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Abstract 

Sanitizing is a key step in ensuring food safety. Neutral electrochemically 

activated water (NECAW) not only has antimicrobial effects but also is relatively 

friendly to handlers and foods, and it complies with organic food practices. However, its 

antimicrobial effects on different pathogens and strains have not been examined and its 

antimicrobial mechanisms are not fully understood. The goal of this project was to 

investigate the use of NECAW as a sanitizer in inactivating foodborne pathogens.  

 The first objective of this study was to determine the effectiveness and broad-

spectrum activity of NECAW against foodborne pathogens.  The sanitizing efficacy of 

NECAW against 40 different strains of E. coli O157:H7, L. monocytogenes, and 

Salmonella as liquid cultures, dried cells on stainless steel (SS) surfaces, and biofilms on 

SS was examined. It was found that NECAW with 100 mg/l free available chlorine (FAC) 

caused more than 5 log CFU/ml reductions for all strains in liquid culture, more than 3 

log CFU/coupon reductions for 92.5% of the strains dried on stainless steel (SS) surfaces 

and for 27.5% of biofilms. Among all the strains, S. Newport B4442CDC was the most 

resistant strain to NECAW on surfaces while E. coli O157:H7 ATCC 43895 was the most 

resistant strain in biofilms and liquid pure cultures. Overall, NECAW was effective and 

had a broad-spectrum activity against foodborne pathogens.  

The second objective was to evaluate the sanitizing effect of NECAW and other 

commercial ‘active water’ technologies on foodborne pathogens. Five individual strains 

of each foodborne pathogen including E. coli O157:H7, L. monocytogenes, and 

Salmonella as liquid cultures and dried cells on stainless steel surfaces were studied by 
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comparing the sanitizing effect of NECAW and available commercial technologies on 

these pathogens. The results showed that 100 mg/l ECAW had sanitizing effects of at 

least 5 log CFU/ml reductions on liquid culture and more than 4 log CFU/coupon 

reductions for pathogens dried on SS surfaces. In contrast, the other commercial 

technologies tested were not effective in sanitizing. They, however, washed the bacteria 

off the surface into rinse water, which would lead to a significant safety concern of cross 

contamination.  

The third objective of this study was to examine the three dimensional 

morphology of foodborne pathogen biofilms using atomic force microscopy (AFM). 

AFM experiments were conducted by directly imaging the three-dimensional 

morphology of the foodborne pathogens biofilms (five strains for each pathogen), and 

imaging the biofilms pre- and post-NECAW treatment. Images of AFM showed tree-like 

structures as well as individual cells. L. monocytogenes biofilms had a higher percentage 

of tree-like structures than E. coli O157:H7 and Salmonella. The biofilm structures and 

microbial cells on SS were destroyed by the treatment with NECAW according to the 

AFM study, providing morphological evidence that NECAW was effective in controlling 

surface contamination of pathogenic bacteria and biofilm growth.   

The fourth objective of this study was to assess the role of sigB and inlA genes in 

L. monocytogenes biofilm formation and the antimicrobial efficacy of NECAW treatment 

on L. monocytogenes. The expression levels of sigB and inlA genes were investigated by 

using qPCR, and sanitizing effects of NECAW on wild-type (WT) and sigB/inlA mutant 

L. monocytogenes strains were determined by the direct plating method. After NECAW 
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treatment, expression of both genes increased for the WT. While sigB gene expression of 

the ∆inlA strain increased to a level comparable to that of the WT, inlA gene expression 

of the ∆sigB strain did not significantly increase. Both genes were expressed more in 

biofilms than in liquid cultures. The level of inlA gene expression in WT increased by 

4.28 and 5.51-fold by treatment with 4 mg/l NECAW for 10 min in liquid cultures and 

biofilms, respectively, while the corresponding values were 5.91 and 10.05-fold for the 

sigB gene. Mutant strains were more sensitive to NECAW treatment than the WT strain. 

The sigB gene was more important than inlA for the pathogen’s survival under NECAW 

treatment. Surviving L. monocytogenes cells post-sublethal NECAW treatment might 

become resistant to further sanitizer treatment.  
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CHAPTER I 

INTRODUCTION AND STATEMENT OF THE PROBLEM 

 1. 1. Introduction 

Sanitizing is a key step in food processing. Due to strict regulations by the National 

Organic Standards Board (NOSB), only a limited number of synthetic sanitizers can be 

applied to organic produce. Considering that these sanitizers may not be suitable for all 

organic produce processing, organic fresh produce faces potential safety issues. Therefore, 

it is very necessary to develop organic industry-compatible sanitizers to meet needs. 

Electrochemically activated water (ECAW), also referred to as electrolyzed water, has 

antimicrobial effects and does not violate the NOSB principles for sanitizers used for 

organic foods (98, 181, 247). However, a thorough elucidation of its antimicrobial effects 

has not been conducted and the mechanisms of antimicrobial inactivation are not fully 

understood (60, 166, 293, 341). The latter is greatly needed to make significant progress 

enhancing the antimicrobial effects of ECAW as a viable sanitizer. Further determination 

of the effects of neutral electrochemically activated water (NECAW) against foodborne 

pathogens and elucidation of the mechanism of its effects would improve the application 

of NECAW in the sanitization of food processing equipment and fresh produce.  
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1.2. Statement of the problem 

Sanitizing is an important step for guaranteeing the safety of the food supply, 

however for organic foods there are very few approved sanitizers.  Current producers of 

organic foods have to resort to a limited number of synthetic sanitizers to kill pathogens 

on food equipment surfaces as well as on fresh produce (99, 163, 178, 216). For most of 

the few sanitizers allowed for direct use for organic products, only relatively low 

concentrations are permitted at which antimicrobial effects are limited. In addition, 

prohibited sanitizers should be rinsed off the treated surface to prevent contamination of 

food. This practice significantly increases the risk of further contamination during rinsing.   

Due to the strict regulation of sanitizer usage, the safety of organic products becomes 

critical compared to that of their conventional counterparts. Potentially, ECAW is a 

relatively environmentally friendly sanitizer that is promising for sanitizing organic fresh 

produce, and application of ECAW is compatible with the principles of organic 

processing. However, the broad-spectrum effect of ECAW has not been studied and the 

antimicrobial mechanism is not clear. In addition, there are a few products whose 

marketers said the products had enough sanitizing effect while being small and cheap. 

However, their statements do not have scientific support. It is essential to accurately 

compare the sanitizing effects between ECAW and these commercial products. This 

project took a unique approach to comprehensively test the broad-spectrum effects of 

NECAW on three important foodborne pathogens. By elucidating in-depth biofilm 

morphology and gene transcriptional changes upon NECAW treatment, the results could 

be used to improve NECAW antimicrobial effects by optimizing equipment design.  
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Since only water and sodium chlorine is used for generating sanitization (98, 124), 

NECAW technology is fairly safe to workers and relatively friendly to the environment.  

The results of this dissertation could also provide directions for better control of 

foodborne pathogens and developing reasonable sanitizers for the food industry. In 

addition, the data could be useful for in-depth understanding of the sanitizing mechanism 

of NECAW, from which corresponding technology could be applied to optimize 

sanitation equipment, and gene-targeting solutions can be proposed as well.   

 

1.3. Goals, Research hypotheses (H0), and Objectives 

Goals:  

The goal of this project was to investigate the application of NECAW as a sanitizer in 

inactivating foodborne pathogens. 

 

Null Hypothesis I: 

Different foodborne pathogens have the same sensitivity to NECAW;  

 

Null Hypothesis II: 

The sanitizing effects among NECAW and other commercial “active water” technologies 

on foodborne pathogens are not significantly different; 

 

Null Hypothesis III: 

Different foodborne pathogens have similar biofilm morphology and characteristics;  
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Null Hypothesis IV: 

sigB and inlA gene do not play a role in L. monocytogenes biofilm formation and the 

antimicrobial efficacy of NECAW treatment on L. monocytogenes. 

 

Objectives: 

1. Determine the effectiveness and broad-spectrum activity of NECAW against 

foodborne pathogens.  

2. Evaluate the sanitizing effect of NECAW and other commercial ‘active water’ 

technologies on foodborne pathogens. 

3. Examine the three dimensional morphology of foodborne pathogen biofilms using 

atomic force microscopy. 

4. Assess the role of sigB and inlA gene in L. monocytogenes biofilm formation and the 

antimicrobial efficacy of NECAW treatment on L. monocytogenes. 
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CHAPTER II 

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

 

2.1. Food safety concerns 

It has been estimated that contaminated foods cause the sickness of roughly 48 

million people, the hospitalization of 128,000, and the death of 3,000 every year, 

according to recent estimates from the Centers for Disease Control and Prevention (CDC) 

(273, 274).  These figures pose a major challenge to public health in the U. S.  

Food safety generates more and more concern nowadays. While an increasing number of 

food companies allege they have invested more money in increasing the safety of food 

that they produce, some surveys indicate that most consumers still lack confidence in 

food safety. A recent survey revealed that less than 20 percent of consumers trust food 

companies in developing and selling food products that are safe and healthy, and around 

60 percent of consumers are concerned about the safety of food they purchase (43). 

Another recent study done by the Center for Food Integrity's (CFI) “2008 Consumer 

Trust Survey” revealed that food safety is one of the top concerns— surprisingly ranking 

higher than even concerns about the Iraq War (54). The study also showed that 

consumers believe farmers and food processors should take the main responsibility of 

maintaining a safe food supply, reducing and eventually eliminating foodborne illness 
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outbreaks.  

Even though many advanced technologies can be applied to prevent foodborne 

diseases, incorrect personal hygiene can still be a serious problem compromising the 

safety of foods. A case occurred several years ago in which at least 96 students at 

Georgetown University fell ill after eating burritos at a cafeteria. The most probable 

reason was a deficiency in personal hygiene, as sinks used for handwashing in the service 

area lacked hand soap (111, 252). 

Along with these above mentioned issues, there are also other concerns and 

different opinions with regard to how to improve the safety of foods in the U.S. For 

instance, should the current regulatory system be changed? Should a single food safety 

agency regulate all foods? What should be prioritized with a limited budget in order to be 

more efficient? How to prevent a bioterrorist attack through the food supply? Should 

more funds be spent on consumer education? Should more investment be put on research 

to develop more advanced techniques to control pathogenic organisms?  

 

2.2. Fresh produce safety 

Due to increased per capita consumption of fresh produce and long-distance 

transportation, fresh produce is increasingly recognized as a vehicle of foodborne 

outbreaks in the US as well as in many other countries. They are often consumed raw and 

easily contaminated by many pathogenic bacteria through water, soil, insects and other 

environmental sources that might have been in contact with animal feces or manure (208). 

Their consumption can cause nausea, vomiting, abdominal cramps and fever as well as 
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chronic diseases. 

 S. enterica and Escherichia coli O157:H7 are the two main agents of outbreaks 

associated with fresh produce. From the 1970s to 1990s, outbreaks associated with fresh 

produce increased from 1% to 6% among the cases in which the vehicle was confirmed 

(53). Leafy vegetables (17%) and fruits/nuts (16%) ranked as the second and third 

commodity groups among outbreaks caused by a single food vehicle in 2006 (13). Since 

fresh produce is widely consumed, the affected population could be very large if 

contamination happens. Recent large outbreaks of E. coli O157:H7 due to bagged baby 

spinach, and Salmonella Saintpaul infections linked to peppers or tomatoes are two 

representative cases (53)(13).  

Recently, fresh produce has been linked to E. coli O157:H7 outbreaks (25, 97, 

100, 107, 250). One example is the 2006 North American E. coli O157:H7 outbreak from 

spinach. At least 276 people illnesses and 3 deaths were due to the consumption of the 

contaminated spinach (48).  

 

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

enterica and Listeria monocytogenes  

Foodborne diseases are a major health problem in the United States. Foodborne 

diseases caused by fresh produce continue to be a major concern for industry, 

government and consumers as a result of recent outbreaks due to a variety of fresh fruits 

and vegetables. In 2006, data collected by the Foodborne Disease Outbreak Surveillance 

System of the CDC indicated that Samonella is the second most common cause of 
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confirmed foodborne disease outbreaks. In addition, E. coli O157:H7, L. monocytogenes 

and Salmonella were responsible for the largest number of deaths linked to foods 

(82%)(192).  E. coli O157:H7, L. monocytogenes and Salmonella  are three of the most 

important infectious bacteria targeted for reductions in the CDC’s Healthy People 2010 

plan, but only the target for E. coli O157:H7 was met in 2009 (192). As compared to the 

preceding 3 years, however, the estimated incidence of infections caused by E. coli 

O157:H7, L. monocytogenes and Salmonella in 2008 did not decrease significantly (317).   

   

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

E. coli is a common bacterium that normally lives in the intestines of human 

beings and other animals. Though most of E. coli strains are avirulent and normally 

beneficial to their hosts, some E. coli strains have the capability of causing human illness. 

E. coli O157:H7 is an enterohemorrhagic strain able to produce Shiga toxins that cause 

severe damage to the intestine and kidneys of the host. The acute disease caused by E. 

coli O157:H7 is hemorrhagic colitis, and its typical symptoms usually include severe 

cramping and diarrhea with no or only slight fever, and occasional vomiting. Some 

infected persons, especially children and the elderly, may develop hemolytic uremic 

syndrome (HUS), characterized by thrombocytopenia, intravascular hemolytic anemia, 

and acute kidney injury (31, 109, 301, 331), which can lead to kidney failure and death. It 

was estimated that E. coli O157:H7 is responsible for 2,138 hospitalizations and 20 or 

more deaths each year in the U.S. (274), justifying increased efforts for controlling this 

pathogen. 
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E. coli O157:H7 can easily be transmitted from contaminated soil and water to 

food (173, 227, 338).  Ground beef  has been implicated as the main source of E. coli  

O157:H7 infections (10). The consumption of ground beef per year in the U.S. is 

approximately 2.0 billion lbs, which accounts for 48.9% of all beef products with 

approximately $17 billion gross retail values (47).  E. coli O157:H7 contamination of 

ground beef frequently leads to outbreaks and recalls.   

Two recent examples of E. coli O157:H7 outbreaks occurred in 2007. One 

happened at the end of September 2007, in which the largest amount of ground beef 

recalled in the latest ten years, 21.7 million pounds of frozen hamburger, was announced 

by Topps Meat, Inc. because of possible infection of E. coli O157:H7. USDA reported 

that 27 illnesses with 3 confirmed were associated with this outbreak (276). The second 

case occurred just several days later when four Minnesota children and four Wisconsin 

residents were infected by consuming ground beef patties from Sam’s Club stores in the 

Twin Cities. During this outbreak, two patients developed hemolytic uremic syndrome 

(HUS) (83).  

It is urgent that more preventive measures are taken to improve the safety of the 

nation’s ground beef supply as inspections are not sufficient. Freezing doesn’t effectively 

kill E. coli O157:H7 (82). Though high temperature cooking is an effective way to kill E. 

coli O157:H7, consumers frequently prefer not fully cooked meat. In addition, the use of 

thermometers has not been widely adapted. Therefore, it is necessary to find an 

alternative way to control foodborne pathogens including E. coli O157:H7, especially for 

ground beef. 
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2.3.2. S. enterica and its current safety issues 

Salmonella are a group of pathogenic bacteria commonly found in the 

gastrointestinal tract of animals. In the U.S., Salmonella nontyphoidal strains are the main 

concern for Salmonella outbreaks with hospitalization of 19,336 and 378 deaths annually 

(274).  In Minnesota, for instance, there were 39 confirmed salmonellosis outbreaks due 

to contaminated product during 1995-2003 (122, 196). Foodborne Salmonella outbreaks 

often were due to contaminated chicken products, meat (108), egg products (44, 298), 

dairy products (38), peanut butter (195, 280), and food workers (197). One critical source 

of foodborne outbreaks of salmonellosis was infected food workers, especially workers in 

restaurants, since Salmonella can be transferred from infected people’s hands to food 

(122, 146). 

Recently, raw produce has been increasingly recognized as the vehicle for 

salmonellosis. In 2008, an outbreak of Salmonella Saintpaul affected approximately 1500 

sick people, caused 2 deaths, and was associated with jalapeño peppers by epidemiologic 

and microbiologic evidence (21). Interestingly, foodborne outbreaks of Salmonella are 

sometimes serovar dependent on specific food, such as in the case of tomatoes (281). 

 

2.3.3. L. monocytogenes and its current safety issues 

 

2.3.3.1. General properties and safety issues of L. monocytogenes outbreaks 

L. monocytogenes is a ubiquitous, facultative and non-spore forming intracellular 

foodborne pathogen that causes an invasive infection named listeriosis in both humans 
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and animals. This pathogen can be more severe and even deadly for pregnant women, 

newborns, the elderly, and people with weakened immune systems (76, 136, 188).   L. 

monocytogenes can tolerate different disadvantageous environments in human bodies, 

including but not limited to bile salts, organic acids and osmotic conditions (149, 203). In 

the U.S., L. monocytogenes infection causes annually 1455 hospitalizations and 255 

deaths (274). 

This pathogen can colonize the surface of food utensils or processing equipment 

(139), and also form biofilms which are more resistant to treatments and cleaning than 

their planktonic states (94, 161, 308). Previous studies indicated that L. monocytogenes 

strains vary in their ability to adhere to stainless steel surfaces and form biofilms (94). 

When forming biofilms, L. monocytogenes microbial cells are enclosed in a matrix 

fundamentally made up of polysaccharides, which leads to a greater resistance to 

sanitizers compared to planktonic cells (94, 179).  

L. monocytogenes outbreaks are often linked to meat, dairy and egg products (41, 

64, 133, 155, 156, 176, 177, 200, 210, 228, 229), especially when they are in the category 

of ready-to-eat foods (RTE foods). “RTE foods” are generally consumed without cooking, 

or reasonably appear to be suitable for consumption without cooking by consumers. Due 

to modern lifestyles, people consume more RTE foods than before to save time on food 

preparation and cooking (155). One example of Listeria outbreak associated with RTE 

foods is the 2008 Canadian listeriosis outbreak associated with cold cuts produced by a 

Maple Leaf Foods plant in Toronto, Ontario (100). Deaths of 23 and 57 total confirmed 

cases were related to this listeriosis outbreak. This outbreak once again aroused safety 



 

12 

concerns of L. monocytogenes outbreaks. 

 

2.3.3.2. Role of sigB and inlA genes in L. monocytogenes stress resistance  

L. monocytogenes is generally pathogenic, with a genome size of approximately 

2.94 Mbp (106, 211). It survives well and resists processing conditions, and is capable of 

existing on stainless steel either as planktonic cells or as biofilm-forming communities. 

Interventions imposed by industrial cleaning agents upon L. monocytogenes are critical 

for its control. However, sometimes, biofilms can be found on conveyer belts and 

stainless steel surfaces of food equipment after sanitizing treatments. These biofilm 

residues on stainless steel make sanitization a big safety challenge (94). In addition, the 

survival of L. monocytogenes after the utilization of cleaning agents may lead to easy 

transfer to food and an increased potential for foodborne pathogen contamination (270). 

It is of great interest to determine whether some genes may play a role in L. 

monocytogenes biofilm formation and sanitizer resistance. 

Sigma factors are dissociable protein subunits that direct bacterial RNA 

polymerase holoenzymes for promoter sequence recognition upstream of genes prior to 

transcription initiation. Sigma factor σB, encoded by sigB, is an essential molecule in 

stress responses in many Gram-positive bacteria, including L. monocytogenes (256). σB 

protects L. monocytogenes and other microorganisms against many environmental 

stresses (89, 94, 150), and is essential for the resistance of L. monocytogenes to some 

sanitizers at lethal (270) or sublethal levels (112). In addition, it was reported that σB was 

critical for biofilm formation and sporulation in L. monocytogenes (270, 309). However, 
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Schwab et al. (277) reported that σB was not essential for initial surface attachment of L. 

monocytogenes (55) and σB-directed genes were not necessary for the spread of L. 

monocytogenes in mice (323). It was also found that the activation of σ
B in response to 

osmotic stress in L. monocytogenes was rapid but transient, and was proportional to stress 

strength (306). 

The gene inlA is a key virulence factor specific to L. monocytogenes (253). It 

encodes internalin (InlA), an 800-amino acid surface protein which can facilitate the 

entry of L. monocytogenes into epithelial cells expressing specific forms of E-cadherin. 

InlA is a cell-wall-anchored protein which is necessary for efficient Caco-2 and HepG2 

invasion (144, 261). Infection of hepatic cells by L. monocytogenes in vivo does not 

require the protein products of the inlAB operon (113). It is believed that InlA contributes 

to L. monocytogenes’ invasion of intestinal epithelial cells, an important step in the 

pathogenesis of systemic listeriosis (218).  

L. monocytogenes strains differ in their virulence and/or transmission 

characteristics and thus their ability to cause human diseases (219). The level of inlA 

gene expression is associated with virulence and/or transmission characteristics. A 

positive correlation between the expression of the inlA gene and the strength of L. 

monocytogenes attachment to glass surfaces was recently reported (57). Multiple 

nonsense mutations in inlA were reported led to the production of a truncated and 

secreted gene product. L. monocytogenes strains carrying these mutations were not only 

associated with reduced invasiveness in human intestinal epithelial cells but also 

represented a significant percentage of L. monocytogenes isolated from food samples 
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(218). In addition, several invasion-attenuated strains of L. monocytogenes showed 

reduced inlA transcript levels (261). Furthermore, inlA premature stop codons are 

commonly found in L. monocytogenes isolated from foods (217).  

The inlA gene might be functionally related to the sigB gene of L. monocytogenes, 

although they have different functions. While sigB is a stress response gene, inlA is a 

virulence gene (134), a σB (sigma factor B, encoded by sigB)-dependent promoter was 

identified upstream of inlA, and a loss of σB resulted in reduced levels of inlA expression 

and InlA in stationary-phase cells (143). In addition, σB was found to contribute to L. 

monocytogenes invasion by controlling inlA expression (144). The inlA gene might have 

a similar role as sigB, involved in the capability of L. monocytogenes to attach to food 

equipment surfaces and form biofilms (56). Different strains of L. monocytogenes 

involved in outbreaks had significantly different invasion efficiencies and may utilize 

different mechanisms (261). The regulation of L. monocytogenes virulence is very 

complex since the bacterium is still virulent even when some nonfunctional virulence 

genes are mutated (263). Though different mechanisms may contribute to the varied 

ability of L. monocytogenes in causing listeriosis, transcription levels of inlA and sigB 

may play important roles. Figure 2.1 shows the function of σB and its relationship to inlA 

(140). It indicates that inlA is transcribed by a promoter that is σ
B-dependent, and inlB is 

also possibly transcribed by the promoter (140).  
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Figure 2.1. Possible relationship between inlA and σB in Listeria monocytogenes (140). 

Numbers 6.2 and 4.6 in the Figure denote the expression ratios of wild type to mutant 

strains of Listeria monocytogenes. Arrows represent transcriptional start sites of the genes 

inlA and inlB (29, 92, 168).  

Source: Adapted from (140) 

 

Studying inlA and sigB may lead to better elucidation of the molecular mechanism 

of L. monocytogenes biofilm formation and the effects of sanitizer on L. monocytogenes 

(52). Additionally, it could be used to direct food processing and technology 

improvement. For instance, a lowered salt content of liver pâté did not significantly 

change the transcription level of virulence genes including inlA, which may indicate that 

it is safe to develop low salt content meat products (225). However, one should be 

cautious when interpreting the experimental data since the virulence of L. monocytogenes 

is very complicated. The bacterium is still virulent even when some nonfunctional 

virulence genes are mutated (263). Currently, both in vivo bioassays and in vitro cell 

assays used in evaluating L. monocytogenes virulence are not specific, as some targets 

exist in both virulent and avirulent L. monocytogenes strains (171).      

 

2.4. Foodborne pathogen biofilms 

σ
B 

6.2 

inlA inlB 

4.6 
? σB 
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Biofilm formation is a mode microorganisms use to protect themselves and 

survive in disadvantageous environments (116). Although different mechanisms exist for 

biofilm formation for many microbial cells (150), it is thought that biofilms might be 

related to quorum sensing and the connections in sociomicrobiology (245). In the food 

industry, the ability of a pathogen to attach to surfaces and further develop biofilms is in 

need of careful investigation. However, information about the initial attachment of 

microbial cells to a surface is still limited (232). Different L. monocytogenes strains may 

differ in their abilities to attach to surfaces and many single strains are not capable of 

forming biofilms (137).   

 L. monocytogenes biofilm growth and sanitizing treatment have been studied by 

different methods including crystal violet staining, ATP bioluminescence and total viable 

count (160). ATP bioluminescence is a more appropriate method than crystal violet 

staining for biofilm bacterial growth considering a high correlation between ATP 

bioluminescence and biofilm growth (268). For biofilm detection, with the help of 

fluorescein isothiocyanate- and tetramethyl rhodamine isothiocyanate-conjugated probes 

and confocal laser scanning microscopy (CLSM), the chemical compounds and spatial 

arrangements in extracellular polymeric substances (EPS) of a Bacillus coagulans biofilm 

were found to be nonuniformly distributed (217, 330). Microbial cells in biofilms were 

also investigated. E. coli O157:H7, for instance, could be detected by a bacteriophage-

based bioluminescent bioreporter using lux reporter genes (37), bacteriophage-amplified 

bioluminescent sensing (37, 260), and ATP bioluminescence immunoassay (128). An 

alternative is to detect specific genes or proteins, for instance using the expression of the 
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Outer membrane protein F (OmpF) and OmpC variants which are specific to E. coli 

O157:H7 (189). 

 

2.5. Foodborne pathogens’ morphology 

 

2.5.1. Atomic force microscopy (AFM) 

Microscopy is a common technology for investigating microstructure and 

morphology of target features. In food science, microscopy has been widely used for 

investigating morphology of foods and could be applied for improving processing 

technologies. Currently,  transmission/scanning electron microscopy (TEM/SEM) (120); 

light microscopy (LM) (42), and confocal laser scanning microscopy (70, 118, 184) have 

been widely used. These techniques could provide different advantages for investigating 

detailed microstructures of food materials. However, in general, some of these techniques 

require complicated preparation steps which might affect the original state of the samples.  

 In 1986, a new microscopic technique was invented, which was named atomic 

force microscopy (AFM). The principle of AFM is that images are achieved by 

calculating variations in interactions between the AFM probe and the sample surface 

when the AFM probe scans the sample surface. Fig. 2.2 is a schematic image 

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

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

 

In brief, a beam of laser is transmitted from a laser diode onto the back of the 

AFM cantilever, reflected by a mirror and then reflected onto a photodiode detector. 

During scanning, the angle of the laser beam fluctuates due to variation in the interaction 

between the AFM tip and sample surface. The light signal is recorded by a photodiode, 

then an electrical signal is generated which quantifies the motion of the AFM tip. The 

surface morphology and other physical properties are displayed on a computer monitor. 

A second monitor shows the control screen, which can be modified for the next scanning 
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step (206). 

The distinct advantages of AFM mainly include high resolution and magnification, 

mild and simple sample preparation, and multimode imaging including three-dimensional 

imaging. One of the significant differences of AFM compared to other microscopic 

techniques is that it does not use any photons or lens for generating images. Thus the 

imaging is independent of the sample’s transparency. Depending on the distance and 

fluctuation between the AFM tip and sample surface, AFM uses different operation 

modes. One of the most widely applied modes is the ‘tapping mode’, which is mainly 

used for imaging relatively soft materials in the field of biological science, including food 

science. Interestingly, the name given this mode may differ by different companies but 

the principles are similar. Table 2.1 compares AFM with other microscopic techniques. It 

should be noted that AFM image resolutions include lateral (X, Y) and vertical (Z) axes. 

For an AFM image, the scale and resolution in the lateral dimension is different from 

those in the vertical dimension.  
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Table 2.1. Comparison of the advantages and disadvantages of microscopy techniques. 

Reprinted with permission from Journal of Food Science 2007, 72, R65-75. Copyright 

(2007), John Wiley and Sons, Inc. (336). 

 

Microscopy Characteristics 
AFM LM SEM  TEM CLSM 

Advantages High 
resolution, 
nanoscale 

Large scan 
area 

Nanoscale Nanoscale  Study 
dynamic 
process 

 Minimal 
sample 
preparation, 
near native 
status 

Fast scan 
speed 

High 
resolution 

High 
resolution 

Fast scan 
speed 

 2D and 3D Cheap Fast scan 
speed 

Fast scan 
speed 

2D and 3D 

 In air/liquid, 
in situ, 
continuous 
process 

   In situ  

 Can be 
manipulated 

    

Disadvantages Small scan 
size 

Only 2D Only 2D Only 2D Complicated 
operation 

 Slower scan 
speed 

Need 
pretreatment 

Need 
pretreatment 

Need 
pretreatment 

Need 
pretreatment 

 Difficult for 
soft material 

Low 
resolution 
and 
magnificatio
n 

Not native 
status 

Not native 
status 

 

Abbreviations: AFM, atomic force microscopy; LM, light microscopy; SEM, scanning 

electron microscopy, TEM, transmission electron microscopy; CLSM, confocal light 

scanning microscopy; 2D, two dimensional; 3D, three dimensional.  

