03 0.02 0.03 0.62

6 0.41 0.47 0.78 0.83

-0.15 -0.11 -0.14 -0.12

10 0.68 0.70 0.76 0.71

-0.01 0.11 0.15 0.14

20 0.95 2.00 2.00 1.90

0.32 0.07 0.09 0.10

50 -0.37 -0.32 -0.10 -0.06

1.08 1.04 1.06 0.96

100 1.13 1.18 1.27 1.33

0.74 -0.08 0.00 -0.00

Trial 2 0 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

2 -0.03 0.15 0.34 0.51

-0.23 -0.21 -0.33 -0.88

4 0.38 0.54 0.78 1.01

-0.01 -0.02 -0.08 -0.62

6 0.31 0.51 0.53 0.53

0.68 0.56 0.49 0.31

10 0.41 0.42 0.45 0.58

0.45 0.51 0.63 0.54

20 1.01 1.31 1.41 1.35

0.66 0.68 0.63 0.58

50 1.24 1.76 2.03 2.38

1.10 1.10 0.94 0.81

100 1.73 2.05 2.07 2.12

0.97 2.08 2.01 1.76
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D7. Effect of the concentration of free available chie (FAC) in neutral

electrochemically activated water (NECAWteria monocytogenasable count of
wild type (WT) and mutandinlA, 4sigB strains biofilms on stainless steel coupons

treated for five minutes.

Trial FAC Viable count reduction after 1 mirf
(mg/l) (log CFU/coupon)

WT AinlA AsigB AinlAAsigB

Trial 1 0 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

2 0.37 0.39 0.56 0.64

0.19 0.14 0.23 0.21

4 0.10 0.13 1.17 1.22

0.18 0.20 0.49 0.25

6 0.61 0.64 1.05 1.11

0.00 -0.02 0.20 0.13

10 0.63 0.65 1.08 1.18

0.30 0.27 0.61 0.46

20 1.18 1.10 1.19 1.51

0.73 0.74 1.13 1.14

35 1.39 1.61 1.69 3.54

1.21 1.39 2.21 2.25

50 1.67 1.73 2.20 >4.94

2.16 2.47 3.07 >4.57

75 2.31 2.53 3.48 >4.94

2.90 2.96 3.52 >4.57

100 3.41 3.50 >4.66 >4.94

2.69 3.41 >4.91 >4.57

Trial 2 0 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

2 0.15 0.07 0.00 -0.13

0.16 0.20 0.48 0.42

4 0.65 0.59 1.03 0.88

-0.67 -0.54 -0.48 -0.42

6 0.65 0.40 0.72 0.89

-0.47 -0.36 -0.18 -0.27

10 0.70 0.63 0.92 1.00

-0.15 -0.11 0.37 0.53

20 1.17 1.11 1.72 1.57

0.10 0.19 0.43 0.50

35 1.64 0.55 0.83 2.57

0.23 0.72 1.00 0.53

50 2.20 0.60 1.02 >4.58
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0.43 1.42 1.78 >4.40
75 2.52 1.63 3.32 >4.58
1.46 1.83 2.29 >4.40
100 3.22 2.82 >4.68 >4.58
2.70 2.64 >4.68 >4.40
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D8. Effect of the concentration of free available chie (FAC) in neutral

electrochemically activated water (NECAWteria monocytogenasable count of
wild type (WT) and mutandinlA, 4sigB strains biofilms on stainless steel coupons

treated for ten minutes.

Trial FAC Viable count reduction after 1 mirf
(mg/l) (log CFU/coupon)

WT AinlA AsigB AinlAAsigB

Trial 1 0 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

2 0.23 0.25 0.31 0.45

-0.10 -0.14 -0.16 -0.16

4 -0.02 0.02 -0.06 0.06

-0.12 -0.19 0.85 0.94

6 1.08 1.15 1.20 1.34

0.39 0.46 0.73 0.77

10 0.25 0.35 0.86 0.80

0.54 0.84 0.84 2.59

20 1.29 1.43 1.91 2.06

0.58 -0.36 -0.17 -0.21

35 0.91 0.61 3.04 3.14

1.88 0.89 2.58 0.42

50 1.56 1.88 >4.66 >4.94

2.01 2.19 >4.91 >4.57

75 2.18 3.32 >4.66 >4.94

2.05 3.15 >4.91 >4.57

100 2.95 3.18 >4.66 >4.94

3.34 4.18 >4.91 >4.57

Trial 2 0 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

2 0.14 0.07 0.03 0.18

0.09 0.19 0.35 0.41

4 0.65 0.67 1.05 1.17

0.63 0.66 1.22 1.36

6 0.87 0.91 1.04 1.44

0.54 0.61 1.03 0.83

10 1.07 1.12 1.06 1.17

1.98 2.26 3.03 3.17

20 1.23 2.17 2.77 2.71

1.35 1.40 1.47 1.65

35 1.36 2.47 2.55 3.26

2.80 3.43 3.72 3.56

50 2.83 3.22 >4.68 >4.58
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75

100

3.14
3.41
3.43
2.83
3.52

3.45
3.51
3.56
4.28
3.60

>4.68
>4.68
>4.68
>4.68
>4.68

>4.40
>4.58
>4.40
>4.58
>4.40
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