Figure 2.3 shows an example of AFM images of individual microbial cells with 
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different imaging modes.  
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Figure 2.3. Atomic force microscopy (AFM) images of B strain microbial cells of E. coli. 

Reprinted with permission from Journal of Food Science 2008, 73, N44-50. Copyright 

(2008), John Wiley and Sons, Inc. (334). 

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

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

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

L = length; W = width; H and I represent the heights of the directions of length and width, 

respectively. 

 

2.5.2. Biofilm morphologies of foodborne pathogens 

Morphological studies can provide direct evidence showing the effects of 

sanitizers on microorganisms. They also provide additional evidence to support 

observations of  physical, chemical and physiological changes of microorganisms under 

various conditions (101-105, 325-327). Morphological studies of pathogens may be 

useful in elucidating delicate changes in microorganisms during inactivation, as wells as 

the mechanism of inactivation (20, 65, 213, 339). Many methods have been applied to 

characterize microorganisms in planktonic cells or biofilms. The morphology (especially 

for biofilms) obtained was much dependent on sample preparation or imaging conditions. 

The microtiter plate assay method can estimate the growth of bacteria in situ (20, 37, 

115), but is an indirect method and visualization of morphology is difficult (73). 

Transmission/Scanning electron microscopy (6, 7, 16, 38, 39, 52, 64)(74, 88, 212, 223, 

272), epifluorescence microscopy (58, 110, 236), and (confocal) laser scanning 
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microscopy (23) are the most often used techniques for biofilm characterization. 

However, these microscopic techniques are focused on microbial cells rather than EPS, a 

component of biofilms. Also, pretreatment steps including staining or vacuuming 

required for  these techniques could affect the native status of the biofilm surface, mainly 

EPS (36, 307, 336) (6, 7, 70, 77). EPS structure might be affected by draining of culture 

medium and the washing process during sample preparation for wide-field fluorescence 

microscopy (WFM) as well (187), which is very important for understanding biofilms 

(186, 320) and the treatment of antimicrobial agents (304). Due to the above reasons, 

information about the morphological organization and pattern of biofilms, especially that 

of E. coli O157:H7, S. enterica and L. monocytogenes, is very limited.  

Atomic force microscopy (AFM) generates images by measuring changes in the 

interaction between probe and sample surface. The advantages of this instrument include 

minimal sample preparation, independence of the substance’s light transparency and the 

ability to measure a sample’s dimensions (235, 307, 334, 336). A special advantage of 

AFM for biofilms is that it can characterize EPS to a large degree in its natural status 

since only minimal pretreatment steps for imaging are needed for obtaining the images 

(157, 158). It is capable of characterizing the delicate structure of biofilm EPS without 

affecting the original morphology. AFM has been used to characterize foodborne 

pathogens including on stainless steel surfaces (264), single microbial cells (16, 41, 55, 

90, 92, 118, 119, 139, 161, 197, 200), biofilms (135, 183, 224, 265, 266), and 

corresponding physical properties of EPS of biofilms (238, 240). AFM can also be used 

for differentiating surface differences between wild-type and mutant bacterial strains, 
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which  is helpful for understanding the properties of these microbial cells in biofilm 

formation (63). In all, AFM is a powerful tool in microbiology (5, 78, 79, 209) and an 

appropriate technique for the characterization of microbial cells and biofilms.   

 

2.6. Organic foods  

 Organic agriculture is a holistic production management system. According to 

the Codex Alimentarious, this system promotes and improves agro-ecosystem health 

including biological cycles, biodiversity and soil biological activity. This practice was 

proposed by Albert Howard, an English soil scientist , in the 1930s, and the term 

‘Organic ’ was used in the U.S. by Jerome Rodale almost at the same time. Organic 

agriculture does not allow using synthetic fertilizers and pesticides. However, due to 

general contamination by low level pollution of air or soil, organic agriculture does not 

guarantee that foods are completely free of residues (72, 121).   

 In the U.S., organic production was relatively negligible before 1990. Since 

then, the Organic Foods Production Act (OFPA) was enacted and in 1992, the National 

Organic Standards Board (NOSB) was formed, and as a result the development of 

organic agriculture and organic foods was ensured. The Board has 15 members with 5 

year tenure, one of whose main functions is reviewing and developing the National List 

of Approved and Prohibited Substances. In recent years, sales of organic foods have 

increased approximately 20% every year. A survey in 2007 reported that about 30% of 

Americans buy organic food at least occasionally. In addition, most of the consumers 

who buy organic food think it is safer (30).  
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 In the U.S., for any foods to be sold as ‘organic’, labeling indicates its status. 

Currently, there are 4 kinds of labeling for organic foods based on the relative percentage 

of the organic ingredients: ‘100% organic’ is for organic ingredients only; ‘organic’ is  

for foods with greater than 95% organic ingredients; ‘Made with organic ingredients’ is 

used for foods with greater than 70% organic ingredients, and ‘some organic ingredients’ 

is used for foods with less than 70% organic ingredients (72, 121).   

 Organic foods are not absolutely safe, as many consumers think. While organic 

vegetables contain less pesticide residues compared to conventional vegetables, it does 

not mean that they pose no risk. Since synthetic fertilizers are not allowed in organic 

agriculture, manure is an important fertilizer, which can be a vehicle for transmission of 

zoonotic foodborne pathogens. Some studies have found little evidence that organic 

produce might pose a greater risk of foodborne pathogen contamination than 

conventional produce (208). This was confirmed by a recent study showing there were no 

significant differences in foodborne pathogens between organic and conventional lettuce 

samples, as both were negative for E. coil O157:H7, L. monocytogenes and Salmonella 

enterica (226).  

Until now, there are very few cases of foodborne disease outbreaks that were due 

to organic food in the U.S. even though many cases of foodborne disease outbreaks were 

traced to fruits and vegetables and pinned to specific farmers. However, recent outbreaks 

have suggested that there might be potential risks of E. coli O157:H7 and Salmonella 

contamination on organic foods, with several cases of foodborne disease outbreaks in 

other counties that were linked to organic produce. One case was in Germany, in which 
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parsley was contaminated with verotoxigenic Citrobacter freundii (300). Two other cases 

were outbreaks of E. coli O157:H7 of contaminated lettuce (2, 123). Partial reasons for 

these cases may be due to limited number and efficacy of currently approved sanitizers. 

 

2.7. Inactivation of foodborne pathogens  

Sanitization is a critical step for foods, especially in fresh produce processing and 

handling in ensuring product safety. In general, methods for inactivating foodborne 

pathogens can be divided into three categories: physical, chemical and biological 

methods.  

 

2.7.1. Physical methods for inactivating foodborne pathogens 

 

2.7.1.1. Heat treatment: Pasteurization 

Pasteurization is named after a scientist, Louis Pasteur, who first discovered that 

heating wine below its boiling point could extend its shelf-life by killing the 

organismsresponsible for spoilage during storage. Currently, this process is widely used 

in the food industry for inactivating food microorganisms to extend shelf-life. 

Pasteurization can kill foodborne pathogens that lead to listeriosis, typhoid fever, 

tuberculosis, diphtheria, and brucellosis. E. coli O157:H7, S. enterica and L. 

monocytogenes can be completely inactivated by pasteurization. However, for fresh 

produce, this technique is seldom applied considering this 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 controlling food pathogens 

including E. coli O157:H7, L. monocytogenes and Salmonella, insects and parasites. It 

reduces the risk of foodborne diseases while avoiding impairment of the nutritional 

values of foods (14, 81, 160, 180, 204, 231, 283, 284). It has a long history of use in the 

U.S., starting from 1905 when a patent using ionizing radiation to kill bacteria was 

approved. Later, in 1921, another patent of application of X-ray technology in meat was 

approved. FDA first approved food irradiation to control insects in wheat and flour in 

1963. The application of irradiation of fruits and vegetables was approved by the FDA in 

1986 and of fresh and frozen red meats in 1997 (50, 62). 

Food irradiation utilizes low levels of radiant energy including gamma rays, X-

rays, and electrons. For ground beef, irradiation can greatly reduce potential hazards. The 

populations of E. coli O157:H7 in ground beef can be dramatically reduced by low-dose 

treatments with ionizing radiation. Additionally, the shelf-life of ground beef can be 

greatly extended after the application of irradiation (81, 231). Food irradiation can also be 

very effective in controlling foodborne pathogens for fresh produce (254). Moreover, it 

can extend the shelf-life of foods by inhibiting the sprouting of vegetables (271, 297). In 

2008 the Food and Drug Administration (FDA) announced that fresh spinach and iceberg 

lettuce may be irradiated. The purpose is to control pathogens such as E. coli O157:H7 

and Salmonella, protecting consumers from foodborne diseases. Even though the FDA 

was petitioned to allow irradiation for many types of produce, only fresh spinach and 
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iceberg lettuce were approved in 2008 due to the 2006 E. coli outbreak from spinach and 

many previous outbreaks and recalls of lettuce (303). 

Food irradiation effectively kills or inactivates food pathogens including E. coli 

O157:H7 by transmitting radiant energy into the molecules of microorganisms. The 

energy generated by reactive chemicals could break or inactivate DNA of the pathogens, 

leading to failure in later reproduction (214, 278). However, the effects of food 

irradiation depend on the amount of irradiation absorbed and the food status (160). FDA 

approved different legal dosages for different foods: 30 kiloGray (kGy) for spices and dry 

vegetable seasoning; 10 kGy for dry or dehydrated enzyme preparations; 4.5 and 7 kGy 

to control food pathogens for refrigerated and frozen red meat, respectively, and 4.0 kGy 

to control foodborne pathogens and extension of shelf-life for fresh iceberg lettuce and 

fresh spinach (50, 302). 

In addition, the relative sensitivity of foodborne pathogens to ionizing radiation is 

largely dependent on their respective D10 values, which is the dose required for reducing 

the microbial population by 90%. Larger D10 values represent lower sensitivity of a 

microorganism to treatment. Table 2.2 shows the D10 values of the foodborne pathogens 

E. coli O157:H7, L. monocytogenes and Salmonella.   
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Table 2.2. Irradiation D10 values of foodborne pathogens on food products 

Pathogen Temperature 

(ºC) 

Product D10value 

(kGy) 

Reference 

Salmonella 

Heidelberg 

0 Poultry (air packed) 0.24 Licciardello et 

al. (1970) (167) 

 0 Poultry (air packed) 0.39  

Salmonella 

Enteriditis 

5 Egg powder 0.6 Matic et al. 

(1990) (191) 

 3 Ground beef 0.55-0.78 Tarkowski et al. 

(1984) (294) 

Salmonella spp. 5 Turkey breast meat 0.71 Thayer et al. 

(1995) (296) 

Listeria 

monocytogenes 

5 Beef 0.45 Thayer et al. 

(1995) (296) 

Escherichia coli 

O157:H7 

5 Ground beef patties 0.27-0.38 Lopez-Gonzales 

et al. (1999) 

(174) 

Source: Adapted from (283)   

 

Irradiation technology is safe and not expensive.  The source energy is weak and 

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

residue, there’s nothing left and certainly no radioactivity left,” said Dr. Laura Tarantino, 
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director of FDA’s Office of Food Additive Safety (18). The World Health Organization 

has announced that no toxic hazard was found for any food samples with irradiation at  

dosage under 10 kGy (71). Currently, nearly 40 countries have approved the usage of 

food irradiation (129).  

 

2.7.2. Chemical methods for inactivating foodborne pathogens  

Chemical methods for inactivating foodborne pathogens include, but are not 

limited to, organic acids (149, 157, 201, 340), chlorine compounds (84, 221, 262), 

iodine(145), ozone (28, 46, 248, 319), quaternary ammonium compounds (35, 199), and 

hydrogen peroxide (127, 175, 324). An AOAC official method is generally applied to 

evaluate the effectiveness of chemical sanitizers. According to the method, an effective 

sanitizer should be able to kill 99.999% of planktonic microbial cells, that is, 5 log CFU 

(colony forming unit) reductions of the microorganism population in 30 s (8).  

2.7.2.1. Neutral electrochemically activated water (NECAW)  

Though traditional chemical sanitizers can effectively inactivate foodborne 

pathogens, chemical disposal, impact to produce quality, and worker safety are great 

concerns associated with the use of chemical sanitizers. There is an increasing demand 

for developing environmentally friendly sanitizers for fresh produce sanitization, 

especially for organic food. 

 

2.7.2.1.1. Fundamentals of ECAW and NECAW 
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Electrochemically activated water (ECAW) is a water-based sanitizer for food 

processing equipment, which uses an electrolyzed diluted salt solution to generate distinct 

fractions. One fraction (anolyte) is generated at the anode containing chlorine (acidic or 

neutral), and has antimicrobial properties. The second fraction (catholyte) is generated at 

the cathode (alkaline), which can be used for cleaning food utensil surfaces or directly on 

food. Neutral ECAW (NECAW) generates anolytes with pH values near neutrality (124).  

The fundamental process underlying the generation of both fractions of NECAW 

is the electrolysis of diluted salt solution and dissociation into ions. Ions either move to 

the anode or cathode in an electrical field. At the same time chlorine in different forms is 

generated during the process. Sodium chlorine dissociates into negatively charged 

chlorine (Cl-) and positively charged sodium (Na+), and at the same time hydroxide (OH-) 

and hydrogen (H+) ions are formed when the water solution is electrolyzed. Cl- moves to 

the anode and becomes chlorine gas (Cl2), hypochlorite ion (OCl-), hypochlorous acid 

(HOCl), and hydrochloric acid. It is believed that these different forms of chlorine are 

responsible for the antimicrobial properties of ECAW and NECAW (124).    

ECAW is often referred to as electrolyzed oxidant water (EOW). Generally, the 

term ECAW is used when a Russian technology is utilized while EOW refers to 

processes that use a Japanese design. The difference is that ECAW is produced by 

applying a short-term mild electrical charge to a diluted brine solution (<1% salt) when it 

passes through a module that converts the brine solution into a stream of reactive 

oxidants. It is believed that the oxidant composition of ECAW can be precisely controlled 

over a wide pH range. However,  it is reported that there is no fundamental difference 
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between EOW and ECAW in sanitizing factors that include free available chlorine (FAC), 

oxidative-reduction potential (ORP) and pH (60, 185, 267). The term ECAW will be used 

throughout this thesis denoting this type of water sanitizer. 

NECAW has bactericidal efficacy similar to other common chemical sanitizers, 

but has several advantages (66-69). The major advantages of ECAW include: 1) source 

materials contain no harmful chemicals, only water and NaCl are needed for generating 

ECAW; 2) no need to handle, distribute, or store toxic and corrosive chemicals (142); and 

3) slower rate of degradation of active chlorine compared to chemical chlorine sanitizers 

(12, 13). Based on these characteristics, the usage of NECAW as a sanitizer appears to be 

safer for workers and the environment (142). The neutral pH of NECAW minimizes the 

loss of chlorine due to evaporation and typically maintains antimicrobial activity longer 

than acidic ECAW (11, 32, 48).  

 

2.7.2.1.2. Sanitizing effects of ECAW and NECAW 

Previous reports about the antimicrobial activity of ECAW on foodborne 

pathogens varied significantly (124, 126, 243). In general, ECAW is more effective on 

liquid cultures than on dried surfaces (125, 312, 313). A recent report indicated that 

treatment of E. coli NBRC 3301 for 0.5 min with ECAW (21.2 mg/l, pH 5.8, ORP 948 

mV) achieved 3.85 log CFU reductions.  Higher concentrations of FAC and ORP (45.3 

mg/l, pH 2.6, ORP 1140) resulted in 5.27 log CFU reductions (130, 131). Another report 

provided evidence that 5 min treatment with NECAW (89 mg/l, pH 8.0, ORP 760) 

achieved greater than 6 log CFU reductions of E. coli O157, Salmonella Enteritidis, and 
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L. monocytogenes (66).  The antimicrobial effects of ECAW on bacteria dried on surfaces 

usually result in less killing than t in liquid suspensions. For L. monocytogenes dried on 

surfaces, ECAW (40 mg/l, pH 2.65, ORP 1155) resulted in 1.91 log CFU reductions per 

chip of dirty stainless steel, and it should be noted that tap water alone resulted in 1.03 

log CFU reductions (169). 

 For biofilms formed on utensil surfaces, only studies involving L. monocytogenes 

have been published (11, 12, 141). The antimicrobial effects on biofilms had high 

variation under similar ECAW treatment conditions. ECAW treatment of L. 

monocytogenes biofilms for 1 min (85 mg/l, pH 2.29, ORP 1163) produced 3.69 log CFU 

reduction, however lower FAC concentrations (47 mg/l, pH 2.40, ORP 1163) resulted in 

larger reduction (4.65 log CFU). In another report with similar ECAW conditions (85 

mg/l, pH 2.38, ORP 1169), bacterial cells were decreased by 4.81 log CFU (11, 12). 

There have been several reports about the antimicrobial effects of ECAW on fresh 

produce. Among fresh produce, the antimicrobial effects of ECAW were greater on the 

surface of tomatoes than on lettuce, cabbage and alfalfa sprouts (16, 17, 66, 142, 151, 

237). With similar parameters of ECAW, results from different groups were more 

variable compared with pure cultures of bacteria. For instance, NECAW (306 mg/l, ORP 

880, pH 7.0) dipping of lettuce for 5 min resulted in approximately 2 log CFU/g 

reductions (89), while dipping in NECAW for 10 min (120 mg/l, ORP 850, pH 6.3) 

resulted in 0.24 log CFU/ml reductions of E. coli O157:H7, and in almost 3 CFU/ml log 

reductions for L. monocytogenes and S. Typhimurium (21). ECAW did not significantly 

affect the quality of treated foods. More than 2 log CFU reductions/g for lettuce or fresh-
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cut lettuce were achieved by ECAW without significantly affecting quality attributes 

(241, 333).  

ECAW has also been used in other fields, for fresh-cut flowers (132) or in dental 

cleaning (115, 285). However, reported effectiveness varied among different publications. 

The effect of ECAW on root canal cleaning indicated that a combination of anolyte (300 

mg/L NECAW) and catholyte together was more effective than that of deionized water, 

3% NaOCl, and 300 mg/l NECAW (79). Another group reported that NECAW (pH 7.0 

and 9.0) was not effective. The limitation of that report was that the authors failed to 

provide the FAC and ORP data (185). NECAW at more than 300 mg/l was effective for 

Bacillus anthracis spore inactivation, and higher than 7 log CFU reductions could be 

achieved (69). There are also reports showing limited bacterial inactivation on foods. 

Meat products generally had less than 1 log CFU reduction with ECAW treatment (16-

19). ECAW can also be applied for inactivating foodborne pathogens on meat products, 

but the sanitizing effects were much limited. For instance, the reduction of L. 

monocytogenes was less than1 log CFU/g (87). 

Some researchers have discussed factors that limit antimicrobial effects of ECAW 

(169, 170, 230). It is believed that organochloramines are formed when chlorine 

compounds react with organic compounds resulting in weaker ECAW antimicrobial 

activity (51, 171, 230, 242). ECAW had limited ability to penetrate into the protective 

layer of microbial polymers and some microbial cells could not be inactivated (1, 74). 

Chlorine loss decreases with an increase of pH from acidic to alkaline, similar to 

chlorinated water (164). Without food residue or organic compounds, ECAW (around 90 
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g/l, pH 2.5, ORP 1160) generated 3.5 to 4.0 log CFU reductions compared to deionized 

water, but this value decreased when food residue existed (83, 84). Biofilms are more 

resistant than planktonic cells due to quorum sensing (94) or EPS (50). 

Agitation, temperature, and soaking can affect the antimicrobial activity of 

ECAW. Higher temperature promotes the penetration of ECAW into microbial cells but 

also facilitates the loss of chlorine (153, 154). Agitation also facilitates the penetration of 

ECAW into microbial cells, and improves the efficiency of contact between chlorine and 

microbial cells (124, 244). Soaking cutting boards in EOW at higher temperatures 

decreased the time needed to achieve the same reduction in bacterial counts obtained at 

lower temperatures (124). Many researchers have demonstrated that NECAW can 

generate 2 to 6 log CFU reductions of some bacteria such as E. coli O157:H7, Salmonella, 

and L. monocytogenes. However, other researchers have found that NECAW does not 

effectively reduce foodborne pathogens (124). In general, NECAW is a promising 

sanitizer but little is known about its effectiveness and broad-spectrum activity against 

pathogenic bacteria.   

 

2.7.2.1.3. Antimicrobial mechanism of ECAW and NECAW 

In order to be effective, bactericides must penetrate into microbial cells and attain  

sufficient concentration at the target site (59). But the action modes of different sanitizers 

differ (159). For traditional chemical chlorine sanitizers, the mechanism has been well 

studied. For hydrogen peroxide, the antimicrobial effect is due to nondiscriminating 

oxidization, but hydrogen peroxide also attacks DNA, proteins, and lipids of microbial 
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cells. Hydrogen peroxide, however, does not affect the integrity of cell membranes (91, 

102). For hypochlorite, the antimicrobial effect is due to its interaction with lipids, slow 

oxidization of glutathione (GSH), toxic product generation, and disruption of nucleic 

acids (62-64)(93). Chlorite disrupts microbial membranes, inhibits synthesis of proteins 

and nucleic acids, and oxidizes GSH. Chlorite does not modify membrane lipids (34-36, 

76). 

FAC, ORP, and pH are three factors that are responsible for the sanitizing effects 

of ECAW. For NECAW, only two factors, chlorine (Cl2, HOCl, and OCl-) and ORP, 

determine its antimicrobial effects. However, there is no agreement about which of the 

two factors is the most important. Effects of NECAW chlorine include destroying 

microbial membranes, reacting with amino acids and nucleic acids of microbial cells, and 

affecting metabolism due to the destruction of key enzymes (43, 45, 53, 54). It should be 

noted that according to reports from Japanese researchers, ECAW did not have sufficient 

disinfectant ability when FAC was less than 20 mg/l, and even if the ORP was high (> 

800) (152). 

No significant difference (P≥0.05) was found between traditional chlorine 

sanitizers and NECAW (68, 69, 117) or acidic ECAW (48, 49, 70, 71, 89) with the same 

concentration of FAC. It seems that FAC was the determining factor of antimicrobial 

effects (3, 26). Different FAC with similar ORP and pH had significantly different 

antimicrobial effects. NECAW had almost the same antimicrobial effects as acidic 

ECAW with the same concentration of FAC. Among FAC, HOCl is the most active 

component. A more widely accepted mechanism of antimicrobial effects of ECAW was 
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that active chlorine compounds destroy the membranes of microorganisms, while some 

other researchers proposed that chemical reactions between active chlorine components 

and important microorganism chemical molecules (amino acids, nucleic acids, or 

enzymes) are responsible for the antimicrobial effects (124). Other researchers believed 

that high ORP was the determining factor. Higher ORP corresponds to greater oxidizing 

strength. ORP damaged cell membranes, oxidized cell surfaces, and disrupted cell 

metabolism and inactivated microbial cells (166). One confounding factor in these reports 

was that chlorine or other chemical sanitizing components coexisted together with ORP 

when studying the sanitizing effects of ORP.  

In some promising results on ECAW mechanism obtained recently (16, 341), only 

limited indicators of microbial cells were investigated, and those indicators can be 

affected by many exterior factors. Current morphological results, for instance, could be 

easily affected by sample preparation processes (335, 336). DNA degradation analysis 

did not exclude possible degradation due to DNase during the experiments (147), and 

protein analysis is problematic since  newly appeared subunits of  proteins after ECAW 

treatment were not explained (16, 341).  It was proposed that the disinfection mechanism 

of ECAW were due to several factors including penetrating the protective sphere of 

bacteria, increased permeability of the microbial outer membrane, inactivated cellular 

compounds and some key enzymes (341).  

It should be noted that the inactivation mode of Gram-positive bacteria might 

differ from that of Gram-negative bacteria (50). E. coli O157:H7 and Salmonella are 

Gram-negative bacteria while L. monocytogenes is a Gram-positive bacterium. The 
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antimicrobial mechanism of NECAW on E. coli O157:H7 and Salmonella might differ 

from that of L. monocytogenes. Partial reasons for this difference may be due to the 

existence of glutathione (GSH). GSH exists in almost all prokaryotes but not in 

mitochondria or chloroplasts (45, 111, 123). In Gram-negative bacteria, glutathione is 

critical for maintaining the oxidation state of thiols and can be used by bacterial cells to 

cope with stresses. Furthermore, glutathione can undergo glutathionylation, a protein 

post-translational modification regulating protein function under stress (190). A second 

reason could be related to outer membrane protein A (OmpA). With respect to E. coli 

O157:H7 and S. enterica, for instance, understanding the sanitizing mechanism of 

NECAW could be helped by studying the effects of NECAW on OmpA (255, 256, 328).  

 

2.7.2.2. Traditional chlorine and chlorine-based compounds 

Chlorine-based compounds are still the most widely used sanitizers in the food 

industry due to their wide-spectrum antimicrobial property (215). Their sanitizing effect 

is determined by the FAC of the solution. FAC consists of chlorine gas (Cl2), 

hypochlorous acid (HClO), or hypochlorite ions (ClO-), in which HClO has the strongest 

antimicrobial activity. The pH of the solution can change the relative contents of these 

three compounds. A mildly acidic pH (approximately pH 5) chlorine-based compound 

could have the maximum content as HClO, thus resulting in strong sanitizing effects (27). 

Commonly used chlorine-based sanitizers are sodium hypochloride or calcium 

hypochlorite. They can react with water and generate HClO, with strong antimicrobial 

activity. In fresh produce processing, a general sanitizing treatment is 200 mg/l at a pH < 
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8.0 with 1-2 min treatment. When FAC was smaller than 50 mg/l, sanitizing effect of 

chlorine on L. monocytogenes was not observed. A very high (>200 mg/l) concentration 

of chlorine is required to achieve 1 log CFU reduction of pathogens on fresh produce in 

washing solution (34).  

 Chlorine dioxide is another commonly used chlorine-based sanitizer. It is a 

volatile molecule and remains in water as a dissolved gas. Chlorine dioxide can not be 

used directly as a commercial product since it is highly explosive. Therefore, the 

application of this compound requires onsite generation. A common way of generating 

chlorine dioxide is by reacting sodium chlorite with gaseous chlorine. An alternative way 

is by using hypochlorous acid to replace Cl2 (299, 310, 321). Compared to chlorine, one 

advantage of chlorine dioxide for sanitizing fresh produce is that it generates fewer 

carcinogenic byproducts such as trihalomethanes. Plus, it is less affected by pH than 

chlorine (299, 310, 321).  

 

2.7.2.3. Ozone 

Ozone (O3) has a high oxidation potential and is a versatile sanitizing agent. It can 

be generated from oxygen (O2) with the exertion of high energy using photochemical, 

electric discharge, thermal or electrolytic methods (85, 138, 222). Ozone is stable in air 

but is potent and unstable in water. Ozone in water can decompose into oxygen 

spontaneously and quickly without any residues (138, 318).  

Ozone can be used as a disinfectant or sanitizer for food processing including 

organic foods (19, 85, 138). This can be done using different forms of ozonated water or 
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by adding gaseous ozone to a storage room (119, 138, 222, 246). The efficiency of ozone 

is mainly determined by ozone demand of the medium’s residual ozone, that is, the ozone 

remaining on the surfaces treated (138). Organic debris can compromise the effectiveness 

of ozone treatment; therefore, it is necessary to clean equipment surfaces before ozone 

sanitizing treatment. It was reported that ozone did not change the organoleptic properties 

of foods under appropriate conditions. For example, 0.1 mg/l ozone treatment for 6 h did 

not affect the organoleptic properties of whole and ground black peppers (85). Ozone did 

not affect the quality properties of treated lettuce as well (119).  

 

2.7.3. Biological sanitizers 

 

2.7.3.1. Phages 

Phages, or bacteriophages, are viruses, which can infect bacteria. They exist 

widely in natural environments using bacteria as their hosts. However, they have their 

own DNA or RNA. Phages can be isolated from waste water, sewage, and human or 

animal fecal samples. Compared to chemical sanitizers, most phages have less spectrum 

killing effects on bacteria. Therefore, for inactivating various strains of pathogens, one 

solution to overcome this disadvantage is to use cocktails of several phages (61, 95). 

Phages are considered to be a potential alternative to chemical sanitizers, and 

because of the emergence of antibiotic resistance, there is significant research devoted to 

developing viable alternatives for many different pathogenic bacteria. Phages have been 

approved for use on foods and at least three different commercially available phage 
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preparations are offered by different companies. Currently, one of the most widely used 

phages for foodborne pathogens is commercially available Listeria phage, P 100 L. 

monocytogenes phage. It was reported that this phage is effective on many strains of L. 

monocytogenes on different foods (45, 148, 205, 275, 287-289). The limitation is that the 

strains tested are much limited and should be designated by the manufacturing company.   

In our laboratory, a phage cocktail was examined for inactivating E. coli O157:H7 

mixture at or above room temperature on different commonly-used hard surfaces 

including stainless steel coupons and directly on food surfaces.  E. coli O157:H7 on 

romaine lettuce and spinach were found to be inactivated by phage (314-316). 
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CHAPTER III 

 

EFFECTIVENESS AND BROAD-SPECTRUM ACTIVITY OF 
NEUTRAL ELECTROCHEMICALLY ACTIVATED WATER 

AGAINST FOODBORNE PATHOGENS 

 

The objective of this study was to determine the effectiveness and broad-spectrum 

activity of neutral electrochemically activated water (NECAW) against Escherichia coli 

O157:H7, Listeria monocytogenes, and Salmonella enterica. Liquid bacterial cultures, 

bacterial cells dried on stainless steel (SS) surfaces and biofilms of 40 strains of E. coli 

O157:H7, L. monocytogenes, and S. enterica were treated with NECAW. Sanitizing 

effects were determined by direct plate counting and enrichment testing. NECAW 

containing 50 or 100 mg/l FAC caused more than 5 log CFU/ml reductions for 70% and 

100% of the strains in liquid culture, respectively. Treatment with NECAW (100 mg/l 

FAC) resulted in more than 3 log CFU/coupon reductions for 92.5% and 27.5% of the 

strains dried on SS surface and as biofilms, respectively. Among all the strains, S. 

enterica serovar Newport B4442CDC was the most resistant to NECAW on surfaces 

while E. coli O157:H7 ATCC 43895 was the most resistant in biofilms and liquid pure 

cultures. NEACW was effective and had a broad-spectrum activity against foodborne 

pathogens. Different species and strains of foodborne pathogens had variable sensitivity 

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

 

3.1. Introduction 

Foodborne diseases are a major health problem worldwide. Escherichia coli 

O157:H7, Listeria monocytogenes and Salmonella are three of the most important 

infectious bacteria, responsible for the largest percentage (82%) of food-related deaths in 

the U. S. (192, 274). They were targeted for reductions in the Center’s Disease Control 

and Prevention’s Healthy People 2010 plan (192). Compared to the preceding 3 years, the 

estimated incidence of infections caused by the three bacteria in 2008 did not decrease 

significantly (317).  

Food and food processing equipment are important carriers of foodborne 

pathogens. In addition, pathogens on food equipment surfaces can easily form biofilms. 

Sanitization is a critical step to ensure food safety during food processing and handling. 

Traditional chemical sanitizers can effectively inactivate foodborne pathogens, but 

chemical disposal, impact on food quality and worker safety are great concerns 

associated with their use. Thus, developing environmentally friendly sanitizers for food 

sanitization is a critical need, especially for organic food production due to limited 

choices and efficacy of currently approved sanitizers (198).  

Electrochemically activated water (ECAW), often referred to electrolyzed 

oxidizing water (EOW), is a water-based sanitizer for food and food processing 

equipment that uses an electrolyzed diluted salt solution to generate two distinct fractions, 

referred as the anolyte and the catholyte. The anolyte is generated at the anode containing 
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chlorine (acidic or neutral) and is the fraction with antimicrobial properties. This 

antimicrobial activity is due to formation of free available chlorine (FAC) and relatively 

high oxidation-reduction potential (ORP). In contrast, the catholyte is generated at the 

cathode, which can be used for cleaning food utensil surfaces or food directly (60, 185, 

267). The sanitizing effect of ECAW is determined by the parameters ORP, FAC, and pH 

of the anolyte. Neutral ECAW (NECAW) is ECAW of the anolyte with a pH near 

neutrality (124).  

A number of researchers have demonstrated that NECAW is an effective sanitizer, 

resulting in 2 to 6 log colony forming unit (CFU) reductions of some bacteria such as E. 

coli O157:H7, Salmonella, and L. monocytogenes (66, 130). However, some researchers 

observed different results suggesting NECAW did not effectively reduce foodborne 

pathogens (124). To our knowledge, though there are a number of reports on the 

sanitizing effects of EOW or NECAW on food or food equipment surfaces, most of those 

studies have used only a very limited number of strains such as one (117, 341) or a five-

strain mixture of specific pathogens for testing sanitizing effects (312, 313).  

Due to possible differing sensitivities among strains and usage of different 

parameters of ECAW, the antimicrobial activity of ECAW on foodborne pathogens has 

varied significantly (60).  For biofilms formed on utensil surfaces, only studies involving 

L. monocytogenes have been published, and the results varied significantly even under 

similar conditions from the same research group (11, 12). These reports provide some 

insight into understanding the properties and effects of ECAW; however, due to the 

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

The usage of NECAW as a sanitizer appears to be safe for workers and the 

environment, and the neutral pH of NECAW minimizes the loss of chlorine due to 

evaporation and typically maintains antimicrobial activity longer than acidic ECAW (23, 

36, 42, 49). Determination of NECAW’s effects against different strains of foodborne 

pathogens would contribute to corroborate its application as a sanitizer for food 

processing equipment and food itself. 

The objective of this study was to determine the effectiveness and broad-spectrum 

activity of NECAW against different strains of foodborne pathogens including E. coli 

O157:H7, L. monocytogenes, and S. enterica. The sanitizing efficacy of NECAW against 

different strains of the pathogens as liquid cultures, dried cells on stainless steel (SS) 

surfaces, and biofilms on SS was examined.  

 

3.2. Materials and methods 

 

3.2.1. Bacterial strains 

Different strains of E. coli O157:H7 (11 strains), S. enterica (21 strains) and L. 

monocytogenes (8 strains) were included in this study (Table 3.1). All strains have been 

causal organisms in food outbreaks. For each strain, a loop of glycerol-culture from -

60°C storage was inoculated and transferred three consecutive times in tryptic soy broth 

(TSB) (Neogen Corp,, Lansing, MI) and inoculated at 37ºC at 24 h intervals.  
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3.2.2. Preparation and analysis of neutral electrochemically activated water 

(NECAW) 

NECAW was freshly produced from softened tap water and saturated NaCl 

solutions by a generator (Zap Water Technology, Inc., Richfield, MN, USA) at a voltage 

range of 7 to 9 volts. After a stable voltage reading was reached, NECAW was collected 

using a sterile glass bottle from the anode side, covered and used within 2 h post 

generation. FAC of NECAW was determined with a chorine test kit by calculating the 

drop counts (LaMotte Company, Chestertown, MD). ORP and pH were measured with an 

ORP meter (ORPTestr 10, Oakton Instruments Inc., Vernon Hills, 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 each) were centrifuged (3, 600 × g, 

23°C) for 10 min. Pellets were washed using 10 ml of peptone water (PW, Neogen, Inc.), 

centrifuged and re-suspended in 10 ml of PW.  One ml of each suspension was added to 

99 ml of liquid sanitizer solution (NECAW or deionized water [DIW] as control) in 

bottles. After the bottles were shaken by hand for 30 s, 1 ml aliquots were each added to 

9 ml neutralizing buffer solutions (5.2 g/l; Becton, Dickinson and Company, Sparks, MD) 

and shaken for 40 s. The neutralized mixture was serially diluted for plating analysis (7, 

11).   

 

3.2.4. Bacteria dried on stainless steel surface 
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For each strain, 10 ml of 24 h-old cultures were centrifuged. Pellets were washed 

with 5 ml sterile TSB, spun and re-suspended in 2 ml TSB. Then 25 µl of each bacterial 

suspension was inoculated on clean, sterile stainless steel coupons (1 cm in diameter and 

approximately 0.7 mm in thickness) (9, 98). Coupons were dried in a biosafety cabinet 

for 3 h. Microbial cells on coupons were immersed in sterile petri plates with 100 mg/l 

FAC NECAW or DIW for 1 min, with or without slight agitation (approx. 10 rpm). After 

treatment, coupons and solutions were neutralized with neutralizing buffer and the 

microbial cells were recovered by plating on TSA plates and enrichment test (332).   

 

3.2.5. Biofilm experiments 

Individual strains were prepared as described above for liquid culture testing. 

Suspensions were mixed with 9 ml sterile low nutrient TSB (1:10 dilution of normal TSB 

solution, LN-TSB) at a dilution of 1:100. Sterilized stainless steel coupons were 

immersed in the suspensions, mixed well and left in the liquid cultures for 4 h at room 

temperature to allow bacterial attachment. Suspensions were poured off and the coupons 

were rinsed gently with a circular motion for 10 s using 1 ml PW in order to remove 

unattached microbial cells. The PW was poured off. Coupons were incubated at room 

temperature with 10 ml fresh LN-TSB. After 48 h, LN-TSB was discarded and coupons 

were transferred to new LN-TSB solutions for another 24 h at room temperature. After 

this incubation, coupons were rinsed gently with 1 ml PW twice to remove loosely 

attached microbial cells, and then  dried in a biosafety cabinet for 2 h (12). 

Coupons with biofilms were placed into glass tubes containing 10 ml NECAW 
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100 mg/l FAC or DIW as control, slightly mixed at speed 2 using a Mdl G-560 Vortex 

Genie 2 Mixer (Lehman Scientific, LLC, Wrightsville, PA, USA) for 5 s. After a 25 s 

pause, coupons were mixed again for 5 s, and then kept still for another 25 s. Coupons 

were transferred to new glass tubes containing 10 ml neutralizing buffer solution and 

mixed at speed 2 for 5 s. After 35 s of waiting, coupons were transferred to 50 ml 

disposable plastic tubes containing 10 ml PW and 3 g sterile glass beads (Sigma-Aldrich 

Co., St. Louis, MO, USA), and vortexed heavily for 5 min to remove bacteria from the 

coupons. A series of ten-fold dilutions of the PW containing coupons and neutralizing 

buffer were conducted, after vortexing for direct plating and enrichment test.  

 

3.2.6. Microbial analyses 

The numbers of viable cells in the final diluted PW and the neutralizing buffer 

were determined by directly plating 0.1 ml of each diluent in duplicate on tryptic soy agar 

(TSA; Neogen Corp) plates, and further counting the colonies after incubation at 37ºC for 

24 h (for E. coli O157:H7 and Salmonella) or 48 h (for L. monocytogenes). The CFU of 

the recovered bacteria was enumerated and transformed to logarithm base 10 per ml or 

coupon. For enrichment tests, 5 ml PW recovered from coupons and neutralizing buffer 

after treatment were transferred to 250 ml Erlenmeyer flasks containing 100 ml sterile 

TSB and incubated at 37ºC for 48 h (12, 244). Selected colonies from TSA plates were 

streaked onto selective agar and incubated to confirm the presence of pathogens. 

 

3.2.7. Data analyses 
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Experiments were independently conducted with at least two separate trials. For 

each trial, the parallel groups were conducted in duplicate with two plating results for any 

individual condition. Statistical analyses using analysis of variance (ANOVA) (P < 0.05) 

and Duncan’s multiple range test for differences among different treatments (between 

NWECAW and DIW) were performed using SAS software (Version 9.1.3, SAS, Cary, 

NC, USA). Comparisons that yielded P < 0.05 were considered significant.    

 

3.3. Results 

NECAW was very effective in reducing the viable count of E. coli O157:H7, S. 

enterica and L. monocytogenes in liquid cultures. Table 3.2 shows the survival of E. coli 

O157:H7 microbial cells in liquid pure cultures following exposure to NECAW with 50 

mg/l FAC. After 30 s treatment, no survivors of 8 out of 11 E. coli O157:H7 strains were 

detected. Among the three E. coli O157:H7 isolates that had surviving counts, strain 

ATCC 43895 was reduced less than 2 log CFU/ml.  NECAW was very effective in 

killing all L. monocytogenes strains to below detection level (Table 3.3). Interestingly, 

Salmonella Typhimurium strains were more sensitive to NECAW treatment than non-

Typhimurium strains (Table 3.4). Approximately 82% of Typhimurium strains tested 

were not detected after NECAW treatment, compared to 50% of non-Typhimurium 

strains. When the bacterial strains were treated with NECAW containing 100 mg/l FAC 

no survivors were detected above 2 log CFU/ml after an initial count of approximately 9 

log CFU/ml (data not shown). 

After testing the effectiveness of NECAW using the standard sanitizer protocol in 
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liquid cultures, the next step was investigating the effect of NECAW on the same 

pathogenic strains dried on stainless steel (SS) surfaces. To resemble real sanitizing 

conditions, the treatments with NECAW were done statically or with slight agitation and 

only 100 mg/l FAC was tested on cells dried on SS coupon surfaces. For E. coli O157:H7 

treated statically, 64% of strains had less than 2 log CFU reductions, but agitation 

resulted in no detactable survivors  for almost all strains, even if enrichment was used 

(Table 3.5). The use of agitation was also effective in enhancing killing of L. 

monocytogenes, in that detectable survivorship decreased from less than 1 log CFU 

reduction without agitation to undetectable counts with slight agitation (Table 3.7). For 

Salmonella, 48% of strains were inactivated to less than 2 log CFU without agitation 

(Table 3.6). Two strains, Typhimurium UK-1 and Newport B4442CDC, had survival 

counts above the detection limit even with slight agitation.    

NECAW was applied to treat biofilms of pathogen cells formed on SS coupon 

surfaces. Since biofilms are generally hard to remove, the protocol of Ayebah and others 

(2005) (11) was modified to include two cycles of 5 s disturbance following 25 s still 

incubation. However, in this current study, this modification did not markedly improve 

NECAW’s effectiveness. More than half of E. coli O157:H7 strains had less than 2 log 

CFU/coupon reductions, while this number was 38% for L. monocytogenes and 29% for 

Salmonella strains as biofilms (Tables 3.8 to 3.10).  

To better illustrate NECAW’s sanitizing effect, the survival count of microbial 

cells rinsed into washing solutions and neutralizing buffer was also determined (Tables 

3.11 to 3.13). Interestingly, no survivors of washing solution and neutralizing buffer from 
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NECAW groups were detected by direct counting on TSA or enrichment tests, with or 

without agitation, while significant amounts of surviving microbial cells were found in all 

the solutions in DIW control groups (5 to 7 log CFU/coupon). The same results were also 

found in liquid fractions from biofilms treated with NECAW and DIW (Tables 3.14 to 

3.16).      

Figure 3.1 summarizes all the sanitizing results of liquid cultures, cultures dried 

on SS coupon surface and biofilms. Overall, NECAW treatment (50 mg/l FAC for 30 s) 

on most strains yielded more than 5 log CFU/ml reductions, greater than 3 log 

CFU/coupon reductions for pathogens dried on SS coupon surfaces and less than 2 log 

reductions for biofilms formed (100 mg/l FAC for 1 min). Among all the strains, S. 

Newport B4442CDC was the most resistant to NECAW on surfaces while E. coli 

O157:H7 ATCC 43895 was the most resistant strain in biofilms and liquid cultures. 

Compared to E. coli O157:H7 and Salmonella, L. monocytogenes biofilms were more 

resistant to NECAW treatment.  

 

3.4. Discussion 

The three critical parameters affecting the sanitizing effects of ECAW are FAC, 

ORP and pH. In the current study, we used NECAW with pH near neutrality, which 

minimized the influence of pH. A FAC of 63 mg/l was determined to be the critical 

concentration that resulted in more than 5 log CFU/ml reductions for liquid cultures 

according to European Standard UNE-EN 1276 (68, 69), however, recent research 

suggested that such generalizations are limited by the influence of other factors. Several 
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studies have indicated that it is still unclear if FAC or ORP is more important for 

NECEW (36, 45, 46). Most of those publications agreed, however, that pH was effective, 

but not very critical, in maintaining the sanitizing effects of NECAW. As supported by 

our results and some others (114, 117), the neutral pH ECAW was very effective for 

killing foodborne pathogens. 

To our knowledge, published data onantimicrobial activity of ECAW on 

foodborne pathogens or other microorganisms varied significantly, although in general 

ECAW has been more effective on liquid cultures than in dried forms or in biofilms. For 

example, treatment of E. coli K 12 (NBRC 3301) for 30 s with ECAW (21.2 mg/l, pH 5.8, 

ORP 948 mV) achieved 3.85 log CFU/ml reductions and a higher concentration of FAC 

and ORP (45.3 mg/l, pH 2.6, ORP 1140 mV) resulted in 5.27 log CFU/ml reductions 

(130). Extending the treatment from 30 s, which was used in  AOAC official method 

960.09 (8), to 5 min with ECAW (89 mg/l, pH 8.0, ORP 760 mV) achieved greater than 6 

log CFU reductions for E. coli O157, Salmonella Enteritidis, and L. monocytogenes (66). 

The varied sanitizing effects among different strains could be due to application of 

different parameters of ECAW  and strains’ different penetration barriers, thus different 

sensitivity to NECAW treatment (59).  

Large variety in ECAW’s sanitizing effects on surfaces is evident in published 

literature. Neutral EOW with 63 mg/l FAC was reported as effective as NaClO solution 

but was safer and easier to use (67). Acidic ECAW (40 mg/l, pH 2.65, ORP 1155 mV) 

treatment resulted in 1.91 log CFU/coupon reductions of L. monocytogenes dried on SS 

coupon surfaces, but these results could have been influenced by the presence of food 



 

53 

residues and usage of tap water controls, resulting in 1 log CFU reductions (169). In 

contrast, EOW (90 mg/l, pH 2.5, ORP 1160) 10 min caused 4 log CFU per 100 cm2 

reductions of L. monocytogenes dried on a cutting board surface (313), and reduced the 

viable count of E. coli O157:H7, S. Enteritidis and L. monocytogenes by 3 log CFU on 

tomato surfaces (30.3 mg/l, pH 2.6, ORP 1140 mV) (16, 17). In the current report, 

NECAW’s antimicrobial effects were markedly diminished when bacteria were dried on 

surfaces compared to liquid suspensions, possibly due to a limited penetration ability of 

NECAW into microbial cells because of biofilm structure (6). 

Biofilms on materials associated with food production is a serious food safety 

issue. Biofilms can develop when microbial cells are in a disadvantageous environment. 

It was widely accepted that biofilms are a community of microbial cells embedded in a 

matrix of extracellular polymeric substances (EPS), being more resistant to sanitizers 

than viable cells mainly due to the EPS and quorum sensing (7, 59, 194, 236). In addition, 

the antimicrobial effects of sanitizer on biofilms have been quite variable even with 

similar treatment conditions (11, 12). For instance, ECAW treatment of L. 

monocytogenes biofilms for 1 min (85 mg/l, pH 2.29, ORP 1163 mV) led to 3.69 to 4.81 

log CFU reductions (11). Conversely, less FAC concentrations (47 mg/l, pH 2.40, ORP 

1163 mV) resulted in equivalent or greater reductions (4.65 log CFU) (12). However, in 

the work described here, NECAW treatment on L. monocytogenes biofilms resulted in an 

average of 2.2 log CFU/coupon reductions. The difference was in some degree due to the 

control group. Our control group (DIW treatment) yielded around 0.8 log CFU/coupon 

more reductions than controls used by Ayebah et al. (11). For this reason, we applied a 
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higher concentration of microbial cells to dry on the SS coupon surface for biofilms to 

develop since 1 to 2 log CFU/coupon could be washed away. 

Results for our control group were similar to that reported by Venkitanarayanan et 

al. (313). For biofilms, our currently used biofilms were relatively younger (less than 4 

days) compared to a more realistic situation (more than 7 days). Thus, it is possible that 

with more developed biofilms, more than 21 days, for instance, the sanitizing effects of 

NECAW would be lower (332). Even though our observed reductions of biofilm 

microbial cells by NECAW may be comparable to that reported in the literature for liquid 

cultures or surfaces, more concentrated ECAW applied to biofilms needs to be taken into 

account. Overall, ECAW had a lower sanitizing effect on biofilms possibly due to the 

strong attachment of microbial cells to the SS surfaces and cells being less accessible to 

ECAW because of  outer EPS of biofilms (7).  

ECAW’s antimicrobial effects were limited by several factors. Chlorine 

compounds react with organic compounds to form organochloramines, leading to 

compromised sanitizing effects, which could be one of the reasons for less sanitizing 

effects on biofilms than liquid cultures as chlorine compounds could react with the EPS 

component of the biofilms (Figure 3.1). In addition, FAC was transformed to N-chloro 

compounds by reacting with food amino acids and proteins, or lipids to form carbon-

carbon double bonds (230). Both reactions resulted in reduced ECAW antimicrobial 

activity (11, 230) and limited ECAW ability to penetrate into the protective layer of 

microbial polymers (6, 244). Evidence supporting this was that without food residue or 

organic compounds, ECAW (approx. 90 mg l-1, pH 2.5, ORP 1160 mV) treatment for 
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around 10 min generated 3.5 to 4.0 log CFU reductions compared to DIW. This value 

decreased when food residue existed (312, 313). Thus, the actual effects of NECAW on 

practical food or food utensils may be reduced compared to bacteria dried on clean 

surfaces as used in this report (169). For improvingsanitizing effects, especially on fresh 

produce surfaces, alkaline electrolyzed water pretreatment could be an option, especially 

with mild heating (11, 154). 

To alleviate the limiting factor (accessible of sanitizers)’s effect on sanitization, 

agitation or soaking could be applied. Agitation facilitated the penetration of ECAW into 

microbial cells, and improved contact between chlorine and microbial cells, resulting in 

significant increase of sanitizing effect (6, 124, 244). Without agitation, between 2.2 and 

2.4 log CFU/cm2 reductions of Enterobacter aerogenes ATCC 13048 and 1.7-1.9 log 

reductions for Staphylococcus aureus ATCC 6538 were observed with an initial 

inoculation of 107 CFU/cm2 on the surface. In contrast, agitation of 50 rpm reduced the 

population of viable cells on the tested surfaces including glass, stainless steel, glazed 

and unglazed ceramic tiles, and vitreous china to less than 1 log CFU/cm2 for both strains 

(244).  

To enhance the sanitizing effect and minimize the nonsanitizing effect of washing 

away the microbial cells from SS coupon surfaces to the solution, in the current 

manuscript a slight agitation of 10 rpm was applied. Agitation enhanced sanitization to 

such a level that most of the strains post-NECAW treatment were killed to below 

detection levels. Soaking also enhances the sanitizing effect. Soaking of cutting boards in 

EOW at a high temperature decreased the duration needed to achieve the same reduction 
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of bacterial counts obtained at lower temperatures (124). We did not detect the effect of 

soaking in the current research. 

Prevention of cross contamination is critical in order to maintain food safety 

during processing. In this report, no viable bacterial cells were detected in washing 

solution and neutralizing buffer, two sources of potential contamination, of NECAW 

treatment group, while more than 2 log CFU/coupon of viable microbial cells were 

recovered from control group. The result indicated that NECAW at the conditions we 

applied could not only sanitize pathogens but also effectively prevent cross 

contamination from the washing solutions, which was supported by previous reports as 

well (244).  

 

3.5. Conclusion 

NECAW is effective and had a broad-spectrum activity on inactivating foodborne 

pathogens including E. coli O157:H7, L. monocytogenes and Salmonella. NECAW (100 

mg/l FAC) inactivated all the strains of the pathogens with greater than 5 log CFU/ml 

reductions. Different strains of these pathogens had different sensitivities to NECAW, 

having different bacterial cell reductions when treated with 50 mg/l FAC NECAW 

treatment in liquid cultures. Of the 40 strains, 28 strains in liquid culture had more than 5 

log CFU reductions by the treatment of NECAW. NECAW (100 mg/l FAC) resulted in > 

3 log CFU/coupon reductions for 92.5% of the strains dried on SS surface and 27.5% of 

the biofilms. E. coli O157:H7 ATCC 43895 was the most resistant strain to NECAW in 

biofilms and liquid pure cultures while S. Newport B4442CDC was the most resistant 
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strain on surfaces.  
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Figure 3.1.  Proportion of strains of Escherichia. coli O157:H7, Salmonella enterica and 

Listeria monocytogenes killed by neutral electrochemically activated water (NECAW) 

according to the extent of count reduction. (a) liquid cultures, (b) cultures dried on 

stainless steel surface with agitation, and (c) biofilms. 
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Table 3.1. Bacterial strains used in this study to determine efficacy of NECAW. 

Bacteria 
species/serovar 

Strain Source or 
reference 

Escherichia coli 
O157:H7 

ATCC 43890 ATCC 

 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, I503, I526, I534, I535, 

I536, I758 
FSML 

Serovar Newport AMO 7073, AMO 7076, AMO 
5313, B4442CDC  

CDC 

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 Service’s Southern Plains Agricultural 

Research Center; ATCC, American Type Culture Collection; CDC, Centers for Disease 

Control and Prevention; FSML, Food Safety Microbiology Laboratory, University of 

Minnesota; MDH, Minnesota Department of Health; MSU, Microbial Evolution 

Laboratory, Michigan State University. ILSI, International Life Sciences Institute, 

Cornell University; UMNVM, University of Minnesota-Veterinary Medicine. NECAW, 

neutral electrochemically activated water. 
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Table 3.2. Survival of Escherichia coli O157:H7 cells (log CFU/ml) in liquid cultures 

after exposure to neutral electrochemically activated water (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 9.27±0.03 7.19±0.03 <2.00 ≥5.19 

2257 9.18±0.06 7.08±0.02 <2.00 ≥5.08 

4719 9.12±0.10 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 was 50 mg/l, treatment time was 30 s. 

Detection limit: 2 log CFU/ml. 

 

 

 



 

61 

Table 3.3. Survival of Listeria  monocytogenes microbial cells (log CFU/ml) in liquid 

cultures after exposure to neutral electrochemically activated water (NECAW). Distilled 

ionized water (DIW) was used as control. 

 

Treatment 
Strain Initial 

DIW NECAW Reduction 

ATCC 19115  9.30±0.05 7.24±0.03 <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 7.02±0.03 <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 was 50 mg/l, treatment time was 30 s. 

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

after exposure to neutral electrochemically activated water (NECAW). Distilled ionized 

water (DIW) was used as control. 

 

Treatment 
Serovar Strain Initial 

DIW 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 

 I503 9.21±0.06 7.13±0.07 <2.00 ≥5.13 

 I526 9.26±0.07 7.19±0.06 <2.00 ≥5.19 

 I534 9.06±0.10 6.97±0.07 <2.00 ≥4.97 

 I535 9.21±0.05 7.12±0.03 <2.00 ≥5.12 

 I536 9.12±0.14 7.16±0.02 <2.00 ≥5.16 

 I740 9.19±0.07 7.03±0.02 <2.00 ≥5.03 

 I758 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 9.02±0.12 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 <2.00 ≥5.03 

Tennessee  E2007000302 9.34±0.11 7.38±0.03 3.10±0.35 4.28 

Montevideo  95573473 9.39±0.05 7.18±0.05 <2.00 ≥5.18 

Agona  FDA 9.25±0.06 7.04±0.09 2.49±0.76 4.55 

Saintpaul  E2008001236 9.20±0.09 7.09±0.02 3.73±0.75 3.36 

 

Note: the free available chlorine of the NECAW was 50 mg/l, treatment time was 30 s. 

Detection limit: 2 log CFU/ml.
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Table 3.5. Efficacy of neutral electrochemically activated water (NECAW) on the viability of liquid cultures of Escherichia coli 

O157:H7 dried on stainless steel surfaces (log CFU/coupon).  Distilled ionized water (DIW) was used as control. 

 

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 7.24±0.22 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 7.36±0.34 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 and negative on enrichment. Free available chlorine of the NECAW was 100 mg/l. 
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Table 3.6. Efficacy of NECAW on the viability of liquid cultures of Listeria monocytogenes dried on stainless steel surfaces (log 

CFU/coupon). Distilled ionized water (DIW) was used as control. 

 

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 7.39±0.48 6.53±0.33 5.58±0.43 0.95±0.11 4.26±0.28 N.D. ≥3.26 

DUP-1030A 7.16±0.50 5.95±0.09 5.81±0.16 0.14±0.10 4.24±0.35 N.D. ≥3.24 

DUP-1038 7.32±0.50 6.60±0.24 6.29±0.52 0.31±0.29 5.92±0.43 N.D. ≥4.92 

DUP 1044A 7.29±0.41 6.26±0.57 6.20±0.58 0.06±0.05 5.61±0.07 <2.00 ≥3.61 

2349 7.75±0.05 6.07±0.30 5.88±0.72 0.19±0.54 4.03±0.11 N.D. ≥3.03 

2422 6.84±0.18 5.79±0.15 5.01±0.71 0.78±0.63 4.32±0.42 N.D. ≥3.32 

3528 7.25±0.22 6.04±0.32 5.57±0.53 0.47±0.35 4.07±0.09 N.D. ≥3.07 

 

Note: N.D.: Not detectable by TSA plate count and negative on enrichment. Free available chlorine of the NECAW was 100 mg/l. 
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Table 3.7. Efficacy of NECAW on the viability of liquid cultures of Salmonella spp. dried on stainless steel surfaces (log 

CFU/coupon). Distilled ionized water (DIW) was used as control. 

 

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 

 I503 7.75±0.30 6.64±0.11 6.35±0.10 0.29±0.11 5.66±0.19 <2.00 ≥3.66 

 I526 7.65±0.10 5.62±0.13 <2.00 ≥3.62 4.46±0.53 N.D. ≥3.46 

 I534 7.91±0.08 5.43±0.15 2.82±0.45 2.61±0.36 4.42±0.85 N.D. ≥3.42 

 I535 7.46±0.02 5.68±0.23 N.D. ≥4.68 4.05±0.39 N.D. ≥3.05 

 I536 7.01±0.08 4.90±0.17 3.39±0.18 1.51±0.08 4.14±0.49 N.D. ≥3.14 

 I740 7.96±0.09 5.47±0.15 2.87±0.46 2.60±0.40 4.43±0.89 N.D. ≥3.43 

 I758 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  AMO 7073 7.36±0.10 6.54±0.45 5.50±0.63 1.04±0.20 5.55±0.84 N.D. ≥4.55 

 AMO 7076 7.55±0.20 5.87±0.16 3.03±2.13 2.84±2.29 4.29±0.35 N.D. ≥3.29 

 AMO 5313 7.86±0.06 6.87±0.07 5.52±0.67 1.35±0.63 5.74±0.76 <2.00 ≥3.74 

 B4442CDC 7.58±0.14 6.01±0.38 5.60±0.51 0.41±0.20 5.75±0.24 3.23±2.25 2.52±2.48 

Enteritidis  2009595 7.32±0.24 6.25±0.55 5.68±0.19 0.57±0.38 5.64±0.48 N.D. ≥4.64 

   95657613 7.69±0.15 5.74±0.23 <2.00 3.74 4.04±0.07 N.D. ≥3.04 

Tennessee  E2007000302 8.11±0.10 6.01±0.25 <2.00 ≥4.01 4.34±0.75 N.D. ≥3.34 

Montevideo  95573473 7.54±0.21 6.08±0.20 5.47±0.42 0.61±0.58 5.06±0.29 <2.00 ≥3.06 

Agona  FDA 7.46±0.34 6.04±0.22 3.01±2.29 3.03±2.09 4.74±0.65 N.D. ≥3.74 

Saintpaul  E2008001236 7.80±0.09 5.61±0.15 4.12±0.35 1.49±0.49 4.50±0.23 N.D. ≥3.50 

  

Note: N.D.: Not detectable by TSA plate count and negative on enrichment. FAC of NECAW was 100 mg/l. 
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Table 3.8. Recovery of Escherichia coli O157:H7 cells from biofilms grown on coupons (log CFU/coupon). Distilled ionized water 

(DIW) was used as control. 

Strain Initial  Treatment 

  DIW NECAW  Reduction 

ATCC 43890 7.54±0.10 6.19±0.24 4.99±0.98 1.20±0.75 

ATCC 43895 7.18±0.07 6.29±0.15 5.12±0.67 1.16±0.74 

2028 7.74±0.33 6.93±0.60 2.71±0.42 4.21±0.98 

2029 7.98±0.46 6.75±0.48 4.01±0.58 2.73±0.52 

2257 7.42±0.28 4.99±0.32 3.40±0.48 1.58±0.55 

4719 7.33±0.16 5.82±0.27 4.49±0.54 1.33±0.26 

6058 7.42±0.23 5.20±0.37 <2.00 ≥3.20 

86-24 7.94±0.33 7.39±0.47 4.98±0.57 2.41±0.63 

EK1 TWO8609 7.25±0.09 4.82±0.16 3.05±0.33 1.76±0.22 

EK27 TWO 8635 7.47±0.15 5.62±0.51 4.27±0.40 1.35±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 was 100 mg/l. 
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Table 3.9. Recovery of Listeria monocytogenes cells from biofilms grown on coupon (log CFU/coupon) after treatment with neutral 

electrochemically activated water (NECAW). Distilled ionized 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 6.98±0.30 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 was 100 mg/l. 
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Table 3.10. Recovery of Salmonella spp. cells from biofilms grown on coupon (log CFU/coupon) after treatment with neutral 

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

  

Serovar Strain Initial  Treatment 

   DIW NECAW Reduction 

Typhimurium  700408 7.83±0.16 7.31±0.32 3.64±1.00 3.67±0.74 

 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 3.73±1.93 

 UK-1 7.83±0.34 6.95±0.30 3.91±0.48 3.03±0.18 

 I503 7.15±0.49 6.55±0.82 4.82±1.34 1.73±0.59 

 I526 7.55±0.35 7.10±0.35 3.88±0.31 3.22±0.03 

 I534 7.33±0.13 6.40±0.40 4.34±0.44 2.06±0.18 

 I535 7.02±0.14 6.01±0.48 4.24±0.43 1.76±0.43 

 I536 7.18±0.26 6.39±0.19 3.22±0.99 3.17±0.91 

 I740 7.79±0.13 7.48±0.12 4.90±0.23 2.58±0.20 

 I758 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 3.43±1.74 

 AMO 7076 7.62±0.23 7.20±0.29 3.15±1.51 4.05±1.22 

 AMO 5313 7.46±0.11 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±0.93 2.45±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 6.13±0.29 1.49±0.17 

Montevideo  95573473 7.71±0.21 6.43±0.10 4.09±0.56 2.34±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 4.09±0.82 2.03±0.06 

 

Note: Free available chlorine (FAC) of NECAW was 100 mg/l. 

 

 

 

 

 



 

72 

Table 3.11. Escherichia coli O157:H7 population survival (log CFU/coupon) from washing 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 and negative on enrichment. FAC of NECAW was 100 mg/l. 
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Table 3.12. Listeria monocytogenes population survival (log CFU/coupon) from washing solutions 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. 6.33±0.35 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. 6.73±0.70 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. 5.83±0.30 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 and negative on enrichment. FAC of NECAW was 100 mg/l. 
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Table 3.13. Salmonella spp. population survival (log CFU/coupon) from washing solutions of cultures dried on stainless steel surface. 

 

Serovar Strain Without agitation  Slight agitation 

  Washing solution Neutralizing buffer  Washing solution Neutralizing buffer 

  DIW NECAW  DIW NECAW   DIW NECAW  DIW NECAW  

Typhimurium  700408 7.22±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. 

 I503 6.99±0.34 N.D. 6.63±0.53 N.D.  7.48±0.21 N.D. 5.97±0.50 N.D. 

 I526 7.26±0.09 N.D. 6.99±0.05 N.D.  7.60±0.11 N.D. 6.17±0.15 N.D. 

 I534 7.43±0.05 N.D. 7.21±0.02 N.D.  7.75±0.04 N.D. 6.32±0.14 N.D. 

 I535 7.02±0.04 N.D. 6.74±0.08 N.D.  7.33±0.10 N.D. 6.29±0.14 N.D. 

 I536 6.52±0.13 N.D. 6.17±0.12 N.D.  6.80±0.10 N.D. 5.58±0.06 N.D. 

 I740 7.41±0.06 N.D. 7.16±0.02 N.D.  7.73±0.05 N.D. 6.29±0.14 N.D. 

 I758 7.36±0.13 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 7.37±0.07 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. 6.49±0.36 N.D.  7.08±0.18 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 7.47±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  E2008001236 7.31±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 and negative on enrichment. FAC of NECAW was 100 mg/l. 

 

 

 

 

 



 

 76 

Table 3.14. Escherichia coli O157:H7 population survival (log CFU/coupon) from 

washing solutions of biofilms grown on stainless steel surface. 

 

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 7.27±0.16 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 7.07±0.23 N.D.  5.26±0.26 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 7.09±0.11 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 and negative on enrichment. FAC of 

NECAW was 100 mg/l. 
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Table 3.15. Listeria monocytogenes population survival (log CFU/coupon) from washing 

solutions of biofilms grown on stainless steel surface. 

 

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 and negative on enrichment. FAC of 

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

solutions of biofilms grown on stainless steel surface. 

 

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. 

 I503 6.17±0.55 N.D.  5.55±0.37 N.D. 

 I526 6.80±0.31 N.D.  5.97±0.29 N.D. 

 I534 6.80±0.27 N.D.  5.29±0.16 N.D. 

 I535 6.79±0.11 N.D.  6.38±0.51 N.D. 

 I536 6.70±0.21 N.D.  5.10±0.17 N.D. 

 I740 7.03±0.29 N.D.  6.16±0.19 N.D. 

 I758 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±0.21 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 and negative on enrichment. FAC of 

NECAW was 100 mg/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 known as electrolyzed water, 

and ozonized water, are typically effective in inactivating bacteria, but their generation 

typically uses high current and voltage. A few simpler antimicrobial technologies that are 

also based on the application of a mild electrical current have been recently marketed to 

food retail and service customers claiming to have sanitizing properties for controlling 

bacteria. The objective of this study was to determine the sanitizing effect of some of 

these commercial technologies (IonatorTM and LotusTM) on Escherichia coli O157:H7, 

Listeria monocytogenes, and Salmonella enterica, compared to sterile water, ECAW 

generated with a pilot size electrolyzing unit, and salt solutions sprayed using IonatorTM 

sprays. A concentration of 100 mg/L ECAW had sanitizing effects of at least 5 log 

CFU/ml reductions on liquid culture and more than 4 log CFU/coupon reductions for E. 

coli O157:H7, L. monocytogenes and Salmonella dried on stainless steel surfaces, 

respectively. No bacterial cells were detected by direct plate counting post-ECAW 

treatment. In contrast, treatment of liquid cultures with any of the commercial 
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technologies resulted in non-significant bacterial cell reductions greater than 0.5 log 

CFU/ml. Similarly, when cells had been dried on metal surfaces and treated with water 

generated with those technologies, no reductions were observed. In the case of IonatorTM, 

when the manufacturer’s instructions were followed, the reduction of cells on surfaces 

was largely due to physical removal by cloth-wiping after water fraction application. 

These results indicate that treatment with IonatorTM or LotusTM technologies had no 

noticeable antimicrobial activity. These results would be helpful for guiding consumers 

when choosing the right sanitization to ensure food safety.       

 

4.1. Introduction 

Escherichia coli O157:H7, Salmonella spp. and Listeria monocytogenes are three 

of the most important infectious bacteria targeted for reduction by the Centers for Disease 

Control and Prevention (CDC) (192). Salmonella is the bacterial pathogen that causes 

most foodborne outbreaks and L. monocytogenes is one of the most deadly pathogens 

transmitted by food (51, 305). The detection of these bacteria lead to most of the food 

recalls within the category of foodborne pathogen contamination (3, 4). Several 

foodborne disease outbreaks have been due to the contamination of industrially produced 

foods, but there could be a range of raw foods that could also be contaminated in the 

domestic environment.  

The possibility of transmission of these pathogens via unsanitary conditions 

during food preparation is quite high. Microbial surveys of domestic kitchens have found 

significant contamination with a variety of bacterial microorganisms, including fecal 
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coliforms, E. coli, and Salmonella (258). The source of contamination of kitchen surfaces 

can be multiple, but raw foods such as poultry and meats have been documented to 

spread some of these pathogenic bacteria. Proper cleaning and sanitizing of kitchen sites 

and food equipment is critical for preventing the spread of microorganisms and 

minimizing cross-contamination to ready-to-eat food via food preparation surfaces. 

There is a variety of chemical sanitizers currently approved as direct-contact 

disinfectants for food preparation surfaces. However, the use of chemical compounds 

presents some issues related to disposal and worker safety. Electrolyzed water and ozone 

are two alternative sanitizing technologies that generate the active oxidizing component 

on site and do not use toxic chemical substances. Electrochemically activated water 

(ECAW) is an electrolyzed water sanitizer used for food and food equipment, which uses 

electrolysis of dilute sodium chloride solutions generating two distinct fractions, 

catholyte and anolyte. The anolyte is the sanitizing fraction and contains different forms 

of chlorine including hypochlorous acid (124). ECAW’s sanitizing effects depend on free 

available chlorine (FAC), oxidation-reduction potential (ORP) and pH. 

The use of different types of electrolyzed water has been reported to kill various 

foodborne pathogens including E. coli O157:H7, Salmonella and L. monocytogenes (12, 

33). It has many advantages including the usage of safe source materials, safety for 

handling and distribution and being more environmentally-friendly compared to 

traditional chlorine sanitizers (66, 67, 69, 142). Its effectiveness is the result of a 

combination of different forms of chlorine with hypochlorous acid which contributes a 

great extent of sanitation (124).  
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Ozone (O3) is a potent oxidant, formed from oxygen (O2) by a high energy input. 

Commercially, ozone can be generated using different types of energy that include 

photochemical (i.e. ultraviolet radiation), electrical discharge (i.e. coronal discharge) 

chemical, thermal, chemonuclear, and electrolytic methods (85, 138, 222). Ozone can be 

spontaneously decomposed into a nontoxic product, oxygen (318), leaving no disinfectant 

residues (138). Treating food surfaces with ozone can be achieved either by adding 

gaseous ozone continuously or intermittently to the storage atmosphere throughout the 

storage period or by washing or dipping in ozonated water to prevent the spread of cross-

contamination and inactivate microbial cells (119, 138, 222, 246).  

Ozone was approved as a disinfectant or sanitizer in food processing by FDA (85, 

138). Treating food surfaces with ozone can be achieved either by adding gaseous ozone 

continuously or intermittently to the storage atmosphere throughout the storage period or 

by washing or dipping in ozonated water to prevent the spread of cross-contamination 

and inactivate the microbial cells (11, 15, 26, 31). An ozone concentration of 0.1 mg/L 

for 6 h was found to be appropriate to inactivate E. coli in whole and ground black 

peppers without alteration of the organoleptic properties (85). 

Both ECAW and ozone are effective sanitizers for inactivating foodborne 

pathogens (1, 11, 12, 66, 67, 69, 85, 114, 124, 246, 318), but the equipment for 

generating ECAW or ozonation is typically quite large and expensive for household or 

and small business applications. In addition, the relative short shelf life of the generated 

sanitizing solutions may also limit their application in small scales. These limitations 

have led to demand for small-sized and affordable ECAW or ozone generators. To meet 
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this market need, currently several companies have developed portable water sanitizing 

equipment advertising effective sanitization. According to informational materials, these 

types of equipment also use some sort of electrolysis processing for generating sanitizing 

water. However, to the best of our knowledge, there are no independent studies 

supporting their sanitizing claims.  

This study was undertaken to investigate the sanitizing effects of some of these 

commercial technologies and provide guidance for consumers when considering 

sanitizing equipment. The objectives of this study were to evaluate the efficacy of water 

products made from several commercial technologies on Escherichia coli O157:H7, 

Salmonella and Listeria monocytogenes inactivation.   

 

4.2. Materials and Methods 

 

4.2.1. Bacterial strains 

Strains of E. coli O157:H7 (ATCC 43890, ATCC 43895, 2028, 2257, 2029), S. 

enterica (Typhimurium ATCC 14028, Typhimurium E2009005811, Enteritidis 2009595, 

Tennessee E2007000302, and Saintpaul E2008001236) and L. monocytogenes (ATCC 

19115, DUP-1030A, DUP-1038, DUP-1044A, and 2422) were included. For each strain, 

a loop of culture from -60°C storage was inoculated, transferred  three consecutive times 

in tryptic soy broth (TSB) (Neogen, Inc., Lansing, MI) and inoculated at 37ºC at 24 h 

intervals.  
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4.2.2. Preparation and assessment of water sanitizers 

ECAW was produced from a STEL 80 ECT US generator (Zap Water 

Technology, Inc, Richfield, MN) using tap water and saturated NaCl solutions at a 

voltage of 7 to 9 volts. After the machine reached a stable voltage reading, ECAW was 

collected from the anode side into a sterile glass beaker, covered to prevent the loss of 

chlorine and used within 2 h post-production. Free available chlorine (FAC), pH, and 

oxidation-reduction potential (ORP) of ECAW were determined by a chorine test kit 

using a drop count method (LaMotte Company, Chestertown, MD), a pH meter (Oakton 

Instruments Inc., Vernon Hills, IL) and an ORP meter (Oakton Instruments Inc., Vernon 

Hills, IL), respectively. The generated ECAW was diluted to 50 mg/l (ECAW-50) and 

100 mg/l (ECAW-100) FAC for liquid culture testing and 100 mg/l for surface testing, 

respectively.  

For other commercial technologies including the control group, sterile tap water 

was used and prepared using 0.22 µM filters (Falcon, Oxnard, CA). IonatorTM EXP was 

purchased from Activeion Cleaning Solutions, LLC (Rogers, MN). IonatoTM EXP was 

operated using tap water and tap water with 0.1% NaCl. LotusTM sanitizing system 

(Model LSR 100, Tersano SRL, Buffalo, NY) also was used with filter-sterilized tap 

water. Sterile tap water and salt-containing tap water were loaded onto the IonatorTM EXP 

sprayer, produced and delivered by turning the spraying device on. The filtered tap water 

for LotusTM was cooled to 4°C before transfer to the machine according to 

manufacturer’s instructions. Then the equipment was turned on and the water within the 

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

 For each bacterial group, 30 ml cultures of 24 h were centrifuged for 10 min 

(3,600 × g, 4ºC). Pellets were washed using 15 ml peptone water (PW), centrifuged and 

re-suspended in 15 ml PW. For all the water sanitizers except IonatorTM, 1 ml 

resuspended bacterial suspensions were added into bottles containing 99 ml of solution 

generated by different commercial technologies (or filtered tap water as the control). For 

IonatorTM streams, 20 ml of generated solution were pre-added to bottles, 1 ml culture 

was added and an additional 79 ml of the solutions were sprayed. Bottles were shaken by 

hand for 30 s. Volumes of 1 ml of bacteria-solution mixtures were transferred to 9 ml 

neutralizing buffer solutions and shaken for 40 s (5.2 g/l; Becton Dickinson, Sparks, MD, 

USA). The neutralized mixture was then serially diluted. Two 0.1 ml aliquots of the 

diluents were spread on tryptic soy agar (TSA; Neogen, Inc., Lansing, MI) plates which 

were incubated at 37°C for 24 h for E. coli O157:H7 and Salmonella or 48 h for L. 

monocytogenes. Recovered bacteria were enumerated by counting colony forming units 

(CFU) (12). Bacterial counts as CFU were calculated per ml and the 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 cultures were centrifuged as above. 

Pellets were washed with 5 ml sterile TSB, centrifuged and re-suspended in 2 ml TSB. 

Volumes of 25 µl of bacterial suspensions were inoculated on clean, sterile stainless steel 
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coupons in Petri dishes. The Petri dishes and coupons were dried in a biosafety cabinet 

for 3 h. Different solutions from each of the control and treatments were sprayed on 

inoculated coupons for 6 s at a distance of 7 to 10 cm. The coupon surface was wiped dry 

with a clean sterile cloth (around 3 cm × 3 cm). The coupon and the cloth, respectively, 

were placed in clean Petri dishes containing 10 ml neutralizing buffer for 40 s, and 

transferred to 50 ml sterile plastic tubes, to which were added  10 ml PW and 15-20 glass 

beads (3 mm) using sterile forceps. Tubes were then vortexed with full velocity for 2 min. 

Sprayed solutions were kept in the Petri dishes for an additional 54 s, then 0.1 ml of the 

sprayed solutions was spread on TSA plates (332). Bacterial counts as CFU were 

calculated per stainless steel coupon and the data were transformed to logarithm base 10. 

 

4.2.5. Data analyses 

For each strain, at least two separate trials were independently conducted. For 

each trial, parallel groups were conducted in duplicate with two serials of plating results 

for any individual condition. Statistical analyses using analysis of variance (ANOVA) (P 

< 0.05) and Tukey Test for differences among different treatments were performed using 

SAS software (Version 9.1.3, SAS, Cary, NC, USA). Comparisons that yielded P < 0.05 

were considered significant.    

 

4.3. Results 

The detection limits for the recovery of E. coli O157:H7, Salmonella and L. 

monocytogenes from liquid culture and on stainless steel coupon surfaces were 2 log 
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CFU/ml and 2 log CFU/coupon, respectively, due to the neutralization step and 0.1 ml of 

the maximum plating volume of coupon/buffer mixture or liquid culture/buffer mixture. 

All the results were presented with the assumption that the survival of foodborne 

pathogens at levels below the detection limits could not be quantified. Thus, when no 

colony was found on the plates, the result was assigned a value of 2 log CFU/ml or 2 log 

CFU/coupon level.  

Table 4.1 shows the effect of different water fractions on the recovery of 5 

individual E. coli O157:H7 strains in liquid culture. None of the treatments with 

IonatorTM, salt IonatorTM or LotusTM water fractions reduced the cell count of liquid 

cultures compared with controls. Treatment of liquid bacterial cultures with ECAW (50 

mg/l FAC) caused at least 5 log CFU/ml viable cell count reductions (P < 0.05) in all 

strains with the exception of strain ATCC 43895 which was only killed by 2 log CFU/ml. 

When ECAW fractions with concentrations of 100 mg/l FAC were tested, no survivors 

were detected.  

 Similar results were obtained with Salmonella strains in liquid cultures (Table 4.2) 

as only ECAW treatments yielded significant viable count reductions. Exposure to 

ECAW (50 mg/l FAC) resulted in more than 3 log CFU/ml reductions for all Salmonella 

strains and no detectable levels were found with 100 mg/l FAC. Liquid cultures of L. 

monocytogenes were also only susceptible to ECEW among all water treatments (Table 

4.3). Both levels of FAC caused more than 5 log CFU/ml decreases in cell viability to all 

the strains tested for this Gram positive organism.        
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E. coli O157:H7, Salmonella and L. monocytogenes cells dried on stainless steel 

coupon surface exposed to the different water treatments were determined in each of the 

following fractions: coupons, wiping cloths, and the rinsing solution after treatment 

(Tables 4.4 to 4.6). For control, LotusTM, IonatorTM, and salt Ionator treatments, from an 

initial inoculation of approximately 7 log CFU/coupon, more than 90% of the count was 

consistently recoveried in the water treatment originally sprayed on the coupon (rinse). In 

all of those treatments, the count of E. coli O157:H7 strains remaining on coupons ranged 

from 2.2 to 3.0 log CFU and transferred to wiping cloth from 3.4 to 4.1 log CFU (Table 

4.4). The recovery of Salmonella serovars on coupons was slightly higher than for E. coli 

O157:H7 and for L. monocytogenes, but it never reached more than 4.0 log CFU. When 

any of the pathogenic bacterial strains were sprayed with ECAW (100 mg/l FAC) no 

survivors were detected above the detection level in any coupon, cloth and rinse.  

Survival of E. coli O157:H7, S. enterica and L. monocytogenes in buffers after 

treatment with antimicrobial water treatments were also determined: NB (neutralizing 

buffer) for coupon and NB for cloth (Tables 4.7 to 4.9). Microbial cells recovered from 

the two fractions of ECAW-100 (100 mg/l FAC) group were below the detection limit, 

while other groups had detectable microbial cells, and IonatorTM, Salt Ionator and 

LotusTM groups did not have significantly different results from the control group  

 

4.4. Discussion 

Sanitization plays a very important role in improving food safety. Chemical 

sanitizers are part of routine utilization in food service and are often recommended to 
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customers for household use. However, traditional chemical sanitizers such as chlorine, 

iodine, and hydrogen peroxide among others are often replaced with alternatives that do 

not employ concentrated potentially toxic compounds. It has long been recognized that 

electrochemically activated water solutions with antimicrobial activity can be generated 

from diluted salt solutions by passage through a specially designed electrode. Recently, a 

few technologies that offer some electrical treatment of plain water have been marketed 

to the food service industry as a convenient and chemical-free alternative. In this study, 

two of those commercially available sanitizing water technologies were tested and 

compared with ECAW. In one of them, the water was supplemented with salt to 

determine if it would increase antimicrobial activity.  The results indicated that with the 

exception of ECAW, all water sanitizers tested were not effective in inactivating E. coli 

O157:H7, Salmonella and L. monocytogenes, three representative foodborne pathogens, 

either in liquid culture or dried on surfaces.  

The effectiveness of electrolyzed water and ozonated water has been widely 

documented in the literature (2, 6-13, 16, 18-20, 22-24, 29, 33, 38). These waters are 

generated by relatively large equipment with high power, and had been electrolyzed 

sufficiently or had enough ozone content. The different sanitizing waters can be based on 

electrolysis or on electrolysis and ozonation. The LotusTM water used ozone as its 

sanitizing component, according to its instructions. Ozone has typical ORP values of 2.07 

V, which is higher than chlorine-containing sanitizers (138). It is effective both in the 

aqueous and gaseous phase (318). At sufficient concentration, ozone can effectively and 

rapidly inactivate foodborne pathogens (246).  
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Ozonized water has been determined to have almost no effect on food quality 

properties (119). However, efficiency of ozone is affected by “ozone demand of the 

medium’s residual ozone”, which means that  ozone remaining on food product or 

equipment after its application is also needed (138). One possible reason why LotusTM 

water was not effective may be that the equipment used relatively low-power treatments, 

i.e., the current and voltage were not high enough, so not enough ozone was generated to 

exert sanitizing effects. Ozone is a versatile antimicrobial agent that is relatively stable in 

air but highly unstable in water, decomposing in a very short time. Due to this property, 

another possible reason why LotusTM water did not work could be that the ozone 

generated by LotusTM is in a much more unstable form than that generated by large-scale 

machines. Considering that the LotusTM water was applied immediately after its 

preparation, the second reason is highly unlikely. To test any of these hypotheses, further 

work measuring generated ozone concentrations would need to be conducted. 

The action modes of different sanitizers might be different (1, 159). When pH of 

ECAW is near neutral and within a limited range, only two factors, chlorine (HOCl, OCl- 

and Cl2) and ORP, determine its antimicrobial effects. Active chlorine exerts its effect by 

destroying the membranes of microorganisms or by reacting with biochemical molecules 

(amino acids, nucleic acids, or enzymes) as proposed by some researchers (124, 147, 152, 

181, 182). High ORP corresponds to strong oxidizing strength. It damages cell 

membranes, oxidizes cell surfaces, and disrupts cell metabolism, thus inactivating 

microbial cells (166). Though there is no agreement about which of the two factors, FAC 
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or ORP, is more important for sanitization, chlorine surely is a necessary component for 

exerting sanitizing effects by ECAW.  

The user manual of IonatorTM EXP indicates that tap water without chlorine-

containing salt is enough for generating sanitizers that have sanitizing effects of at least 3 

log reductions (http://www.activeion.com/EXP.aspx#frame4). The manufacturer even 

provided a cartoon showing the electrolysis process with ion exchange and electrically 

charged nanobubbles. However, our results indicate that its effectiveness did not match 

the manufacturer’s claims. The lack of effect of this technology could be due to the lack 

of an active chemical component as tap water was the only component. In the case of 

ECAW, if sodium chloride is not present before electrolysis, the resulting fraction is 

largely non-effective (data not shown). Tap water itself cannot be electrolyzed to 

generate high ORP either because limited current and voltage can be applied for 

electrolysis due to the absence of an electrolyte. The commercial technologies tested here 

were clearly not effective sanitizers, supporting the importance of electrolytes during 

electrolysis.  

For better understanding of electrolysis and the reasons why the two waters did 

not work, 0.1% NaCl solution was applied to IonatorTM EXP (salt Ionator). Even this salt 

Ionator can not generate effective sanitizing components. One possible reason could be 

that the electrical power delivered by IonatorTM was not sufficient to cause electrolysis. 

The results of no sanitizing effects by 0.1% NaCl indicated that this portable equipment 

used to generate sanitizing components might not be sufficiently powerful (Tables 4.1 to 

4.6).   
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Previous results about the antimicrobial activity of ECAW on foodborne 

pathogens varied significantly (124, 126, 243). Many researchers have demonstrated that 

ECAW can generate 2 to 6 log CFU reductions of some bacteria such as E. coli O157:H7, 

Salmonella, and L. monocytogenes. A recent report indicated that treatment of E. coli 

NBRC 3301 for 0.5 min with ECAW (FAC 21.2 mg/l, pH 5.8, ORP 948) achieved 3.85 

log CFU reductions.  Higher concentrations of FAC and ORP (FAC 45.3 mg/l, pH 2.6, 

ORP 1140) resulted in 5.27 log CFU reductions (130). Another report provided evidence 

that 5 min treatment of ECAW (FAC 89 mg/l, pH 8.0, ORP 760) achieved greater than 6 

log CFU reductions for E. coli O157, Salmonella Enteritidis, and L. monocytogenes (66).  

Our results showed ECAW resulted in 3 to more than 5 log CFU reductions for E. coli 

O157:H7, L. monocytogenes, and Salmonella in liquid culture, which was comparable to 

published results.  

In general, ECAW for bacteria dried on surfaces is less effective and more 

variable than it is for liquid suspensions. For L. monocytogenes dried on surfaces, acidic 

ECAW (40 mg/l, pH 2.65, ORP 1155) only resulted in 1.91 log CFU reductions per chip 

dirty stainless steel, having 0.88 log CFU more reduction than tap water (169). In the 

present report, only ECAW fractions containing 100 mg/l FAC were applied for surface 

treatment. The survival of microbial cells from all five fractions collected was below 

detection limits at 100 mg/l FAC, indicating that ECAW at this concentration can 

effectively stop cross contamination during food processing. Several factors may affect 

the antimicrobial effects of ECAW on surfaces and increase variability (169, 170). 

Organochloramine and organochlorine are formed when chlorine compounds react with 
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organic compounds on surfaces (11, 230, 242), resulting in reduced ability to penetrate 

into the protective layer of microbial polymers and reduced sanitizing effects (6, 244). 

This may explain why ECAW is less effective on surfaces than in liquid culture and why 

with similar parameters, sanitizing effects of ECAW on foods and surfaces varied more 

as compared with liquid culture bacteria (114, 333).  

The microbial cells recovered from neutralizing buffers for coupon and for cloth 

(Tables 4.7-4.9) in groups of IonatorTM, Salt Ionator and LotusTM alerted that cross 

contamination could happen. 

 In conclusion, this study investigated the sanitizing effects of two commercial 

technologies, which are available and recommended by their manufacturers to consumers, 

on E. coli O157:H7, Salmonella and L. monocytogenes in liquid or dried on a stainless 

steel surface. All the tested water sanitizers were not effective in sanitizing any of the 

above foodborne pathogens except ECAW. The reasons why they did not have sanitizing 

effects were explained. The result is helpful for guiding food service operators and 

consumers to choose effective sanitizers for ensuring food safety.       
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Table 4.1. Effect of water fractions previously treated with different electrolysis 

technology on the viability of Escherichia coli O157:H7 liquid cultures. a 

 

Strain Survival count after treatment (log CFU/ml) 

 Control IonatorTM Salt 
Ionator b 

LotusTM ECAW-50c ECAW-100d 

ATCC 
43890 

7.04 
±0.03 A 

7.02 
±0.04 A 

7.05 
±0.06 A 

7.03 
±0.09 A 

2.07 
±0.30 B 

<2.00e C 

ATCC 
43895 

7.16 
±0.02 A 

7.15 
±0.07 A 

7.14 
±0.06 A 

7.14 
±0.16 A 

4.90 
±0.65 B 

<2.00 C 

2028 7.17 
±0.05 A 

7.14 
±0.05 A 

7.12 
±0.03 A 

7.09 
±0.08 A 

<2.00 B <2.00 B 

2257 7.19 
±0.04 A 

7.17 
±0.03 A 

7.17 
±0.05 A 

7.08 
±0.09 A 

<2.00 B <2.00 B 

2029 7.10 
±0.04 A 

7.10 
±0.05 A 

7.07 
±0.07 A 

7.04 
±0.08 A 

<2.00 B <2.00 B 

a Within each row, means with different capital letters are significantly different (P < 

0.05). 

b Salt Ionator means IonatorTM using 0.1% NaCl (w/v) solution. 

c Concentration: FAC 50 mg/l. 

d Concentration: FAC 100 mg/l. 

e Detection limit: 2.00 log CFU/ml. 
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Table 4.2. Effect of water fractions previously treated with different electrolysis 

technology on the viability of Salmonella spp. liquid cultures. a 

Serovar and 
strain 

Survival count after treatment (log CFU/ml) 

 Control  IonatorTM Salt 
Ionator b 

LotusTM ECAW-
50c 

ECAW-
100d 

Typhimurium 
ATCC 14028 

7.10 
±0.04 A 

7.05 
±0.04 A 

7.12 
±0.05 A 

7.0 
3±0.06 A 

3.47 
±0.26 B 

<2.00e C 

Typhimurium 
E2009005811 

7.04 
±0.07 A 

7.00 
±0.08 A 

7.03 
±0.06 A 

7.02 
±0.06 A 

<2.00 B <2.00 B 

Enteritidis 
2009595 

7.26 
±0.04 A 

7.24 
±0.10 A 

7.25 
±0.09 A 

7.23 
±0.05 A 

<2.00 B <2.00 B 

Tennessee 
E2007000302 

7.34 
0.05 A 

7.30 
±0.08 A 

7.33 
±0.07 A 

7.26 
±0.16 A 

3.05 
±0.40 B 

<2.00 C 

Saintpaul 
E2008001236 

7.10 
±0.06 A 

7.08 
±0.07 A 

7.07 
±0.06 A 

7.05 
±0.12 A 

3.69 
±0.60 B 

<2.00 C 

a Within each row, means with different capital letters are significantly different (P < 

0.05). 

b Salt Ionator means IonatorTM using 0.1% NaCl (w/v) solution. 

c Concentration: FAC 50 mg/l. 

d Concentration: FAC 100 mg/l. 

e Detection limit: 2.00 log CFU/ml.  
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Table 4.3. Effect of water fractions previously treated with different electrolysis 

technology on the viability of Listeria monocytogenes liquid cultures. a 

Strain Survival count after treatment (log CFU/ml) 

 Control IonatorTM Salt 
Ionator b 

LotusTM ECAW-
50c 

ECAW-
100d 

ATCC 
19115 

7.24 
±0.03 A 

7.17 
±0.09 A 

7.19 
±0.04 A 

7.21 
±0.04 A 

<2.00e B <2.00 B 

DUP-
1030A  

7.23 
±0.03 A 

7.19 
±0.04 A 

7.19 
±0.01 A 

7.20 
±0.03 A 

<2.00 B <2.00 B 

DUP-
1038 

7.53 
±0.05 A 

7.50 
±0.04 A 

7.51 
±0.04 A 

7.51 
±0.04 A 

<2.00 B <2.00 B  

DUP-
1044A 

7.08 
±0.07 A 

7.10 
±0.07 A 

7.10 
±0.04 A 

7.04 
±0.05 A 

<2.00 B <2.00 B  

2422 6.58 
±0.05 A 

6.54 
±0.12 A 

6.61 
±0.05 A 

6.52 
±0.11 A 

<2.00 B <2.00 B 

a Within each row, means with different capital letters are significantly different (P < 

0.05). 

b Salt Ionator means IonatorTM using 0.1% NaCl (w/v) solution. 

c Concentration: FAC 50 mg/l. 

d Concentration: FAC 100 mg/l. 

e Detection limit: 2.00 log CFU/ml.  
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Table 4.4. Survival of Escherichia coli O157:H7 dried on coupons after treatment with 

antimicrobial water treatments (log CFU/coupon). a 

Strain Testing 
fraction 

Survival count after treatment 

  Control IonatorTM Salt 
Ionator b 

LotusTM ECAW-
100c 

ATCC 
43890 

Coupon 2.38±0.20 
A 

2.31±0.12 
A 

2.42±0.13 
A 

2.35±0.06 
A 

<2.00d B 

 Cloth 3.50±0.06 
A 

3.48±0.11 
A  

3.48±0.09 
A 

3.46±0.11 
A 

<2.00 B 

 Rinse 6.60±0.18 
A 

6.64±0.10 
A 

6.65±0.12 
A 

6.63±0.12 
A 

<2.00 B 

ATCC 
43895 

Coupon 3.01±0.21 
A 

2.93±0.09 
A 

3.00±0.12 
A 

2.94±0.08 
A 

<2.00 B 

 Cloth 3.44±0.11 
A 

3.44±0.01 
A 

3.40±0.02 
A 

3.39±0.04 
A 

<2.00 B 

 Rinse 6.70±0.15 
A 

6.71±0.14 
A 

6.70±0.14 
A 

6.72±0.12 
A 

<2.00 B 

2028 Coupon 2.98±0.19 
A 

2.68±0.23 
A 

2.80±0.33 
A 

2.61±0.17 
A 

<2.00 B 

 Cloth 4.10±0.04 
A 

4.06±0.05 
A 

4.07±0.10 
A 

3.99±0.05 
A 

<2.00 B 

 Rinse 6.54±0.16 
A 

6.52±0.21 
A 

6.51±0.20 
A 

6.50±0.21 
A 

<2.00 B 

2257 Coupon 2.72±0.67 
A 

2.16±0.38 
A 

2.28±0.28 
A 

2.23±0.29 
A 

<2.00 B 

 Cloth 3.85±0.37 
A 

3.78±0.34 
A 

3.83±0.28 
A 

3.73±0.38 
A 

<2.00 B 

 Rinse 6.45±0.04 
A 

6.50±0.08 
A 

6.51±0.05 
A 

6.47±0.08 
A 

<2.00 B 

2029 Coupon 2.57±0.66 
A 

2.24±0.26 
A 

2.30±0.20 
A 

2.11±0.29 
A 

<2.00 B 

 Cloth 3.47±0.09 
A 

3.45±0.07 
A 

3.43±0.10 
A 

3.38±0.13 
A 

<2.00 B 

 Rinse 6.37±0.42 
A 

6.47±0.37 
A 

6.44±0.36 
A 

6.47±0.38 
A 

<2.00 B 

a Initial number of microbial cells was 6.94±0.03, 7.02±0.18, 7.10±0.15, 6.50±0.08, 

6.96±0.33 for strains 43890, 43895, 2028, 2257, and 2029, respectively. Within each 

row, means with different capital letters are significantly different (P < 0.05). 
b Salt Ionator means IonatorTM using 0.1% NaCl (w/v) solution. 
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c Concentration: FAC 100 mg/l. 

d Detection limit: 2.00 log CFU/coupon.  
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Table 4.5. Survival of Salmonella spp. dried on coupons after treatment with 

antimicrobial water treatments (log CFU/coupon). a 

Strain Testing 
fraction 

Survival count after treatment 

  Control IonatorTM Salt Ionatorb LotusTM ECAW-
100c 

Typhimurium 
ATCC 14028 

Coupon 3.29±0.26 A 3.23±0.29 A 3.26±0.24 A 3.19±0.20 A <2.00d B 

 Cloth 3.54±0.30 A 3.47±0.32 A 3.46±0.32 A 3.46±0.36 A <2.00 B 
 Rinse 6.95±0.26 A 6.98±0.23 A 6.99±0.22 A 6.93±0.25 A <2.00 B 
Typhimurium 
E2009005811 

Coupon 3.77±0.08 A 3.73±0.09 A 3.74±0.09 A 3.67±0.17 A <2.00 B 

 Cloth 3.96±0.03 A 3.93±0.02 A 3.92±0.03 A 3.78±0.20 A <2.00 B 
 Rinse 6.92±0.30 A 6.95±0.28 A 6.95±0.29 A 6.89±0.30 A <2.00 B 

Enteritidis 
2009595 

Coupon 3.62±0.42 A 3.49±0.16 A 3.51±0.17 A 3.47±0.54 A <2.00 B 

 Cloth 3.81±0.25 A 3.70±0.14 A 3.71±0.15 A 3.55±0.40 A <2.00 B 
 Rinse 6.88±0.25 A 6.81±0.23 A 6.79±0.25 A 6.83±0.18 A <2.00 B 
Tennessee 
E2007000302 

Coupon 3.30±0.16 A 3.19±0.24 A 3.31±0.21 A 3.16±0.30 A <2.00 B 

 Cloth 3.99±0.14 A 3.95±0.16 A 3.99±0.17 A  3.88±0.20 A <2.00 B 
 Rinse 7.14±0.22 A 7.16±0.20 A 7.16±0.22 A 7.09±0.27 A <2.00 B 
Saintpaul 
E2008001236 

Coupon 3.87±0.23 A 3.72±0.14 A 3.77±0.25 A 3.75±0.32 A <2.00 B 

 Cloth 3.29±0.26 A 3.23±0.29 A 3.26±0.24 A 3.19±0.20 A <2.00 B 
 Rinse 7.11±0.18 A 7.10±0.20 A 7.09±0.21 A 7.03±0.27 A <2.00 B 

 

a Initial number of microbial cells was 7.22±0.20, 7.36±0.29, 7.31±0.24, 7.97±0.21, 

7.71±0.43 for Typhimurium ATCC 14028, Typhimurium E2009005811, Enteritidis 

2009595, Tennessee E2007000302, and Saintpaul E2008001236, respectively. Within 

each row, means with different capital letters are significantly different (P < 0.05). 
b Salt Ionator means IonatorTM using 0.1% NaCl (w/v) solution. 
c Concentration: FAC 100 mg/l. 
d Detection limit: 2.00 log CFU/coupon.  
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Table 4.6. Survival of Listeria monocytogenes dried on coupons after treatment with 

antimicrobial water treatments (log CFU/coupon). a 

Strain Testing 
fraction 

Survival count after treatment 

  Control IonatorTM Salt 
Ionator b 

LotusTM ECAW-
100c 

ATCC  Coupon 3.28±0.2 A 3.15±0.3 A 3.14±0.2 A 3.20±0.2 A <2.00d B 
19115 Cloth 3.19±0.2 A 3.12±0.2 A 3.17±0.2 A 3.20±0.3 A <2.00 B 
 Rinse 6.2±0.1 A 5.89±0.6A 5.91±0.6 A 5.91±0.6 A <2.00 B 

DUP- Coupon 3.26±0.3 A 3.2±0.25 A 3.13±0.3 A 3.32±0.3 A <2.00 B 
1030A Cloth 3.35±0.2A 3.1±0.26 A 3.2±0.28 A 3.44±0.2 A <2.00 B 
 Rinse 6.73±0.5 A 6.58±0.6 A 6.57±0.6 A 6.64±0.6 A <2.00 B 

DUP- Coupon 3.3±0.36 A 3.1±0.28 A 3.19±0.4 A 3.1±0.24 A <2.00 B 
1038 Cloth 3.4±0.34 A 3.13±0.2 A 3.22±0.2 A 3.2±0.18 A <2.00 B 
 Rinse 6.8±0.95 A 6.4±0.74 A 6.38±0.7 A 6.45±0.8 A <2.00 B 

DUP- Coupon 3.30±0.3 A 3.06±0.2 A 3.2±0.25 A 3.0±0.37 A <2.00 B 
1044A Cloth 3.44±0.3 A 3.13±0.2 A 3.2±0.15 A 3.11±0.2 A <2.00 B 
 Rinse 6.61±0.6 A 6.24±0.4 A 6.25±0.5 A 6.31±0.4 A <2.00 B 

2422 Coupon 3.19±0.2 A 3.1±0.18 A  3.12±0.2 A 3.24±0.1 A <2.00 B 
 Cloth 3.3±0.26 A 3.2±0.24 A 3.06±0.2 A 3.3±0.25 A <2.00 B 
 Rinse 6.4±0.46 A 6.0±0.65 A 6.03±0.6 A 6.35±0.4 A <2.00 B 

a Initial number of microbial cells was 6.80±0.11, 7.15±0.52, 7.31±0.50, 7.29±0.42, 

6.78±0.19 for ATCC 19115, DUP-1030A, DUP-1038, DUP-1044A, and 2422, 

respectively. Within each row, means with different capital letters are significantly 

different (P < 0.05). 

b Salt Ionator means IonatorTM using 0.1% NaCl (w/v) solution. 

c Concentration: FAC 100 mg/l. 

d Detection limit: 2.00 log CFU/coupon.  
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Table 4.7. Survival of Escherichia coli O157:H7 in buffers after treatment with 

antimicrobial water treatments (log CFU/coupon). a 

Strain Testing 
fraction  

Survival count after treatment 

  Control IonatorTM Salt 
Ionator b 

LotusTM ECAW-
100c 

ATCC 
43890 

NBd for 
coupon 

2.62±0.29 
A 

2.54±0.17 
A 

2.69±0.21 A 2.45±0.10 
A  

<2.00e B 

 NB for cloth 3.26±0.17 
A 

3.18±0.08 
A 

3.18±0.09 A 3.20±0.11 
A 

<2.00 B 

ATCC 
43895 

NB for 
coupon 

3.38±0.10 
A 

3.38±0.06 
A 

3.35±0.07 A 3.33±0.10 
A 

<2.00 B 

 NB for cloth 3.13±0.08 
A 

3.01±0.12 
A 

3.10±0.11 A 3.03±0.12 
A 

<2.00 B 

2028 NB for 
coupon 

3.56±0.15 
A 

3.53±0.07 
A 

3.47±0.16 A 3.45±0.09 
A 

<2.00 B 

 NB for cloth 3.42±0.30 
A 

3.14±0.13 
A 

3.14±0.26 A 3.33±0.14 
A 

<2.00 B 

2257 NB for 
coupon 

2.69±0.70 
A 

2.09±0.27 
A 

2.28±0.24 A 2.12±0.15 
A 

<2.00 B 

 NB for cloth 3.62±0.21 
A 

3.41±0.32 
A 

3.45±0.27 A 3.43±0.28 
A 

<2.00 B 

2029 NB for 
coupon 

2.91±0.50 
A 

2.49±0.16 
A 

2.48±0.21 A 2.36±0.27 
A 

<2.00 B 

 NB for cloth 3.02±0.43 
A 

2.48±0.23 
A 

2.68±0.20 A 2.61±0.21 
A 

<2.00 B 

 

a Initial number of microbial cells was 6.94±0.03, 7.02±0.18, 7.10±0.15, 6.50±0.08, 

6.96±0.33 for strains 43890, 43895, 2028, 2257, and 2029, respectively. Within each 

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

b Salt Ionator means IonatorTM using 0.1% NaCl (w/v) solution. 
c Concentration: FAC 100 mg/l. 

d NB, neutralizing buffer. 
e Detection limit: 2.00 log CFU/coupon.  
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Table 4.8. Survival of Salmonella spp. in buffers after treatment with antimicrobial water 

treatments (log CFU/coupon). a 

Strain Testing 
fraction 

Survival count after treatment 

  Control IonatorTM Salt 
Ionatorb 

LotusTM ECAW-
100c 

Typhimurium 
ATCC 14028 

NBd for 
coupon  

3.15±0.66 
A 

3.05±0.07 
A 

3.08±0.08 
A 

3.03±0.12 
A 

<2.00e B 

 NB for 
cloth 

3.19±0.09 
A 

3.08±0.07 
A  

3.05±0.09 
A 

3.13±0.18 
A 

<2.00 B 

Typhimurium 
E2009005811 

NB for 
coupon 

3.68±0.08 
A 

3.64±0.09 
A 

3.64±0.10 
A 

3.56±0.19 
A 

<2.00 B 

 NB for 
cloth 

3.32±0.12 
A 

3.13±0.15 
A 

3.24±0.12 
A 

3.29±0.27 
A 

<2.00 B 

Enteritidis 
2009595 

NB for 
coupon 

3.43±0.31 
A 

3.38±0.18 
A 

3.39±0.20 
A 

3.26±0.47 
A 

<2.00 B 

 NB for 
cloth 

3.20±0.35 
A 

2.95±0.13 
A 

3.09±0.14 
A 

3.17±0.44 
A 

<2.00 B 

Tennessee 
E2007000302 

NB for 
coupon 

3.38±0.18 
A 

3.29±0.20 
A 

3.36±0.25 
A 

3.20±0.30 
A 

<2.00 B 

 NB for 
cloth 

3.57±0.08 
A 

3.41±0.21 
A 

3.52±0.23 
A 

3.44±0.18 
A 

<2.00 B 

Saintpaul 
E2008001236 

NB for 
coupon 

3.52±0.43 
A  

3.32±0.23 
A 

3.40±0.24 
A 

3.40±0.53 
A 

<2.00 B 

 NB for 
cloth 

3.59±0.42 
A 

3.48±0.13 
A 

3.58±0.18 
A 

3.45±0.52 
A 

<2.00 B 

 

a Initial number of microbial cells was 7.22±0.20, 7.36±0.29, 7.31±0.24, 7.97±0.21, 

7.71±0.43 for Typhimurium ATCC 14028, Typhimurium E2009005811, Enteritidis 

2009595, Tennessee E2007000302, and Saintpaul E2008001236, respectively. Within 

each row, means with different capital letters are significantly different (P < 0.05). 
b Salt Ionator means IonatorTM using 0.1% NaCl (w/v) solution. 
c Concentration: FAC 100 mg/l. 
d NB, neutralizing buffer.  
e Detection limit: 2.00 log CFU/coupon.  
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Table 4.9. Survival of Listeria monocytogenes in buffers after treatment with 

antimicrobial water treatments (log CFU/coupon). a 

Strain Testing 
fraction  

Survival count after treatment 

  Control IonatorTM Salt 
Ionator b 

LotusTM ECAW-
100c 

ATCC 
19115 

NBd for 
coupon 

3.14±0.29 
A 

3.02±0.34 
A 

2.99±0.31 
A 

3.06±0.20 A <2.00e B 

 NB for 
cloth 

3.04±0.09 
A 

3.03±0.25 
A 

3.05±0.26 
A 

2.96±0.31 A <2.00 B 

DUP-
1030A 

NB for 
coupon 

3.17±0.12 
A 

2.99±0.21 
A 

2.91±0.34 
A 

3.18±0.25 A <2.00 B 

 NB for 
cloth 

3.25±0.09 
A 

3.12±0.22 
A 

3.19±0.21 
A 

3.14±0.36 A <2.00 B 

DUP-
1038 

NB for 
coupon 

3.10±0.40 
A 

2.93±0.33 
A 

2.90±0.44 
A  

2.94±0.32 A <2.00 B 

 NB for 
cloth 

3.09±0.47 
A 

2.89±0.29 
A 

3.04±0.22 
A 

2.97±0.21 A <2.00 B 

DUP-
1044A 

NB for 
coupon 

3.11±0.38 
A 

2.92±0.45 
A 

3.14±0.40 
A 

2.79±0.35 A <2.00 B 

 NB for 
cloth 

3.17±0.30 
A 

2.80±0.15 
A 

2.97±0.15 
A 

2.88±0.28 A <2.00 B 

2422 NB for 
coupon 

3.06±0.16 
A 

2.91±0.17 
A 

3.01±0.18 
A 

3.17±0.18 A <2.00 B 

 NB for 
cloth 

3.18±0.25 
A 

3.11±0.24 
A 

3.14±0.34 
A 

3.26±0.31 A <2.00 B 

a Initial number of microbial cells was 6.80±0.11, 7.15±0.52, 7.31±0.50, 7.29±0.42, 

6.78±0.19 for ATCC 19115, DUP-1030A, DUP-1038, DUP-1044A, and 2422, 

respectively. Within each row, means with different capital letters are significantly 

different (P < 0.05). 

b Salt Ionator means IonatorTM using 0.1% NaCl (w/v) solution. 

c Concentration: FAC 100 mg/l. 

d NB, neutralizing buffer.  

e 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 extracellular polymeric substances (EPS) and 

microbial cells that confer protection against external stressful conditions. Escherichia 

coli O157:H7, Salmonella enterica and Listeria monocytogenes are foodborne pathogens 

that are capable of forming biofilms. The native morphology of biofilms has been studied 

using a variety of microscopic techniques. In this current study, atomic force microscopy 

(AFM), which is considered to have the least effect on native biofilm structure, was used 

for studying the morphology of pathogen biofilms on stainless steel surfaces. Three 

morphologies of the biofilms were observed: tree-like structures, individual cells and no 

characteristic structures of the above two (none). The relative percentages of observations 

of the tree-like, individual cells, and no structures were about 29.8%, 18.1%, and 52.1%, 

respectively, for L. monocytogenes strain ATCC 19115. E. coli O157:H7 strain 6058 and 

S. enterica Typhimurium E2009005811 had significantly low percentages of tree-like 
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morphology, compared to other E. coli O157:H7 strains and Salmonella spp. There were 

no significant differences in biofilm morphological distribution within the four strains of 

L. monocytogenes. Morphological distribution was not affected by growth media or 

inoculation amounts for L. monocytogenes biofilm formation. Neutral electrochemically 

activated water (NECAW) treatment destroyed microbial cells as well as removed the 

tree-like structures. AFM appeared to be a suitable technique to study and describe 

biofilms and may offer a unique perspective. 

 

5.1. Introduction 

Listeria monocytogenes is an intracellular pathogenic Gram-positive bacterium 

that causes listeriosis. Escherichia coli O157:H7 is an enterohemorrhagic serotype of E. 

coli, responsible for hemorrhagic diarrhea, and in some cases hemolytic uremic syndrome 

(HUS), especially in children. Salmonella is a rod-shaped, non-spore-forming 

enterobacterial pathogen that infects more people than any other foodborne bacteria. E. 

coli O157:H7, L. monocytogenes and Salmonella combined are responsible for the largest 

number of deaths linked to foods (82%), and are three of the most important infectious 

bacteria targeted for reductions in the U. S. Centers for Disease Control and Prevention 

(CDC)’s Healthy People 2010 plan (192). For instance, L. monocytogenes accounted for 

approximately 18.9% of deaths caused by foodborne cases due to 31 pathogens in the U.S. 

(274). The estimated number of infection incidences caused by E. coli O157:H7, L. 

monocytogenes and Salmonella in 2008 was not significantly less compared to 2005 

(317).    
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Biofilms are organized communities of bacteria growing and surviving in their 

natural environment under suitable conditions. Biofilms can be formed by a single 

bacterial species or mixed species (194). They are composed of microbial cells and 

extracellular polymeric substances (EPS) that cover the cells. In biofilms, microbial cells 

form clusters, which are believed to be connected by channels that deliver water and 

nutrients. All these clusters, channels, and EPS form a 3-dimensional structure. The 

microbial clusters or microcolonies encased by EPS can be physically separated by 

interstitial voids. It is thought that planktonic L. monocytogenes cells might use a quorum 

sensing mechanism to coordinate themselves as a collective living system and form 

biofilms (22). 

The biofilms of E. coli O157:H7, L. monocytogenes and Salmonella can cause 

persistent low-level contamination of foods that come in contact with contaminated 

equipment surfaces, leading to food safety concerns. In food processing, once biofilms 

are formed, the microbial community becomes more resistant to antimicrobial agents and 

more difficult to be completely removed than their planktonic status (73, 194). The 

inability to efficiently remove biofilms is a major problem, which results in 

contamination of food products and possible foodborne disease outbreaks (329). This is 

of particular importance for L. monocytogenes and S. enterica since they are widely 

distributed in the environment and food processing plants (73). A recent listeriosis 

outbreak with cantaloupes tragically illustrates the consequences of biofilm formation in 

the processing environment (49). 



 

 108 

Many methods have been applied to characterize foodborne pathogen biofilms. 

The microtiter plate assay can estimate the growth of bacteria in situ (86, 345), but it is an 

indirect method and bacterial morphology cannot be easily observed, since the plates 

must be optically transparent in order to read spectra results (86). The ruthenium red 

staining technique was introduced to determine the existence of EPS based on the 

interaction between the ruthenium red dye and carbohydrates. Although EPS contains 

carbohydrates, cell surface carbohydrates which are not part of EPS will also bind to the 

dye, therefore affecting the results (33). Transmission/scanning electron microscopy, 

epifluorescence microscopy (58, 110, 236), and (confocal) laser scanning microscopy are 

currently widely used for biofilm characterization. These microscopy techniques are 

applied mainly for targeting microbial cells. Pretreatment or final staining steps might 

affect the original status of EPS. Due to this reason these microscopes are not perfect for 

biofilm EPS visualization since the amount of EPS is thought to be related to strain 

virulence (186, 320) and increased resistance to antimicrobial agents (304). In addition, 

the pretreatments of staining, fluorescence, or vacuum effects involved in these 

techniques might interfere with the native status of biofilm surface structures (36, 307, 

336).  

 Atomic force microscopy (AFM) generates images by measuring changes in the 

interaction between a probe and sample surfaces. This instrument has many advantages, 

including minimal sample preparation, independence of the substance’s light 

transparency, and the ability to measure sample dimensions (172, 235, 307, 336). One 

special advantage of AFM for biofilms is that it characterizes EPS almost without 
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affecting native morphology because no treatment for imaging after biofilm formation is 

applied (265). AFM has been successfully applied in surface characterization including 

stainless steel surfaces (264), single microbial cells (23, 79, 110, 158, 162, 203, 207, 239, 

269, 334, 337), biofilms (135, 183, 224, 265, 266), hydrated biofilm EPS (80, 307), and 

corresponding physical properties of EPS (238, 240).   

Currently, the morphological organization and pattern of biofilms of E. coli 

O157:H7, Salmonella, L. monocytogenes, and their changes with sanitization treatment 

remain largely unknown. Moreover, though the sanitizer neutral electrochemically 

activated water (NECAW) is effective for many bacteria, its antimicrobial mechanism is 

not clear (124). In-depth understanding of pathogen biofilms, especially their 

morphologies, is necessary in order to better assess the risk of pathogen contamination, 

understand the mechanism of NECAW effects and develop strategies to control 

foodborne pathogen diseases (186, 320). 

The aim of the present study was to characterize E. coli O157:H7, Salmonella 

enterica and L. monocytogenes biofilms developed on stainless steel coupons, and 

morphological changes of L. monocytogenes biofilms as representative of treatment with 

washing or NECAW. AFM was performed to image biofilms with multimode images 

applied to characterize biofilm morphologies and NECAW effects.   

 

5.2. Materials and Methods 
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5.2.1. Bacterial strains 

Strains of E. coli O157:H7 (ATCC 43890, ATCC 43895, 6058, EK-1), S. enterica 

(Typhimurium E2009005811, UK-1, B4442 and Saintpaul E2008001236) and L. 

monocytogenes (ATCC 19115, 2349, 3528 and 2422) were used in this study. Source 

information about these strains is listed in Table 3.1. A loop of -60°C storage culture of 

each strain was inoculated and transferred three consecutive times in tryptic soy broth 

(TSB) (Neogen, Inc., Lansing, MI) and  inoculated at 37ºC at 24 h intervals.  

 

5.2.2. Preparation and characterization of NECAW 

NECAW was freshly generated from softened tap water and saturated NaCl 

solutions by a generator (Zap Water Technology, Inc., Richfield, MN) at a voltage range 

of 7 to 9 volts. After a stable voltage reading was reached, NECAW was collected using a 

sterile glass bottle from the anode side, covered and used within 2 h post generation. FAC 

of NECAW was determined with a chorine test kit by calculating the drop counts 

(LaMotte Company, Chestertown, MD). ORP and pH were measured with an ORP meter 

(ORPTestr 10, Oakton Instruments Inc., Vernon Hills, IL) and a pH meter (pHTestr 10, 

Oakton Instruments Inc.), respectively. 

 

5.2.3. Biofilm formation 

Individual strains were prepared as described above for liquid culture testing. 

Suspensions were mixed with 9 ml sterile low nutrient TSB (1:10 dilution of normal TSB 

solution, LN-TSB) with a dilution of 1:100. Sterilized stainless steel coupons were 
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immersed into the suspensions, mixed well and left in the liquid cultures for 4 h at room 

temperature to allow bacteria attachment. Suspensions were poured off and the coupons 

were rinsed gently with a circular motion for 10 s using 1 ml PW in order to remove 

unattached microbial cells. The PW were poured off. Coupons were added with 10 ml 

fresh LN-TSB and stayed at room temperature. After 48 h, LN-TSB was discarded and 

coupons were transferred to a new LN-TSB solution for another 24 h at room temperature. 

After this incubation, coupons were rinsed gently with 1 ml PW twice to remove loosely 

attached microbial cells. Then the coupons were dried in a biosafety cabinet for 2 h (12). 

 

5.2.4. Biofilm treatment with NECAW 

Coupons with biofilms were placed into glass tubes containing 10 ml NECAW 

250 mg l-1 FAC or DIW as control, slightly mixed at speed 2 using a Mdl G-560 Vortex 

Genie 2 Mixer (Lehman Scientific, LLC, Wrightsville, PA) for 5 s. After 25 s of stillness, 

coupons were mixed again for 5 s, then kept still for 25 s again. Coupons were transferred 

to new glass tubes containing 10 ml neutralizing buffer solution and mixed at speed 2 for 

5 s. After 35 s of waiting, coupons were transferred to 50-ml disposable plastic tubes 

containing 10 ml PW and 3 g sterile glass beads (Sigma-Aldrich Co., St. Louis, MO), and 

vortexed heavily for 5 min to remove bacteria from the coupons. A series of ten-fold 

dilutions of the PW containing coupons and neutralizing buffer were conducted, 

respectively after vortexing for direct plating and enrichment test.  
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5.2.5. Microbial analysis 

The numbers of viable cells in the final diluted PW and the neutralizing buffer 

were determined by directly plating 0.1 ml of each diluent in duplicate on tryptic soy agar 

(TSA; Neogen Corp) plates, and further counting the colonies after incubation at 37ºC for 

24 h (for E. coli O157:H7 and Salmonella) or 48 h (for L. monocytogenes). The CFU of 

the recovered bacteria was enumerated and transformed to logarithm base 10 per ml or 

coupon. For enrichment test, 5 ml PW recovered from coupons and neutralizing buffer 

after treatment were transferred to 250 ml Erlenmeyer flasks containing 100 ml sterile 

TSB and incubated at 37ºC for 48 h (12, 244). Selected colonies from TSA plates were 

streaked onto selective agar and incubated to confirm the presence of pathogens. 

 

5.2.6. AFM experiment and analysis 

AFM was carried out using a model 5500 Molecular Imaging PicoPlus/PicoScan 

3000 system (now Agilent Technologies, Santa Clara, CA). Tapping mode AFM was 

applied with rectangular silicon probes and tip radii of curvature 5-10 nm (Applied 

Nanostructures Inc., Santa Clara, CA). The spring constant of the cantilever was 

manufacturer-specified in the range of 30-60 N/m, and the resonant frequency was 

around 300 kHz. AFM imaging of biofilms on stainless steel coupons was conducted at 

ambient temperature (22-24°C) in air with scanning rate of 0.5-1 Hz, relative humidity of 

15%-30%. Different scan sizes (from 5 µm × 5 µm to 50 µm × 50 µm) were applied in 

order to image bacteria dried on stainless steel surfaces or biofilms. The measurements of 

biofilms morphology were conducted independently at least twice. For each time, at least 
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two parallel coupons were independently included for each condition. Different regions 

were imaged and recorded for the same coupon as well.  

Three different mode images were recorded simultaneously with multimode 

imaging: topography, amplitude, and phase images. Images of topography and 

amplitudes are shown in the results. Topography imaging records the height of the 

samples, while amplitude imaging highlights the edges of the features and phase imaging 

provides contrast of the features and background from features’ physical properties. 

Amplitude and phase modes provide even higher quality images for better viewing the 

structure of the objects.  

The characteristic morphology of biofilms was divided mainly according to 

amplitude mode images, and the scales (x, y directions) of the images were also doubled 

checked with the height mode images. The tree-like structure was defined as pure 

continuous tree-like morphology with no other characteristic structures on the coupon 

surface. The category of individual cells was defined as when at least one microbial cell 

was observed from the AFM images, regardless of presence or absence of a tree-like 

morphology. The feature for individual cells was smooth and regular and in the range of 

around 1-3 µm in length and 0.5-1.5 µm in width. Features varying from these 

dimensions were not considered as individual cells (334). Other places on the coupon 

surfaces without these two features were calculated as the category ‘None’. The relative 

percentages of different types of morphological characteristics were calculated based on 

the images obtained. 
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5.2.7. Data analyses 

For microbial cell analysis and morphological analysis of each strain, at least two 

separate trials were independently conducted. For each trial, parallel groups were 

conducted in duplicate with two serials of plating results for any individual condition. For 

morphological analysis, different zones of each coupon were scanned and collected for 

analysis. More than twenty AFM image results were applied for any specific 

experimental conditions. Statistical analyses using analysis of variance (ANOVA) (P < 

0.05) and Tukey test for differences among different strains or treatments were performed 

using SAS software (Version 9.1.3, SAS, Cary, NC). Comparisons that yielded P < 0.05 

were considered significant.    

 

5.3. Results  

Figure 5.1 shows AFM images of the surfaces of a sterile coupon (a and b) and a 

control coupon obtained with the same procedure as for biofilm growth except that the 

bacterial strain  was inactivated prior to inoculation (c and d). Cut lines formed during 

manufacture of the coupons were visible on the coupon surfaces but no other 

characteristic morphologies were observed. 

The biofilms were found to have heterogeneous structures with three categories: 

Tree-like, individual microbial cells and none (do not have tree-like or individual cells). 

Figures 5.2 and 5.3 show these different morphological categories for L. monocytogenes 

ATCC 19115 and E. coli O157:H7 strain 6058, respectively, as examples. Characteristic 

tree-like structures or individual cells did not cover the whole stainless steel coupon 
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surface. Instead, they appeared as non-continuous formations on the coupon surface. 

Biofilms were such a highly heterogeneous community that they were very visible on 

some parts of the stainless steel surface as mature biofilms, while in other areas biofilms 

were in developing status or had not formed at all.  

Quantitative analysis of the distribution of the above three morphological 

categories for L. monocytogenes biofilms is shown in Table 5.1. The results indicated that 

the distributions of different morphologies were not significantly different among the 

four strains of L. monocytogenes. However, some E. coli O157:H7 and S. enterica strains 

had significantly less tree-like morphology than other strains. For instance, E. coli 

O157:H7 strain 6058 and S. enterica Typhimurium E2009005811 had only 8.0% and 

8.4% tree-like morphology, respectively (Table 5.2).  

The effect of varied inoculation amounts on the final biofilm morphology 

distribution is also shown in Table 5.1. The inoculation amount ‘1’ meant normal 

inoculation amount, while 0.1 and 0.001 denoted  10 and 1000 time dilutions of  normal 

inoculation amounts. The results indicated that the morphologies did not change 

significantly due to different inoculation amounts. The effect of growth media on biofilm 

growth was also studied and no difference between BHI and TSB (both were used at 1/10 

of normal concentrations) was found. The effects of initial inoculation amounts and 

alternative media (BHI) on the survival of microbial cells in the biofilms are shown in 

Table 5.3. The results demonstrated that biofilm morphology and the growth and survival 

of these pathogens were unaffected. 



 

 116 

Figure 5.4 depicts represenrative effects of deionized water treatment (a and b) 

and NECAW treatment (c and d) on biofilms (L. monocytogenes ATCC 19115). Biofilm 

surface morphology was washed off by DI water; however the integrity of the microbial 

cells were still maintained, as indicated by the smoothness of the microbial surface. In 

contrast, after NECAW treatment the surface integrity of the microbial cells was 

damaged, suggesting that NECAW penetrated into the microbial cells and inactivated 

them.  

EPS of biofilms were removed by DI water or NECAW treatment and inner 

microbial cells appeared (Figure 5.4), leading to observable distribution of the microbial 

cells by AFM imaging. The effect of NECAW treatment on survival of microbial cells is 

shown in Table 5.4. DI water only resulted in approximately 1.2 log CFU/coupon 

reductions. In contrast, NECAW treatment resulted in more than 4.6 log CFU/coupon 

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

 

5.4. Discussion 

 

5.4.1. Variation in biofilm morphology  

The morphology of the clean coupon surface was very similar to that of a 

previous report (264). Cut lines on the coupon surface, formed during coupon processing 

in the factory, were observed by AFM imaging. Current height variation was also 

comparable to that found in the literature. Considering difference in the z scale, the 

variation of surface contour over a 25 µm2 was approximately 500 nm, which was similar 
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to numbers reported by other groups (36). However, the height of cut lines was taller than 

the images from Wang and others (2003) (320). One of the reasons could be that Wang 

and others (2003) might have used offline ‘deflection’ processing of the AFM software, 

which alleviated the variation of substrate and decreased the value of height from their 

images.   

Generally, the use of an AFM probe with a low spring constant is suggested for 

biological samples to minimize damage of the sample surface. However, an AFM probe 

with a low spring constant can easily be trapped by the samples. As bacterial EPS can 

interact strongly with AFM tips, a relatively high spring constant (k = 3 N/m) was used, 

which should result in alleviation of trapping of the AFM probe by the samples (265).  

For the control group inoculated with dead bacterial cultures, height mode images 

showed that the stainless steel coupon surface was covered with a continuous layer of 

adsorbed substances, which could be from growth media, TSB or BHI (Figure 5.1). For 

coupons containing biofilms, protrusions could be seen underneath the continuous 

surface layer of EPS, and below the protrusions could be microbial cells as aggregates or 

individuals (Figures 5.2-5.4) (307). AFM images demonstrated that biofilms of the three 

foodborne pathogens on stainless steel were heterogeneous in structure, containing both 

microbial cells and EPS, which was in accordance with other reports of biofilms formed 

by L. monocytogenes or other bacteria (36, 77, 194, 265, 266). For instance, the existence 

of heterogeneous distribution of both EPS and microbial cells within the bacterial CCI#8 

biofilms was reported with some microbial cells growing in lines on the coupon surface 

(36). However, it was also found that L. monocytogenes microbial cells on mechanically 
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polished stainless steel grew along the stainless steel crevices (265). And microbial cells 

did not colonize the whole stainless steel surface but associated as individual associates 

or as small microcolonies. 

The structure of biofilms depended on various intrinsic and extrinsic parameters 

(194). Intrinsically, EPS, a major component of biofilms composed of polysaccharides, 

proteins, nucleic acids, and amphiphilic compounds, are so complex and diverse that it is 

a major factor influencing the structure of biofilms and makes studying biofilm 

morphology challenging (213). However, the composition and structure of biofilm EPS 

always vary due to changing microorganisms, their physiological status, nutrients status, 

and physical conditions (194, 291, 292). Extrinsically, L. monocytogenes biofilm 

morphology could vary under each particular condition with different replicates, as 

reported previously (186, 320).  

The tree-like morphology was first reported for foodborne pathogen biofilms, 

which was considered to be from EPS and different from previous reports. Wang and 

others (320) reported that L. monocytogenes biofilm EPS was thread-like, connecting 

among microbial cells, or between a microbial cell and the substance. In contrast, 

Dubravka and others (77) thought, based on SEM results, that L. monocytogenes strains 

were weak at producing EPS  due to its removal by pretreatment during SEM imaging 

with three 10 min rinses in 100% ethanol. However, L. monocytogenes biofilms imaged 

by wide-field fluorescence microscopy (WFM) showed that L. monocytogenes biofilms 

of three strains had an organized net-like pattern named a “honeycomb” structure (186); 
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although this EPS structure might be affected by draining of culture media and the 

washing process during sample preparation for WFM. 

The current AFM imaging overcame the shortcoming of many microscopes, and 

thus may provide new findings for biofilms research. The biofilms visualized by AFM 

were nearly at their natural state since the preparation of samples for AFM was very 

simple, with a major step of immobilizing microbial cells on a supportive material 

(stainless steel, for instance) and letting them grow into biofilms (265). Thus, the imaging 

of biofilms, especially surface morphology by AFM, would extend our understanding of 

the pathogens and the understudied EPS component of biofilms (213).  

 Previous SEM results of weak EPS by L. monocytogenes biofilms could be due 

to damage during pretreatment steps (77, 202). Epifluorescence microscopy analyzes 

images of fluorescence staining or fluorescent objectives but its results might 

overestimate EPS area on the studied surface since microbial cells stained as well (32, 73, 

194). On the other hand, confocal microscopy or epifluorescence microscopy can not be 

used to visualize unstained (nonfluorescent) materials, such as EPS in which biofilm cells 

were embedded. Hence, conclusions about whether EPS was present when it was not 

specifically stained was primarily based on assumptions (235). In general, structures in 

final images could be affected by imaging artifacts (326).  
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5.4.2. Effect of inoculation level and growth media during biofilm formation on L. 

monocytogenes biofilms 

A higher inoculation level resulted in a larger amount of L. monocytogenes 

transferred and attached to a stainless steel surface compared to low inoculation levels, 

since efficiency of transfer was similar (264). According to McLandsborough and others 

(194), bacteria begin to anchor themselves to stainless steel by execrating EPS after 

initial adhesion. Palmer and others (232) believed that initial bacterial cell attachment to a 

surface (stainless steel surface, for instance) was critical for biofilm formation. However, 

Djordievic and others (73) reported that there was no correlation between biofilm 

formation and microbial cell number, growth rate, or density. On the other hand, Marsh 

and others (187) thought that the organized, net-like patterns of “honeycomb” L. 

monocytogenes biofilms were formed gradually.  

Growth media influenced biofilm growth and formation by affecting the 

attachment of microbial cells on the substrate. In addition, EPS amounts  differ among 

biofilms developed from high nutrient medium (Luria-Bertain medium, for instance) and 

minimum nutrient medium (M9, for instance) (224). Some researchers believe that 

different substrate surfaces and media affect microbial cell attachment through 

influencing surface charges of the microbial cells (232). Generally, the bacterial cell 

surface is negatively charged while charges of the substrate vary depending on the kinds 

of substrates and media (232). However, Djordjevic and others found that both 

electrostatic and exopolymer interactions were responsible for microbial cell attachment 

to a hydrophilic stainless steel surface. On the other hand, organic components in the 
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media might not significantly affect biofilm formation and growth. One example is 

carbon sources of different media did not significantly affect biofilm formation (73).  In 

the current study, biofilms developed in TSB and BHI were similar since both media 

were non-selective, complex and relatively similar. The media influence was studied by 

Wang and others who reported that L. monocytogenes biofilm formation was significantly 

inhibited by Tween 80 in deMan-Rogosa-Sharpe broth (320), and a mixed strain (without 

L. monocytogenes) biofilm grown on diclofop was thicker than those grown on TSB 

(330).  

 

5.4.3. Effect of processing treatment on L. monocytogenes biofilms 

The structural integrity of biofilms was thought to be determined by the activities 

of the bacteria, and the bacteria properties affected the integrity of biofilms (202). After 

NECAW treatment, the morphology of individual cells was altered (Figure 4). Cells 

became wrinkled and broken, possibly due to the penetration of NECAW into the 

microbial cells and initiation of sanitizing effects. However, a few microbial cells of 

biofilms kept their surface morphology (data not shown), which was supported by plate 

counting results showing some survival (Table 4). There were two possible reasons that 

could be responsible for this phenomenon. One was that the resistance of microbial cells 

in biofilms to sanitization treatment was heterogeneous (202). One example was that 

some L. monocytogenes ATCC 19115 microbial cells were much more resistant to 

sanitization of peroxyacetic acid, based on SEM results (202). Another possible reason 

was that the penetration of NECAW was limited in such a short treatment and may be 
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decreased by EPS due to interactions between EPS and sanitizers (12, 194). Therefore, 

some microbial cells were not penetrated with NECAW. NECAW is an oxidizing 

sanitizer and can interac with organic matter. This could partially explain why it was hard 

for NECAW to penetrate into the inner part of biofilms. In the future, study on the 

sanitizing effects of NECAW on EPS will be necessary to improve NECAW sanitization.   

DI water can remove some biofilms from stainless steel surfaces but cannot kill 

microbial cells. When EPS was removed, its protective effect on bacterial viability 

disappeared or significantly decreased (15, 17), thus DI water only could cause a low log 

CFU reduction of bacteria. It should be noted that killing and removal are two different 

phenomena. Microbial cells removed by DI water did reattach and grow on another 

surface area or contaminate washing water, while microbial cells killed by NECAW 

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

 

5.5. Conclusion 

Bacterial biofilms are composed of EPS and microbial cells. In this reseaerch, 

AFM was applied to characterize the morphology of foodborne pathogen biofilms on 

stainless steel surfaces. Three morphologies of the biofilms were tree-like structures, 

individual cells and no characteristic structures of the above two (none) and the relative 

percentages of these three morphologies were quantitatively determined. E. coli O157:H7 

strain 6058 and S. enterica Typhimurium E2009005811 had significantly low 

percentages of the tree-like morphology. Neutral electrochemically activated water 

(NECAW) treatment destroyed the microbial cells as well as removed the tree-like 
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structures.  Results from AFM were promising, suggesting that AFM could be a suitable 

technique for study and characterization of biofilms, and investigating sanitizing effects. 

More valuable information could be obtained if combined with other microscopic 

techniques (91).  
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(a)                                                                                   (b) 

  

(c)                                                                                   (d) 

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

amplitude mode AFM images of a representative sterile non-treated SS coupon; (c) and 

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

with L. monocytogenes cells suspensions that had been previously autoclaved. 
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a    b 

c    d  

e    f 
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Figure 5.2. Atomic force microscopy (AFM) images of the tree-like structure and 

individual cells structure of Listeria monocytogenes biofilms ATCC 19115 on stainless 

steel coupons. Height (a) and amplitude (b) mode of tree-like structure biofilms;  height 

(c) and amplitude (d) mode of individual cell structure biofilms; height (e) and amplitude 

(f) mode of enlarged images of (c) and (d), respectively.  
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(a)                                                                                   (b) 

   

(c)                                                                                   (d) 

Figure 5.3. Atomic force microscopy (AFM) images of the tree-like structure and 

individual cells structure of Escherichia coli O157:H7 biofilms 6058 on stainless steel 

coupons. Height (a) and amplitude (b) mode of tree-like structure biofilms; height (c) and 

amplitude (d) mode of individual cell structure biofilms. 
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(a)                                                                                   (b) 

  

(c)                                                                                   (d) 

Figure 5.4. Atomic force microscopy (AFM) images of the morphology of Listeria 

monocytogenes biofilms ATCC 19115 on stainless steel coupons. Height (a) and 

amplitude (b) mode of biofilms after deionized water (DIW) treatment; height (c) and 

amplitude (d) mode of biofilms after neutral electrochemically activated water (NECAW) 

treatment. 
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Table 5.1. Quantitative analysis of the characteristics of the Listeria monocytogenes 

biofilms (%). 

Strain Inoculation 

amount 

Tree-like 

morphology 

Individual cells None 

2349 1a 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 55.6±15.1 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 24.5±4.9 A 16.4±6.7 A 59.0±6.2 A 

 1-BHIb 27.4±23.2 A 14.9±11.7 A 57.7±13.5 A 

2422 1 19.7±9.3 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 21.5±8.7 A 59.9±12.5 A 

Within each column, means with different capital letters are significantly different (P < 

0.05). 

a: ‘1’ is standard amount inoculation amount with 1:100 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 substituted by LN-BHI. 
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Table 5.2. Quantitative analysis of the characteristics of the Escherichia coli O157:H7 

and Salmonella enterica biofilms (%). 

 

Pathogen Strain Tree-like 

morphology 

Individual cells None 

E. coli 

O157:H7 

43890 26.7±5.6 A 31.3±11.7 A 42.0±10.5 A 

 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±13.9 A 58.2±20.8 A 

S. enterica Typhimurium 

E2009005811 

8.4±5.7 C 27.4±14.2 A 64.2±18.9 A 

 Typhimurium 

UK-1 

11.3±7.6 BC 37.0±18.7 A 51.7±12.5 A 

 Newport 

B4442 

14.1±2.3 ABC 42.9±16.9 A 43.1±15.1 A 

 Saintpaul 

E2008001236 

17.6±5.1 ABC 36.5±18.7 A 46.0±14.2 A 

 

Within each column, means with different capital letters are significantly different (P < 

0.05). 
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Table 5.3. Effect of initial inoculation amount of Listeria monocytogenes on number of  

viable microbial cells of biofilms (log CFU/coupon) (%).  

 

Relative amount Strain ATCC 19115 Strain 2422 

1A 7.06±0.63 A 6.64±0.42 A 

0.1 7.12±0.55 A 6.80±0.31 A 

0.001 7.04±0.41 A 6.57±0.24 A 

1B  7.18±0.57 A -C 

   

Note: Within each column, means with different capital letters are significantly different 

(P < 0.05). 

                   A: ‘1’ is standard amount inoculation amount with 1:100 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 substituted by LN-BHI. 

             C: Character ‘-’ means not determined.  
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Table 5.4. Effect of treatments on number of viable microbial cells of Listeria 

monocytogenes biofilms ATCC 19115 (log CFU/coupon).  

 

Treatment Strain ATCC 19115 

Initial  7.15±0.24 A 

DIW treatment 5.96±0.44 B 

NB treatment  5.89±0.39 B 

NECAW (250 mg/l FAC) treatment 2.46±0.45 C 

 

Note: Within each column, means with different capital letters are significantly different 

(P < 0.05). NB, neutralizing buffer; DIW, deionized water. NECAW, neutral 

electrochemically activated water; FAC, free available chlorine. 
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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 (NECAW) is a sanitizer for food and 

food processing equipment. sigB is a global stress regulator and and inlA is a virulence 

gene of L. monocytogenes. It has been suggested that these genes play a role in biofilm 

formation and antimicrobial efficacy of NECAW treatment on L. monocytogenes. The 

objectives of this study were to determine the role of sigB and inlA gene expression levels 

in L. monocytogenes biofilm formation and antimicrobial efficacy of NECAW treatment. 

Liquid cultures and biofilms grown on stainless steel coupon surfaces of four L. 

monocytogenes strains (wild type [WT] 10403S, isogenic ∆inlA, ∆inlB, and ∆inlA∆sigB 

mutants) were treated with NECAW for 10 min. Sanitizing efficacy of NECAW was 

determined by counting the survivors after treatment using standard plate counting. Gene 

expression levels were determined using qPCR. Isogenic inlA and sigB mutants were able 
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to form biofilms. After NECAW treatment, expression of both genes increased for the 

WT. While sigB gene expression of the ∆inlA strain increased at a level comparable to 

the WT, inlA gene expression of the ∆sigB strain did not significantly increase. Both 

genes were expressed more in biofilms than in liquid cultures. The level of inlA gene 

expression in WT increased 4.28 and 5.51-fold with treatment of 4 mg/l NECAW for 10 

min in liquid cultures and biofilms, respectively, while the corresponding values were 

5.91 and 10.05-fold for the sigB gene. Mutant strains were more sensitive to NECAW 

treatment than the WT strain. For liquid cultures, 10 mg/l NECAW for 10 min resulted in 

0.79 and 1.17 more log CFU/ml reductions for ∆inlA and ∆sigB strains, respectively, than 

the WT, but there was no significant difference among strains in form of biofilms under 

the same condition. The sigB gene was more important than was inlA for survival of 

NECAW treatment. Surviving L. monocytogenes cells post-sublethal NECAW treatment 

might become resistant to further sanitizer treatment.    

 

6.1. Introduction 

Listeria monocytogenes is a ubiquitous, facultative and non-sporeforming 

intracellular foodborne pathogen that causes a severe invasive disease in humans and 

animals. L. monocytogenes seems to be well adapted to invade human cells as well as to 

survive in many types of environments. This bacterium can tolerate many harsh 

conditions including high osmolarity, bile salts and organic acids (256, 343). It can 

colonize the surface of food processing equipment (139), forming biofilms that can 
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survive better than planktonic counterparts on food processing equipment under 

incomplete sanitizing conditions (308).  

Biofilms are generally more resistant to antimicrobial agents and sanitizers than 

individual cells, enhancing the ability of bacterial cells to survive cleaning or sanitizing 

steps (308). Biofilms are composed of a community of microorganisms and a complex 

matrix of exopolymeric substances (EPS) (277). Although some reports suggest that 

some strains of L. monocytogenes  may not form very resistant biofilms (249), it has long 

been recognized that this pathogen can survive on food processing environment and food 

equipment surfaces for a relatively long time (277). Some L. monocytogenes strains can 

even survive for several years in food-processing plants (139).  

The mechanisms that explain the increased resistance of biofilms to sanitizers 

include limited penetration to cells within biofilms, slower growth rate of the 

microorganism, and induction of resistance responses (75, 165, 179, 308). At the 

molecular level, the persistence of bacterial survival under stress conditions is thought to 

be related to transcription redirection via association of alternative sigma factors with 

core RNA polymerase (90), but the ability to persist was not linked to any specific 

phenotypic or genetic characteristics (139). Sigma factors are dissociable protein subunits 

directing the RNA polymerase holoenzyme to accurately recognize a promoter sequence 

upstream of a gene before transcription initiation. Alternative sigma factors can 

reprogram specific promoter recognition processes along with the core RNA polymerase 

when environmental conditions change, thus allowing appropriate expression of specific 

target genes in response to those changing conditions (256). σB, or SigB, a stress-
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response alternative sigma factor encoded by sigB, was recognized as the global regulator 

for general stresses in some Gram-positive bacteria with low G+C content including the 

genera Bacillus, Staphylococcus, and Listeria (9, 344). 

 It was originally believed that this stress-response was not associated with 

specific bacterial strains (259). In L. monocytogenes, σB helps  microbial cells survive 

under stress conditions including nutrient deficiency, low pH, high or low temperature 

and oxidative stress (342), and antimicrobial agents (234, 282). L. monocytogenes σB is 

activated in order to protect bacterial survival once bacteria are exposed to environmental 

stress conditions (256). Loss of σB (∆sigB strain) reduces the ability of L. monocytogenes 

to invade human intestinal epithelial cells. σ
B was widely viewed as participating in 

biofilm formation of L. monocytogenes (308). ∆sigB strains exhibit significantly 

decreased biofilm formation compared to wild-type strains (55, 308). However, Schwab 

and others (2005) view σB as  unnecessary for  initial attachment of L. monocytogenes to 

the  surface (277).  

σ
B has also been found to be responsible for transcription of several L. 

monocytogenes virulence and stress-response genes, including genes that relate to 

gastrointestinal infections (140, 290). For example, loss of σB results in reduced inlA 

expression, a virulence gene conserved and specific to L. monocytogenes (253), in 

stationary-phase microbial cells (143, 144, 193). Thus, transcription of inlA is at least 

partially σB dependent (144). InlA is a cell-wall anchored protein and a bacterial factor 

mediating the first step of attachment and internalization of L. monocytogenes to human 

cells as demonstrated by the study of L. monocytogenes’s entry into the Caco-2 human 
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colon adenocarcinoma cell line (144, 220). The expression of inlA of L. monocytogenes 

changes under different environments (257), which may help confer L. monocytogenes 

ability to adapt for long-term survival while maintaining bacterial virulence (40). 

L. monocytogenes can be controlled if proper santization conditions were applied 

in food processing facilities. It should be noted that the efficiency of sanitizers is 

compromised by the presence of organic materials including food debris, leading to 

decreased sanitizing effects. An even worse situation is inappropriate sanitizing treatment 

in food processing plants, which leads to exposure of pathogens to sublethal 

concentrations of sanitizers and surviving pathogenic microbial cells after sanitizing. 

Currently, it is not clear yet whether treatment with a sublethal concentration of sanitizers 

will affect all pathogen populations or only attack a partial fraction of the population 

(139).  

The objective of this study was to understand the role of inlA, sigB and their 

relationship upon sublethal treatment of neutral electrochemically activated water 

(NECAW) as a sanitizer on L. monocytogenes. Isogenic parent Wild type (WT), inlA null 

(∆inlA), sigB null (∆sigB) and double null (∆inlA∆sigB) mutant strains in liquid cultures 

and biofilms were investigated for a comparative study with sublethal concentrations of 

NECAW. Gene expression levels of inlA and sigB 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 monocytogenes serotype 1/2a WT strain 10403S and its isogenic inlA null 

mutant (DP-L4405), sigB null mutant (FSL A1-254), and double mutant ∆inlA∆sigB 

(FSL B2-042) were kindly provided by Dr. Kathryn J. Boor of Cornell University. 

Sources for the strains were described in a previous publication (144). Strains were 

confirmed by one-step RT-PCR for inlA and sigB gene expression. For each strain, a loop 

of -60°C storage glycerol-culture was inoculated and transferred three consecutive times 

in tryptic soy broth (TSB) (Neogen Corp,, Lansing, MI) and inoculated at 37ºC at 24 h 

intervals.  

 

6.2.2. Preparation and analysis of neutral electrochemically activated water 

(NECAW) 

NECAW was freshly generated from softened tap water and saturated NaCl 

solutions by a generator (Zap Water Technology, Inc., Richfield, MN, USA) at a voltage 

range of 7 to 9 volts. After a stable voltage reading was reached, NECAW was collected 

using a sterile glass bottle from the anode side, covered and used within 2 h post 

generation. FAC of NECAW was determined with a chorine test kit by calculating the 

drop counts (LaMotte Company, Chestertown, MD). ORP and pH were measured with an 

ORP meter (ORPTestr 10, Oakton Instruments Inc., Vernon Hills, 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 were centrifuged (3, 600 × g, 23°C) 

for 10 min. Pellets were washed using 10 ml of peptone water (PW, Neogen, Inc.), 

centrifuged and re-suspended in 10 ml of PW.  One ml of suspensions were added into 

bottles containing 99 ml of liquid sanitizer solution (NECAW or deionized water [DIW] 

as control). After the bottles were shaken by hand for 30 s, mixture (1 ml) were 

transferred to 9 ml neutralizing buffer solutions (5.2 g/l; Becton, Dickinson and Company, 

Sparks, MD) and shaken for 40 s. The neutralized mixture was serially diluted for plating 

analysis (7, 11).   

 

6.2.4. Biofilm experiments 

Individual strains were prepared as described above for liquid culture testing. 

Suspensions were mixed with 9 ml sterile low nutrient TSB (1:10 dilution of normal TSB 

solution, LN-TSB) with a dilution of 1:100. Sterilized stainless steel coupons were 

immersed into the suspensions, mixed well and left in the liquid cultures for 4 h at room 

temperature to allow bacteria attachment. Suspensions were poured off and the coupons 

were rinsed gently with a circular motion for 10 s using 1 ml PW in order to remove 

unattached microbial cells. The PW were poured off. Coupons were added with 10 ml 

fresh LN-TSB and stayed at room temperature. After 48 h, LN-TSB was discarded and 

coupons were transferred to a new LN-TSB solution for another 24 h at room temperature. 

After this incubation, coupons were rinsed gently with 1 ml PW twice to remove loosely 

attached microbial cells. Then the coupons were dried in a biosafety cabinet for 2 h (12). 
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Coupons with biofilms were placed into glass tubes containing 10 ml NECAW 

100 mg/l FAC or DIW as control, slightly mixed at speed 2 using a Mdl G-560 Vortex 

Genie 2 Mixer (Lehman Scientific, LLC, Wrightsville, PA, USA) for 5 s. After 25 s of 

stillness, coupons were mixed again for 5 s, then kept still for 25 s again. Coupons were 

transferred to new glass tubes containing 10 ml neutralizing buffer solution and mixed at 

speed 2 for 5 s. After 35 s of waiting, coupons were transferred to 50-ml disposable 

plastic tubes containing 10 ml PW and 3 g sterile glass beads (Sigma-Aldrich Co., St. 

Louis, MO, USA), and vortexed heavily for 5 min to remove bacteria from the coupons. 

A series of ten-fold dilutions of the PW containing coupons and neutralizing buffer were 

conducted, respectively after vortexing for direct plating and enrichment test.  

 

6.2.5. Microbial analysis 

WT L. monocytogenes and isogenic mutants ∆inlA, ∆sigB, ∆inlA∆sigB cultures 

were used for a series of stress survival assays with 0-50 mg/l NECAW for 0 to 10 min in 

liquid cultures, and 0-100 mg/l ECAW for 0-10 min for biofilms. The experiment was 

performed using stationary phase microbial cells, which were the same phase used for 

RNA experiments. Prior to and after NECAW treatment, survival of L monocytogenes 

was enumerated by plating appropriate serial dilutions in peptone water on tryptic soy 

agar (TSA) plate after incubation at 37ºC for 48 h. Selected colonies from TSA plates 

were streaked onto selective agar and incubated to confirm the presence of pathogens. 
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6.2.6. RNA extraction 

 RNA was extracted using a TRIzol® Max™ bacterial RNA isolation kit (Life 

Technologies Corporation, Grand Island, NY, USA). Bacterial cultures grown overnight 

or biofilm cells (recovered by votexing with glass beads) (1.5 ml) were transferred to  

pre-chilled microcentrifuge tubes, which were centrifuged at 6,000 × g for 5 min at 4ºC. 

After centrifugation, the supernatant was decanted and the cell pellet was re-suspended in 

a 200 µl preheated (95ºC) max bacterial enhancement reagent, mixed and incubated at 

95ºC for 4 min. After that, 1 ml TRIzol® reagent was added to the lysate, and the 

solution was mixed and incubated at room temperature for 5 min. Then 0.2 ml cold 

chloroform was added, and the solution mixed and incubated at room temperature for 3 

min. The samples were centrifuged at 12,000 g for 15 min at 4ºC. The colorless upper 

phase was transferred to a new tube, to which  0.5 ml cold isopropanol was added for 

precipitating RNA. The solution was mixed and incubated at room temperature for 10 

min, then centrifuged at 15,000 × g for 10 min at 4ºC. The supernatant was removed and 

the pellet was resuspended in 1 ml 75% ethanol, and the suspension mixed and 

centrifuged at 7,500 × g for 5 min at 4ºC. The resulting RNA pellet was air-dried and re-

suspended in 50 µl RNase-free water. RNA concentration was determined by 

abosorbance at 280 nm and the quality was determined by the ratio of asborance at 260 

nm to that at 280 nm. RNA quality was examined by running extracts on 1% agarose 

formaldehyde gels.       
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6.2.7. cDNA synthesis 

cDNA syntheis was performed using a SuperScript ® VILO™ cDNA synthesis 

kit (Invitrogen Corp., Carlsbad, CA, USA), according to the manufacturer’s protocol, 

RNA (100 ng), 4 µl 5×VILO™ reaction mix, 10×SuperScript® enzyme mix, and 

diethylpyrocarbonate (DEPC)-treated water were mixed together to a volume of 20 µl. 

The mixture was gently mixed and incubated at 25ºC for 10 min, 42ºC for 60 min, and 

then 85ºC for 5 min. Synthesized cDNA was used immediately or stored at -20ºC until 

used in PCR. 

 

6.2.8. One-step Reverse Transcriptase-Polymerase Chain Reactions 

The primers (5’ to 3’) used for target genes were: 

TGTGACTGGCGCTTTAATTG and GCGTCACGGTTCCACTAAAT as forward and 

reverse primers for inlA, respectively; CATGAAGATTTAGTTCAAGTTGGAAA and 

CACATGCACACTCCATGTTTT as forward and reverse primers for sigB, respectively; 

CCCTTATGACCTGGGCTACA and CCTACCGACTTCGGGTGTTA as forward and 

reverse primers for 16S rRNA, respectively; GGTCACCAGTGTAAGCGTGA and 

CAGCAACTGGCGATATGAAA as forward and reverse primers for gapdh, 

respectively.  

SuperScript™ III one-step Reverse Transcriptase-Polymerase Chain Reactions 

(RT-PCR) system with Platinum® Taq High Fidelity (Invitrogen Corp., Carlsbad, CA, 

USA) was used  to study inlA and sigB gene expression in bacterial strains according to 

the manufacturer’s instruction.  In a 0.2 ml PCR tube on ice, 25 µl 2× reaction mix, 2.5 µl 
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(100 ng) template RNA, 0.5 µl sense and 0.5 µl anti-sense primers (10 µM each), 0.5 µl 

SuperScript™ III RT/Platinum® Taq High Fidelity enzyme superScript mix were added 

and mixed with water to 25 µl. Then cDNA synthesis was performed with 1 cycle of 

55ºC for 30 min, and 94ºC for 2 min; followed by 40 cycles of PCR amplification (94ºC 

for 15 s, 55ºC for 30 s, and 68ºC for 1 min), and completed with 68ºC for 5 min.  

 

6.2.9. Real time Quantitative PCR (qPCR) 

Each reaction mixture was prepared with 7 µl of RNase- and DNase-free water, 1 

µl each of sense and anti-sense primer, 10 µl of master mix and 1 µl ofsynthesized cDNA 

template. qPCR was performed using a LightCycler® 480 instrument (Roche Diagnostics 

Corporation, Indianapolis, IN, USA).   

 

6.2.10. Statistical analyses 

For qPCR data, expression levels of targeted genes were normalized to expression 

levels of reference genes of the same strain (251, 311). Two reference genes, 16S and 

rpoB, were chosen as two independent genes for data normalization. Relative gene 

expression was evaluated by analysis of variance among strains, different NECAW 

concentrations, or NECAW treatment time.  Analysis of variance (ANOVA) and Tukey 

test for differences among different groups were performed by SAS software (version 

9.1.3, SAS Inst. Inc., Cary, NC, USA). The quantitative results were represented as 

means ± standard deviations. Comparisons that yielded P < 0.05 were denoted as 

significant.  
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6.3. Results 

 The effects of NECAW (4 mg/l FAC) treatment for as long as 10 min on inlA or 

sigB gene expression of L. monocytogenes in liquid culture were first investigated (Table 

6.1). Deionized water (DIW) treatment did not significantly change gene expression 

levels for all strains. Expression of inlA and sigB genes did not significantly increase with 

NECAW treatment after 30 s. However, after 5 min, inlA and sigB were significantly up-

regulated for all strains. Further treatment (10 min) resulted in even higher gene 

expression levels. The expression of the inlA gene did not increase significantly for strain 

∆sigB, but sigB gene of the ∆inlA strain increased similar to that of the WT strain, and 

was at least 3 times greater than controls after 10 min.     

When the NECAW concentration was increased and cells were treated for 5 min, 

inlA expression increased significantly in WT while not significantly in ∆sigB (Table 6.2). 

In contrast, sigB expression increased significantly in both WT and ∆inlA strains. For the 

WT strain, sigB expression increased at a greater level than inlA, for instance a 

concentration of 6 mg/l FAC caused 6.35- and 2.52-fold increases, respectively.    

Tables 6.3 and 6.4 show the effects of time and concentration, respectively, of 

NECAW treatment on gene expression levels of biofilms. The changes were very similar 

to that of liquid cultures. Both expression of inlA and sigB increased in the WT strain 

with increased concentration and time of NECAW treatment. sigB expression  of the 

∆inlA strain increased at similar levels as the WT but inlA expression of the ∆sigB strain 

did not change significantly with increased exposure time or FAC concentration. 
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Compared to liquid cultures, sigB gene expression increased almost 2-fold in biofilms 

after NECAW treatment, in both the WT and the ∆inlA strain. For instance, after 10 min 

of 4 mg/l FAC treatment, sigB level in WT was 5.9-fold that of the reference genes in 

liquid cultures (Table 6.1), while the expression reached 10-fold in biofilms (Table 6.3).    

To investigate the role of the genes on microbial survival when cells were 

exposed to NECAW, survival counts of the four L. monocytogenes strains were 

performed for the same sublethal FAC concentration as well as for increased 

concentrations.  At the maximum FAC and time used for the gene expression studies (6 

mg/l, 10 min) the WT strain count of liquid cultures was only reduced by 0.5 log CFU/ml 

(Table 6.5). At similar sublethal conditions, the viable count of the ∆inlA mutant was a 

little different from that of the WT, but at higher FAC the viability reductions increased 

more for the ∆inlA mutant than the WT. Both the ∆sigB and the ∆sigB∆inlA mutants were 

more sensitive than the WT at 6 mg/g FAC after 5 and 10 min, as average reductions of 

more than 1.2 and 2.2 CFU/ml, respectively, were recorded.  

Tables 6.6, 6.7 and 6.8 show the effect of NECAW concentration on L. 

monocytogenes biofilm viable counts for 30 s, 5 min and 10 min, respectively. The viable 

count of WT biofilms were reduced a maximum of 0.7 CFU/coupon when they were 

treated for 10 min at 6 mg/l FAC (Table 6.8). Mutants ∆sigB and ∆inlA∆sigB appeared to 

be slightly more sensitive to this concentration, but the differences were not statistically 

significant. At concentrations above 6 mg/l, the killing of WT biofilms reached 3 log 

CFU/ coupon at 100 mg/l FAC. The ∆inlA mutant’s sensitivity to NECAW was similar to 

that of the WT, even at the higher FAC concentrations. The biofilms of ∆sigB and 
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∆inlA∆sigB mutant strains had no detectable survivors (≥ 4.6 log CFU/coupon) at FAC 

concentrations of 50 or higher for 10 min. However, the reductions of both strains were 

only 1.3 log CFU/ coupon at 100 mg/l FAC after 1 min.         

 

6.4. Discussion 

 

6.4.1. qPCR analyses and reference genes  

qPCR conditions normally need to be optimized to get reliable and reproducible 

data since many possible factors can affect the outcome of the procedure (322). The first 

step in a qPCR experiment is typically lysis of microbial cells. The efficiency of this step 

determines the yield of RNA extracted, thus the sensitivity of qPCR (322). It was 

reported that appropriate kits for RNA extraction were required depending on the number 

of microbial cells (322). In this study, the Trizol®Max™ bacterial RNA isolation kit was 

used, as the whole procedure is relatively convenient and allowed a relatively large 

volume of bacterial solutions.   

The second factor for qPCR analysis is the selection of reference genes. Once 

reference genes were chosen, qPCR could be used to quantitatively determine expression 

of the target genes, sigB and inlA, in the current study. 16S rRNA is a reference gene that 

has been extensively used for indicating overall cellular mRNA expression levels for 

microbial cells at a specific physiological status. Gene expression levels of target genes 

were obtained by dividing by 16S rRNA expression levels according to the formula 

described by Vandesompele et al. (2002) (55, 311), thus allowing the analysis of relative 
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target gene expression  at a certain physiological status . However, reference gene 

expression is not always stable, and can be variable under different conditions (290, 311). 

To minimize the influence from reference gene, a solution was to include additional 

standard reference genes. For instance, two independent reference genes could be used to 

calculate relative gene expression of target genes (55). 16S rRNA and gapdh were both 

used as reference genes in our current report (295, 308). The efficiencies of amplification 

of the inlA, sigB and reference genes were found to be in the range of 90%-110%, 

comparable to that of other reports and satisfactory for qPCR reactions (96, 225).   

 

6.4.2. Stress responses of sigB and inlA gene with time 

While σB activation was reported via a single pathway under stress conditions, 

regulation of the expression of stress-response and virulence genes in the σB regulon were 

hypothesized to require networks involving multiple transcriptional regulators (55). Since 

σ
B exists in active or inactive states (24), transcriptional levels of σB-dependent genes are 

measured for indirect quantification of  protein activity  (55), which is an approach taken 

by many researchers including this research. σ
B expression is related to the growth phase 

of microorganisms. Cultures approaching stationary phase have the highest σ
B expression 

(90). However, this expression changes under stress conditions. For instance, static 

biofilm cells, subjected to a stress condition of nutrient deficiency, exhibit 3-fold 

increased sigB expression compared with planktonic cells (308). 

Five minute exposure to stress was reported to be enough for activating stress-

induced σB-dependent activity in L. monocytogenes (55, 290). Moreover, activation of the 
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sigB gene was proportional to the level of osmotic stress in L. monocytogenes as quick as 

5 min in response (306). Our results of the effects of NECAW on activation of sigB and 

inlA of L. monocytogenes were consistant with these findings. 

Gene expression of inlA and sigB in response to stress might be transient. Under 

stress conditions, expression levels of sigB and inlA increased with time within a certain 

period. For example, inlA transcripts significantly accumulates after 5 or 15 min of 

exposure to osmotic or acid stress conditions compared to the control condition without 

stress exposure. However, gene expression reverts to its normal level after a relatively 

longer time. In another report,  expression of sigB at the mid-exponential growth phase 

was found to increase with  exposure to osmotic stress for 15 min, then gradually 

decreases, indicating that transcriptional activation is transient in response to osmotic 

stress (306). In addition, σB activity of L. monocytogenes increases under exposure to a 

cold shock for 30 min (53, 140), but its level was relatively stable from the starting point 

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

 

6.4.3. σB role in L. monocytogenes’s resistance to sanitizers 

A functional σB protein was found essential for acquiring resistance of L. 

monocytogenes to stress conditions (90). Survival of the ∆sigB strain is consistently 

lower than that of the WT strain in all growth phases under many stress conditions 

including heating (225, 286) Survival is 2- and 4-fold less in mid-log phase and 

stationary phase, respectively, in ∆sigB strain compared to the WT,  regardless of a prior 

acid adaptation (90). σB also plays an important role in L. monocytogenes’s enhanced 
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resistance to lethal pH or  oxidative treatment (90). Ferreira and others (2001) suggested 

that L. monocytogenes cells in the stationary phase have two mechanisms of acid 

resistance (AR): σB-dependent AR mechanism and σ
B independent AR mechanism (89, 

90).  

 σ
B was found essential for the survival of L. monocytogenes at lethal levels of 

many sanitizers, disinfectants or surfactants (270). A significant 1–2 log decrease in the 

viability of the ∆sigB mutant strain exposed to lethal concentrations of surfactants 

including benzalkoniumchloride (BC), cetylpyridinium chloride (CPC) and sodium 

docecyl sulfate (SDS) was observed along with the induction of σB by those disinfectants. 

In addition, planktonic cells of ∆sigB mutant strain have a lower survival rate than WT 

microbial cells as liquid cultures and biofilms (279, 308). However, σB does not affect the 

growth of L. monocytogenes when exposed to sublethal levels of those disinfectants (270). 

Currently, little information is available for the fundamental mechanisms at the 

molecular level involved in L. monocytogenes’s resistance to detergents or sanitizers 

(270). For instance, it is not clear why short-term salt stress increases L. monocytogenes 

resistance to H2O2 (26). It is highly possible that the σB regulon may be critical for this 

increased resistance (270). Our findings on the increased expression level of virulence 

gene (inlA) and stress-response gene (sigB) at sublethal concentration of NECAW 

sanitizer treatment supports this conclusion. σ
B was found to upregulate genes related to 

adhesion, acid tolerance, bile tolerance and osmotolerance (270). The evidence of σB-

regulated mechanisms of detergent resistance provides guidance information for the 

development of novel sanitizers (270). 
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6.4.4. Relation between inlA and sigB 

sigB is an autoregulated gene, as expression of the gene regulates several other 

genes in the σB operon and sigB itself. The expression of genes in the operon does not 

significantly change under stress conditions for the ∆sigB mutant strain since no σB 

responds to extracellular stress (306), suggesting that when sigB is present sigB-

dependent genes might be influenced by the environmental stress as well.  σB contributes 

to the regulation of virulence gene expression in L. monocytogenes (140). σB-dependent 

inlA  expression was reported previously (140, 143, 290). When exposed to an osmotic 

stress, inlA expression of stationary phase L. monocytogenes cultures is up-regulated 

significantly in the WT strain (9-19-fold) (P<0.05), while in the ∆sigB strain,  expression 

does not change significantly, demonstrating that σ
B is critical for the up-regulation of 

inlA during stationary phase (144). In the current results, inlA gene expression in the 

∆sigB strain did not change significantly when NECAW concentration and time 

increased, both for liquid cultures and biofilms (Tables 6.1 to 6.4), revealing that under 

the NECAW stress condition, the expression of inlA was controlled by the sigB gene.    

Moreover, inlA expression in the L. monocytogenes isogenic ∆sigB null mutant is 

significantly lower than in the WT strain (90). The current results support this conclusion. 

However, to make it easier to compare the effects of sanitizing stress on gene expression, 

the relative fold changes of inlA and sigB expression in the WT and ∆sigB strains were 

calculated by normalizing to inlA and sigB levels under DIW treatment, respectively. 

Recently, inlA was further confirmed as transcribed in a σ
B-dependent way by a qRT-
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PCR experiment, providing direct evidence that σ
B was critical for regulating inlA 

virulence gene expression during stress conditions within the human intestine (140, 290). 

Several other factors could also affect inlA expression including oxidative stress 

(39), therefore it is not clear if σB-mediated effects on inlA expression were direct or 

indirect (144). However, it is certain that prfA regulates the transcription of the inlAB 

locus, and σB contributes to inlAB locus transcription indirectly via controlling prfA 

expression (144). Although inlA is regulated by σB, it should be noted that there are 

differences between the effects of stress on inlA and sigB expression. For inlA, no 

significant changes in its transcription levels were found for any of three tested L. 

monocytogenes strains for liver pâtés (P > 0.05). While for sigB, the relative expression 

for one of the strains (strain 6896) is significantly increased by 3.2-fold in liver pâté with 

a 33% reduced NaCl content (P<0.001), compared to liver pâté with standard NaCl 

content (P > 0.05) (225). In addition, L. monocytogenes grown on food products with 

changed environments may not increase the expression of virulence genes including inlA 

gene (15).  The current results were obtained under one type of stress, NECAW treatment, 

with varied treatment duration and NECAW concentrations. Changes in the relative 

expression of sigB were greater than that of inlA, revealing that sigB gene was more 

important than inlA for L. monocytogenes survival under NECAW treatment.  

 

6.4.5. Homogeneous sensitivity of L. monocytogenes cells to sanitizers  

L. monocytogenes biofilms were more resistant than planktonic cells to sanitizers 

such as NECAW and peracetic acid (165, 179, 308), as indicated by higher surviving 
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counts and lower maximum inactivation rate of biofilms than their planktonic cells (308). 

In food production plants, persistent L. monocytogenes strains are thought to be more 

tolerant or resistant to cleaning, especially to sanitizers or disinfectants (139). However, 

the increased survival of L. monocytogenes in food processing plants is not due to an 

increase in tolerant subpopulation of bacterial cells (139). A study revealed that a 

population of L. monocytogenes microbial cells was homogenous in sensitivity to an 

acidic disinfectant (139).  

 Overall, biofilm formation and antimicrobial effects of sanitizers on L. 

monocytogenes is very complicated. One certainty is that the induction of σB by sublethal 

levels of cleaning or sanitizing agents as a stress in the food industry might increase the 

pathogen’s resistance, causing potential safety concerns (270). Future experiments 

including examination of both RNA and protein levels will be essential for elucidating 

the roles of sigB and inlA genes in L. monocytogenes resistance. Also, specific agents 

targeting sigB or inlA can be developed (233). 

 

6.5. Conclusion 

inlA and sigB play important roles in the survival and sanitizing resistance of L. 

monocytogenes microbial cells.The current study found that isogenic inlA and sigB 

mutants were able to form biofilms, revealing that these two genes were not the decisive 

factors for biofilm formation. After NECAW treatment, expression of both genes 

increased in WT. While sigB gene expression of the ∆inlA strain increased at a level 

comparable to that of WT, inlA gene expression of the ∆sigB strain did not change 
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significantly. Both genes were expressed more in biofilms than in liquid cultures. Mutant 

strains (∆inlA, ∆sigB, ∆inlA∆sigB) were more sensitive to NECAW treatment than the 

WT strain.The sigB gene was more important than inlA for pathogen survival under 

NECAW treatment. Surviving L. monocytogenes cells post-sublethal NECAW treatment 

might become resistant to further sanitizer treatment.    
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Table 6.1. Effect of neutral electrochemically activated water (NECAW, 4 mg/l free 

available chlorine) treatment time on inlA or sigB gene expression of liquid cultures of 

Listeria monocytogenes in wild type (WT) and ∆inlA, ∆sigB strains determined by qPCR. 

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

Treatment  Relative gene expression level 

 inlA sigB 
 Time 

(min)  WT ∆sigB WT ∆inlA 

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  0.99±0.13 Ca 1.16±0.20 Aa 1.14±0.19 Ca 1.16±0.21 Ca 

NECAW 0.5  1.53±0.36 

BCa 

1.42±0.38 Aa 1.82±0.66 BCa 1.95±0.57 BCa 

 5  2.26±0.77 Bab 1.49±0.74 Ab 3.72±1.61 ABa 3.57±1.71 ABab 

 10  4.28±0.96 

Aab 

1.68±0.71 Ab 5.91±3.08 Aa 4.79±2.37 Aab 

 

DIW: de-ionized water. 

Within each row, means with different lowercase letters are significantly different (P < 

0.05).   

Within each column, means with different capital letters are significantly different (P < 

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

electrochemically activated water (NECAW) treatment on the inlA or sigB gene 

expression of liquid cultures of Listeria monocytogenes wild type (WT) and ∆inlA, ∆sigB 

strains after 5 min incubation using qPCR. Two housekeeping genes, 16S and rpoB were 

used for reference of expression level. 

 

Relative gene expression level 

inlA sigB 
FAC 

 (mg/l) 
WT ∆sigB WT ∆inlA 

0 1.00±0.07 Ca 1.00±0.14 Aa 1.00±0.09 Ba 1.00±0.16 Ca 

2 1.31±0.33 BCa 1.34±0.59 Aa 2.08±0.84 Ba 1.89±0.93 BCa 

4 2.11±0.89 ABab 1.59±0.75 Ab 3.97±1.58 ABa 3.81±1.80 ABa 

6 2.52±0.41 Ab 1.58±1.12 Ab 6.35±3.44 Aa 4.67±2.14 Aab 

 

Within each row, means with different lowercase letters are significantly different (P < 

0.05).   

Within each column, means with different capital letters are significantly different (P < 

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

available chlorine) treatment time on inlA or sigB gene expression of biofilms of Listeria 

monocytogenes in wild type (WT) and ∆inlA, ∆sigB strains determined by qPCR. Two 

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

 

Treatment  Relative gene expression level 

 inlA sigB 
 Time 

(min)  WT ∆sigB WT ∆inlA 

DIW 0.5  1.00±0.11 Ca 1.00±0.16 Aa   1.00±0.20 Ba 1.00±0.16 Ba 

 5  1.04±0.30 Ca 1.12±0.24 Aa   1.01±0.30 Ba 0.96±0.21 Ba 

 10  1.06±0.24 Ca 1.04±0.23 Aa   1.05±0.23 Ba 1.17±0.52 Ba 

NECAW 0.5  1.86±0.26 BCab 1.40±0.49 Ab   2.94±1.10 Ba 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±4.55 Aa 

 

DIW: de-ionized water. 

Within each row, means with different lowercase letters are significantly different (P < 

0.05).   

Within each column, means with different capital letters are significantly different (P < 

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

electrochemically activated water (NECAW) treatment on the inlA or sigB gene 

expression of biofilms of Listeria monocytogenes wild type (WT) and ∆inlA, ∆sigB 

strains after 5 min incubation using qPCR. Two housekeeping genes, 16S and rpoB were 

used for reference of expression level. 

 

Relative gene expression level 

inlA sigB 
FAC 

 (mg/l) 
WT ∆sigB WT ∆inlA 

0 1.00±0.16 Ca 1.00±0.21 Aa   1.00±0.20 Ca   1.00±0.17 Ba 

2 2.11±0.18 

BCab 

1.20±0.47 Ab   3.44±1.57 BCa   3.34±0.82 Ba 

4 3.61±1.71 ABb 1.39±0.66 Ab   8.50±3.25 ABa   8.70±3.16 Aa 

6 5.06±1.95 Ab 1.58±1.15 Ab 14.01±7.46 Aa 12.61±4.94 Aa 

 

Within each row, means with different lowercase letters are significantly different (P < 

0.05).   

Within each column, means with different capital letters are significantly different (P < 

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

electrochemically activated water (NECAW) on liquid culture viable count of Listeria 

monocytogenes wild type (WT) and mutant ∆inlA, ∆sigB strains.  

 

Time 

(min) 

FAC 

 (mg/l) 

Viable count reductiona 

(log CFU/ml)  

  WT ∆inlA ∆sigB ∆inlA∆sigB 

0.5 0 0.00±0.00 A 0.00±0.00 A 0.00±0.00 A 0.00±0.00 A 

 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 A 

 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±0.00 A 

 2 0.02±0.11 B 0.05±0.13 B 0.24±0.03 AB 0.41±0.17 A 

 4 0.03±0.10 B 0.08±0.13 B 0.97±0.29 A 1.07±0.33 A 

 6 0.45±0.30 B 0.79±0.30 AB 1.23±0.39 A 1.32±0.31 A 

 10 1.68±0.35 B 1.82±0.42 B 2.34±0.17 AB 2.83±0.33 A 

 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±0.00 A 

 2 0.03±0.11 B 0.11±0.15 B 0.43±0.12 A  0.62±0.06 A 

 4 0.11±0.13 C 0.18±0.15 C 1.58±0.36 B 2.17±0.33 A 

 6 0.54±0.26 B 0.93±0.30 B 2.23±0.43 A 2.45±0.46 A 

 10 1.98±0.27 C 2.77±0.44 B 3.15±0.34 AB 3.63±0.27 A 

 20 ≥5.28±0.03 ≥5.23±0.11 ≥5.14±0.10 ≥5.05±0.11 
 

a Within each row, means with different cap letters are significantly different (P < 0.05). 
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Table 6.6. Effect of the concentration of free available chlorine (FAC) in neutral 

electrochemically activated water (NECAW) Listeria monocytogenes viable count of 

wild type (WT) and mutant ∆inlA, ∆sigB strains biofilms on stainless steel coupons 

treated for one minute.  

 

FAC 

(mg/l) 

Viable count reduction after 1 mina 

(log CFU/coupon)  

 WT ∆inlA ∆sigB ∆inlA∆sigB 

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 0.73±0.32 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 

 

a Within each row, means with different cap letters are significantly different (P < 0.05). 
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Table 6.7. Effect of the concentration of free available chlorine (FAC) in neutral 

electrochemically activated water (NECAW) Listeria monocytogenes viable count of 

wild type (WT) and mutant ∆inlA, ∆sigB strains biofilms on stainless steel coupons 

treated for five minutes. 

 

FAC 

 (mg/l) 

Viable count reduction after 5 mina 

(log CFU/coupon) 

 WT ∆inlA ∆sigB ∆inlA∆sigB 

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 0.09±0.47 A 0.55±0.75 A 0.48±0.74 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 

 

a Within each row, means with different cap letters are significantly different (P < 0.05). 
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Table 6.8. Effect of the concentration of free available chlorine (FAC) in neutral 

electrochemically activated water (NECAW) Listeria monocytogenes viable count of 

wild type (WT) and mutant ∆inlA, ∆sigB strains biofilms on stainless steel coupons 

treated for 10 minutes. 

 

Viable count reduction after 10 mina 

(log CFU/coupon) 

FAC 

 (mg/l) 

WT ∆inlA ∆sigB ∆inlA∆sigB 

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 

 

a Within each row, means with different cap letters are significantly different (P < 0.05). 
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Appendices  
 
A1. Survival of Escherichia coli O157:H7 cells (log CFU ml-1) in liquid cultures after 
exposure to neutral electrochemically activated water (NECAW). Distilled ionized water 
(DIW) was used as control. 
 

Trial Strain Initial  DIW  NECAW
-50 

Trial 1 ATCC 43890 9.05 
9.09 

6.98 
7.03 

2.18 
2.18 

 ATCC 43895 9.22 
9.18 

7.14 
7.15 

5.39 
5.23 

 2028 9.18 
9.26 

7.14 
7.17 

2.88 
2.30 

 2029 9.29 
9.23 

7.21 
7.16 

<2.00 
<2.00 

 2257 9.23 
9.16 

7.08 
7.08 

<2.00 
<2.00 

 4719 9.19 
9.22 

7.01 
7.12 

4.33 
4.21 

 6058 9.16 
9.14 

7.19 
7.17 

<2.00 
<2.00 

 86-24 9.25 
9.17 

7.15 
7.10 

<2.00 
<2.00 

 EK1 TWO8609 9.15 
9.25 

7.12 
7.19 

<2.00 
<2.00 

 EK27 TWO 8635 8.69 
8.73 

6.60 
6.67 

<2.00 
<2.00 

 E32511 TWO2383 9.07 
9.16 

7.05 
7.11 

<2.00 
<2.00 

     
Trial 2 ATCC 43890 9.16 

9.09 
6.95 
6.98 

2.00 
2.40 

 ATCC 43895 9.23 
9.26 

7.15 
7.13 

5.17 
5.22 

 2028 9.22 
9.24 

7.17 
7.16 

<2.00 
<2.00 

 2029 9.30 
9.26 

7.22 
7.17 

<2.00 
<2.00 

 2257 9.10 
9.22 

7.05 
7.11 

<2.00 
<2.00 

 4719 9.02 
9.04 

6.96 
6.93 

4.10 
<2.10 
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 6058 8.98 
9.21 

7.04 
7.18 

<2.00 
<2.00 

 86-24 9.23 
9.17 

7.12 
7.13 

<2.00 
<2.00 

 EK1 TWO8609 9.16 
9.17 

7.10 
7.09 

<2.00 
<2.00 

 EK27 TWO 8635 8.79 
8.77 

6.76 
6.71 

<2.00 
<2.00 

 E32511 TWO2383 9.04 
8.87 

6.98 
6.71 

<2.00 
<2.00 

 

Note: the free available chlorine of the NECAW was 50 mg l-1, treatment time was 30 s. 
Detection limit: 2 log CFU ml-1. All NECAW-100 were  below the detection limit (< 
2.00). 
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A2. Survival of Listeria monocytogenes cells (log CFU ml-1) in liquid cultures after 
exposure to neutral electrochemically activated water (NECAW). Distilled ionized water 
(DIW) was used as control. 
 

Trial Strain Initial  DIW  NECAW
-50 

Trial 1 ATCC 19115  9.32 
9.27 

6.59 
6.79 

<2.00 
<2.00 

 UMN-VM 9.20 
9.32 

7.19 
7.21 

<2.00 
<2.00 

 DUP-1030A 9.34 
9.26 

7.22 
7.23 

<2.00 
<2.00 

 DUP-1038  9.37 
9.48 

7.47 
7.57 

<2.00 
<2.00 

 DUP 1044A 9.01 
9.21 

7.01 
7.06 

<2.00 
<2.00 

 2349 9.16 
9.21 

7.16 
7.21 

<2.00 
<2.00 

 2422 8.82 
9.03 

6.59 
6.79 

<2.00 
<2.00 

 3528 9.24 
9.21 

7.24 
7.22 

<2.00 
<2.00 

Trial 2 ATCC 19115  9.25 
9.37 

7.23 
7.27 

<2.00 
<2.00 

 UMN-VM 9.27 
9.31 

7.14 
7.22 

<2.00 
<2.00 

 DUP-1030A 9.34 
9.31 

7.20 
7.25 

<2.00 
<2.00 

 DUP-1038  9.56 
9.61 

7.52 
7.55 

<2.00 
<2.00 

 DUP 1044A 9.09 
9.06 

7.02 
7.00 

<2.00 
<2.00 

 2349 9.20 
9.23 

7.15 
7.21 

<2.00 
<2.00 

 2422 8.85 
8.86 

6.65 
6.59 

<2.00 
<2.00 

 3528 9.23 
9.18 

7.25 
7.23 

<2.00 
<2.00 
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A3. Survival of Salmonella enterica cells (log CFU ml-1) in liquid cultures after exposure 
to neutral electrochemically activated water (NECAW). Distilled ionized water (DIW) 
was used as control. 

Trial  Sevovar Strain Initial DIW  NECAW
-50 

Trial 1 Typhimurium  700408 8.88 
9.09 

6.79 
7.13 

2.54 
3.60 

  ATCC 14028 9.24 
9.27 

7.07 
7.13 

3.45 
3.70 

  E2009005811 9.26 
9.35 

7.07 
7.02 

<2.00 
<2.00 

  UK-1 9.29 
9.18 

7.09 
7.13 

<2.00 
<2.00 

  I503 9.18 
9.30 

7.11 
7.24 

<2.00 
<2.00 

  I526 9.21 
9.35 

7.20 
7.26 

<2.00 
<2.00 

  I534 9.14 
8.98 

7.04 
6.88 

<2.00 
<2.00 

  I535 7.15 
7.13 

7.15 
7.13 

<2.00 
<2.00 

  I536 9.15 
8.92 

7.19 
7.16 

<2.00 
<2.00 

  I740 9.21 
9.24 

7.03 
7.05 

<2.00 
<2.00 

  I758 9.34 
9.42 

7.31 
7.33 

<2.00 
<2.00 

 Newport  AMO 7073 9.12 
8.91 

6.83 
6.83 

<2.00 
<2.00 

  AMO 7076 9.24 
9.36 

7.08 
7.13 

2.00 
2.18 

  AMO 5313 8.97 
9.12 

6.99 
6.99 

3.95 
4.38 

  B4442CDC 9.23 
9.17 

7.16 
7.10 

<2.00 
<2.00 

 Enteritidis  2009595 9.30 
9.38 

7.28 
7.30 

<2.00 
<2.00 

    95657613 9.23 
9.28 

7.20 
7.24 

<2.00 
<2.00 

 Tennessee  E2007000302 9.19 
9.34 

7.39 
7.41 

3.40 
3.39 

 Montevideo  95573473 9.34 
9.37 

7.20 
7.24 

<2.00 
<2.00 
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 Agona  FDA 9.23 
9.19 

7.03 
6.94 

2.00 
2.32 

 Saintpaul  E2008001236 9.29 
9.13 

7.07 
7.10 

4.33 
3.04 

      

Trial 2 Typhimurium  700408 8.98 
8.87 

6.82 
6.72 

2.30 
3.56 

  ATCC 14028 9.23 
9.19 

7.10 
7.11 

3.42 
3.66 

  E2009005811 9.31 
9.24 

6.94 
7.09 

<2.00 
<2.00 

  UK-1 9.14 
9.28 

7.13 
7.11 

<2.00 
<2.00 

  I503 9.16 
9.20 

7.07 
7.12 

<2.00 
<2.00 

  I526 9.20 
9.27 

7.12 
7.19 

4.33 
4.21 

  I534 9.17 
8.98 

7.01 
6.95 

<2.00 
<2.00 

  I535 9.23 
9.17 

7.14 
7.08 

<2.00 
<2.00 

  I536 9.23 
9.20 

7.16 
7.13 

<2.00 
<2.00 

  I740 9.22 
9.10 

7.04 
7.01 

<2.00 
<2.00 

  I758 9.35 
9.43 

7.34 
7.31 

<2.00 
<2.00 

 Newport  AMO 7073 9.01 
9.07 

6.85 
6.85 

<2.00 
<2.00 

  AMO 7076 9.19 
9.28 

7.04 
7.04 

4.13 
2.30 

  AMO 5313 9.11 
8.87 

6.94 
6.87 

3.76 
4.10 

  B4442CDC 9.24 
9.15 

7.16 
7.10 

<2.00 
<2.00 

 Enteritidis  2009595 9.31 
9.22 

7.22 
7.21 

<2.00 
<2.00 

    95657613 9.15 
9.23 

6.92 
7.00 

<2.00 
<2.00 

 Tennessee  E2007000302 9.39 
9.45 

7.35 
7.38 

3.76 
4.10 

 Montevideo  95573473 9.38 
9.46 

7.12 
7.16 

<2.00 
<2.00 
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 Agona  FDA 9.34 
9.24 

7.06 
7.15 

2.00 
2.62 

 Saintpaul  E2008001236 9.27 
9.13 

7.11 
7.07 

4.43 
3.11 

Note: the free available chlorine of the NECAW was 50 mg l-1, treatment time was 30 s. 
Detection limit: 2 log CFU ml-1. All NECAW-100 were below the detection limit (< 
2.00). 
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B1. Effect of water fractions previously treated with different electrolysis technology on 
the viability of Escherichia coli O157:H7 liquid cultures. 
 

Trial Strain Survival count after treatment (log CFU/ml) 

  Control Ionator Salt 
Ionator b 

Lotus ECAW-50c ECAW-
100d 

Trial 1 ATCC 
43890 

7.01 
7.04 

7.00 
7.01 

7.10 
7.04 

7.00 
7.06 

2.18 
2.00 

<2.00e 

<2.00 

 ATCC 
43895 

7.15 
7.17 

7.14 
7.16 

7.14 
7.20 

7.21 
7.29 

5.43 
4.14 

<2.00 
<2.00 

 2028 7.14 
7.19 

7.08 
7.19 

7.08 
7.15 

6.98 
7.13 

2.00 
2.00 

<2.00 
<2.00 

 2257 7.10 
7.07 

7.07 
7.12 

7.11 
7.08 

7.06 
7.09 

<2.00 

2.00 
<2.00 
<2.00 

 2029 7.21 
7.14 

7.14 
7.17 

7.18 
7.13 

7.14 
7.05 

<2.00 

<2.00 
<2.00 
<2.00 

        

Trial 2 ATCC 
43890 

7.01 
7.08 

6.99 
7.08 

6.97 
7.10 

6.92 
7.13 

2.40 
1.70 

<2.00 
<2.00 

 ATCC 
43895 

7.19 
7.14 

7.07 
7.24 

7.06 
7.17 

6.93 
7.12 

4.57 
5.44 

<2.00 
<2.00 

 2028 7.11 
7.23 

7.15 
7.16 

7.15 
7.11 

7.15 
7.11 

2.00 
<2.00 

<2.00 
<2.00 

 2257 7.23 
7.19 

7.04 
7.15 

6.97 
7.13 

6.93 
7.10 

<2.00 
<2.00 

<2.00 
<2.00 

 2029 7.07 
7.16 

7.18 
7.21 

7.13 
7.23 

6.98 
7.17 

<2.00 
<2.00 

<2.00 
<2.00 

b Salt Ionator means Ionator using 0.1% NaCl (w/v) solution. 
c Concentration: FAC 50 mg/l. 
d Concentration: FAC 100 mg/l. 
e Detection limit: 2.00 log CFU/ml. 
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B2. Effect of water fractions previously treated with different electrolysis technology on 
the viability of Salmonella spp. liquid cultures. 
  

Trial Serovar and 
Strain 

Survival count after treatment (log CFU/ml) 

  Control Ionator Salt 
Ionator b 

Lotus ECAW-
50c 

ECAW-
100d 

Trial 1 Typhimurium 
ATCC 14028 

7.04 
7.13 

7.00 
7.08 

7.06 
7.15 

6.95 
7.06 

3.38 
3.69 

<2.00e 

<2.00 

 Typhimurium 
E2009005811 

7.09 
7.05 

7.02 
7.04 

7.08 
7.02 

7.03 
7.00 

<2.00 
2.30 

<2.00 
<2.00 

 Enteritidis 
2009595 

7.28 
7.31 

7.26 
7.34 

7.30 
7.36 

7.24 
7.29 

<2.00 
<2.00 

<2.00 
<2.00 

 Tennessee 
E2007000302 

7.36 
7.39 

7.23 
7.24 

7.32 
7.38 

7.23 
7.43 

3.29 
3.35 

<2.00 
<2.00 

 Saintpaul 
E2008001236 

7.10 
7.16 

7.05 
7.17 

7.00 
7.11 

7.07 
7.18 

3.94 
3.24 

<2.00 
<2.00 

        
Trial 2 Typhimurium 

ATCC 14028 
7.10 
7.14 

7.07 
7.07 

7.11 
7.16 

7.05 
7.08 

3.15 
3.69 

<2.00 
<2.00 

 Typhimurium 
E2009005811 

6.94 
7.09 

6.89 
7.08 

6.95 
7.07 

6.95 
7.09 

<2.00 
<2.00 

<2.00 
<2.00 

 Enteritidis 
2009595 

7.22 
7.23 

7.11 
7.24 

7.18 
7.18 

7.19 
7.20 

<2.00 
<2.00 

<2.00 
<2.00 

 Tennessee 
E2007000302 

7.27 
7.35 

7.31 
7.40 

7.23 
7.37 

7.05 
7.32 

2.48 
3.10 

<2.00 
<2.00 

 Saintpaul 
E2008001236 

7.01 
7.22 

7.04 
7.09 

7.03 
7.14 

6.89 
7.04 

4.39 
3.16 

<2.00 
<2.00 

 

b Salt Ionator means Ionator using 0.1% NaCl (w/v) solution. 
c Concentration: FAC 50 mg/l. 
d Concentration: FAC 100 mg/l. 
e Detection limit: 2.00 log CFU/ml.  
 
 
 
 
 
 
 



 

 198 

B3. Effect of water fractions previously treated with different electrolysis technology on 
the viability of Listeria monocytogenes liquid cultures.  
 
 

Trial Strain Survival count after treatment (log CFU/ml) 

  Control Ionator Salt 
Ionator b 

Lotus ECAW-
50c 

ECAW-
100d 

Trial 1 ATCC 19115 7.23 
7.26 

7.15 
7.19 

7.17 
7.22 

7.16 
7.23 

<2.00e 

<2.00 
<2.00 

<2.00 

 DUP-1030A  7.22 
7.26 

7.19 
7.23 

7.20 
7.19 

7.18 
7.23 

<2.00 
<2.00 

<2.00 
<2.00 

 DUP-1038 7.48 
7.58 

7.45 
7.55 

7.48 
7.56 

7.46 
7.53 

<2.00 
<2.00 

<2.00 
<2.00 

 DUP-1044A 7.12 
7.17 

7.12 
7.19 

7.08 
7.15 

6.99 
7.11 

<2.00 
<2.00 

<2.00 
<2.00 

 2422 6.51 
6.59 

6.37 
6.56 

6.63 
6.54 

6.38 
6.51 

<2.00 
<2.00 

<2.00 
<2.00 

        
Trial 2 ATCC 19115 7.20 

7.28 
7.05 
7.28 

7.13 
7.23 

7.21 
7.26 

<2.00 

<2.00 
<2.00 
<2.00 

 DUP-1030A  7.20 
7.25 

7.14 
7.20 

7.19 
7.21 

7.17 
7.22 

<2.00 
<2.00 

<2.00 
<2.00 

 DUP-1038 7.51 
7.56 

7.49 
7.53 

7.47 
7.52 

7.50 
7.56 

<2.00 
<2.00 

<2.00 
<2.00 

 DUP-1044A 7.03 
7.02 

7.04 
7.06 

7.06 
7.13 

7.05 
7.02 

<2.00 
<2.00 

<2.00 
<2.00 

 2422 6.62 
6.61 

6.60 
6.63 

6.67 
6.61 

6.57 
6.64 

<2.00 
<2.00 

<2.00 
<2.00 

 

b Salt Ionator means Ionator using 0.1% NaCl (w/v) solution. 
c Concentration: FAC 50 mg/l. 
d Concentration: FAC 100 mg/l. 
e Detection limit: 2.00 log CFU/ml.  
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B4. Survival of Escherichia coli O157:H7 dried on coupons after treatment with 
antimicrobial water treatments (log CFU/coupon).  
 

Trial  Strain Testing 
fraction 

Survival count after treatment 

   Control Ionator  Salt 
Ionator b 

Lotus ECAW-
100c 

Trail 
1 

ATCC 
43890 

Coupon 2.40 
2.65 

2.18 
2.48 

2.40 
2.30 

2.30 
2.40 

<2.00d  
<2.00 

  Cloth 3.42 
3.49 

3.39 
3.45 

3.45 
3.39 

3.43 
3.40 

<2.00 
<2.00 

  Rinse 6.86 
6.57 

6.77 
6.64 

6.74 
6.62 

6.77 
6.65 

<2.00 
<2.00 

 ATCC 
43895 

Coupon 3.26 
3.06 

2.93 
2.93 

3.06 
2.85 

3.00 
2.98 

<2.00 
<2.00 

  Cloth 3.31 
3.56 

3.44 
3.43 

3.43 
3.37 

3.45 
3.39 

<2.00 
<2.00 

  Rinse 6.49 
6.74 

6.55 
6.77 

6.75 
6.70 

6.60 
6.81 

<2.00 
<2.00 

 2028 Coupon 2.95 
3.26 

2.60 
2.78 

2.40 
3.11 

2.40 
2.74 

<2.00 
<2.00 

  Cloth 4.07 
4.16 

3.99 
4.10 

3.92 
4.16 

3.95 
4.03 

<2.00 
<2.00 

  Rinse 6.76 
6.41 

6.79 
6.30 

6.81 
6.36 

6.76 
6.32 

<2.00 
<2.00 

 2257 Coupon 2.18 
3.54 

2.54 
2.00 

2.30 
2.18 

2.60 
2.00 

<2.00 
<2.00 

  Cloth 4.16 
3.59 

4.05 
3.62 

4.00 
3.77 

4.08 
3.39 

<2.00 
<2.00 

  Rinse 6.40 
6.46 

6.40 
6.59 

6.45 
6.54 

6.37 
6.56 

<2.00 
<2.00 

 2029 Coupon 2.00 
2.00 

2.18 
2.60 

2.40 
2.40 

2.40 
2.18 

<2.00 
<2.00 

  Cloth 3.56 
3.36 

3.44 
3.54 

3.37 
3.58 

3.53 
3.41 

<2.00 
<2.00 

  Rinse 6.92 
6.47 

6.98 
6.49 

6.94 
6.47 

7.01 
6.46 

<2.00 
<2.00 

        
Trial 

2 
ATCC 
43890 

Coupon 2.18 
2.30 

2.30 
2.30 

2.40 
2.60 

2.30 
2.40 

<2.00 
<2.00 

  Cloth 3.50 
3.57 

3.44 
3.65 

3.48 
3.61 

3.40 
3.62 

<2.00 
<2.00 

  Rinse 6.51 
6.46 

6.62 
6.52 

6.65 
6.59 

6.63 
6.48 

<2.00 
<2.00 
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 ATCC 
43895 

Coupon 3.00 
2.74 

3.04 
2.81 

3.13 
2.98 

2.95 
2.81 

<2.00 
<2.00 

  Cloth 3.48 
3.39 

3.43 
3.46 

3.41 
3.40 

3.39 
3.35 

<2.00 
<2.00 

  Rinse 6.69 
6.86 

6.64 
6.86 

6.84 
6.70 

6.64 
6.84 

<2.00 
<2.00 

 2028 Coupon 2.88 
2.85 

2.40 
2.93 

2.65 
3.02 

2.54 
2.74 

<2.00 
<2.00 

  Cloth 4.07 
4.11 

4.04 
4.08 

4.07 
4.11 

4.03 
3.95 

<2.00 
<2.00 

  Rinse 6.53 
6.44 

6.57 
6.51 

6.50 
6.39 

6.57 
6.36 

<2.00 
<2.00 

 2257 Coupon 2.98 
2.18 

2.00 
2.00 

2.65 
2.00 

2.30 
2.00 

<2.00 
<2.00 

  Cloth 4.17 
3.48 

4.07 
3.37 

4.09 
3.45 

4.05 
3.41 

<2.00 
<2.00 

  Rinse 6.49 
6.45 

6.50 
6.51 

6.55 
6.51 

6.49 
6.47 

<2.00 
<2.00 

 2029 Coupon 3.06 
3.22 

2.00 
2.18 

2.00 
2.40 

2.18 
<2.00 

<2.00 
<2.00 

  Cloth 3.54 
3.42 

3.44 
3.36 

3.39 
3.40 

3.38 
3.20 

<2.00 
<2.00 

  Rinse 6.09 
6.00 

6.16 
6.24 

6.15 
6.44 

6.16 
6.24 

<2.00 
<2.00 

 

b Salt Ionator means Ionator using 0.1% NaCl (w/v) solution. 
c Concentration: FAC 100 mg/l. 
d Detection limit: 2.00 log CFU/coupon.  
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B5. Survival of Salmonella spp.dried on coupons after treatment with antimicrobial water 
treatments (log CFU/coupon).  
 
Trial  Strain Testing 

fraction 
Survival count after treatment 

   Control Ionator Salt 
Ionator b 

Lotus ECAW-
100c 

Trail 
1 

Typhimurium 
ATCC 14028 

Coupon 3.53 
5.04 

3.48 
2.90 

3.49 
2.98 

3.44 
2.95 

<2.00d  

  Cloth 3.27 
3.83 

3.19 
3.73 

3.24 
3.74 

3.15 
3.76 

<2.00 

  Rinse 7.16 
6.69 

7.18 
6.74 

7.17 
6.74 

7.13 
6.66 

<2.00 

 Typhimurium 
E2009005811 

Coupon 3.66 
3.86 

3.63 
3.82 

3.66 
3.84 

3.45 
3.87 

<2.00 

  Cloth 3.93 
3.99 

3.91 
3.96 

3.89 
3.94 

3.53 
4.01 

<2.00 

  Rinse 6.67 
7.15 

6.69 
7.22 

6.66 
7.22 

6.62 
7.14 

<2.00 

 Enteritidis 
2009595 

Coupon 3.97 
3.98 

3.67 
3.57 

3.69 
3.59 

3.84 
4.01 

<2.00 

  Cloth 3.95 
4.04 

3.87 
3.76 

3.88 
3.78 

3.53 
4.11 

<2.00 

  Rinse 7.04 
7.03 

6.98 
6.93 

6.97 
6.95 

6.99 
6.95 

<2.00 

 Tennessee 
E2007000302 

Coupon 3.11 
3.33 

2.90 
3.19 

3.10 
3.22 

2.90 
3.04 

<2.00 

  Cloth 3.80 
4.01 

3.73 
3.96 

3.74 
4.03 

3.64 
3.84 

<2.00 

  Rinse 6.86 
7.07 

6.90 
7.09 

6.90 
7.07 

6.76 
7.00 

<2.00 

 Saintpaul 
E2008001236 

Coupon 3.87 
3.95 

3.52 
3.74 

3.54 
3.71 

3.69 
3.82 

<2.00 

  Cloth 3.47 
4.05 

3.68 
3.86 

3.77 
3.84 

3.30 
3.53 

<2.00 

  Rinse 6.85 
7.17 

6.80 
7.21 

6.78 
7.23 

6.64 
7.10 

<2.00 

       <2.00 
Trial 

2 
Typhimurium 
ATCC 14028 

Coupon 3.51 
3.10 

3.48 
3.06 

3.43 
3.13 

3.26 
3.13 

<2.00 

  Cloth 3.28 
3.76 

3.19 
3.76 

3.13 
3.73 

3.16 
3.78 

<2.00 

  Rinse 7.18 
6.75 

7.17 
6.81 

7.18 
6.86 

7.15 
6.77 

<2.00 
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 Typhimurium 
E2009005811 

Coupon 3.79 
3.76 

3.67 
3.78 

3.66 
3.80 

3.66 
3.69 

<2.00 

  Cloth 3.98 
3.93 

3.93 
3.93 

3.92 
3.95 

3.83 
3.77 

<2.00 

  Rinse 6.66 
7.21 

6.73 
7.18 

6.75 
7.17 

6.63 
7.16 

<2.00 

 Enteritidis 
2009595 

Coupon 3.23 
3.28 

3.31 
3.40 

3.31 
3.45 

2.95 
3.06 

<2.00 

  Cloth 3.76 
3.48 

3.56 
3.62 

3.54 
3.66 

3.41 
3.16 

<2.00 

  Rinse 6.51 
6.92 

6.48 
6.84 

6.44 
6.82 

6.59 
6.79 

<2.00 

 Tennessee 
E2007000302 

Coupon 3.26 
3.50 

3.18 
3.48 

3.22 
3.59 

3.10 
3.60 

<2.00 

  Cloth 4.02 
4.12 

4.00 
4.10 

4.06 
4.12 

3.92 
4.12 

<2.00 

  Rinse 7.27 
7.36 

7.29 
7.35 

7.32 
7.36 

7.22 
7.38 

<2.00 

 Saintpaul 
E2008001236 

Coupon 4.11 
3.57 

3.77 
3.86 

3.69 
4.12 

4.12 
3.34 

<2.00 

  Cloth 4.24 
3.31 

3.94 
4.00 

3.87 
4.09 

4.08 
2.81 

<2.00 

  Rinse 7.17 
7.24 

7.19 
7.21 

7.17 
7.18 

7.11 
7.26 

<2.00 

 

b Salt Ionator means Ionator using 0.1% NaCl (w/v) solution. 
c Concentration: FAC 100 mg/l. 
d Detection limit: 2.00 log CFU/coupon.  
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B6. Survival of Listeria monocytogenes dried on coupons after treatment with 
antimicrobial water treatments (log CFU/coupon).  
 
Trial  Strain Testing 

fraction 
Survival count after treatment 

   Control Ionator Salt 
Ionator b 

Lotus ECAW-
100c 

Trail 
1 

ATCC 19115 Coupon 3.10 
3.06 

3.13 
2.98 

3.02 
2.90 

3.15 
3.06 

<2.00d 
<2.00 

  Cloth 3.06 
3.20 

2.95 
3.10 

2.95 
3.10 

3.02 
3.19 

<2.00 
<2.00 

  Rinse 6.42 
6.05 

6.15 
6.22 

6.12 
6.24 

6.17 
6.24 

<2.00 
<2.00 

 DUP-1030A Coupon 3.24 
3.20 

3.16 
2.88 

3.22 
2.70 

3.42 
3.00 

<2.00 
<2.00 

  Cloth 3.16 
3.40 

3.31 
2.74 

3.37 
2.78 

3.55 
3.27 

<2.00 
<2.00 

  Rinse 6.23 
6.58 

6.17 
6.09 

6.16 
6.07 

6.24 
6.17 

<2.00 
<2.00 

 DUP-1038 Coupon 3.51 
3.63 

3.34 
3.40 

3.66 
3.40 

3.19 
3.29 

<2.00 
<2.00 

  Cloth 3.52 
3.73 

3.23 
3.20 

3.34 
3.45 

3.38 
3.23 

<2.00 
<2.00 

  Rinse 7.55 
7.66 

6.36 
7.42 

6.41 
7.36 

6.41 
7.56 

<2.00 
<2.00 

 DUP-1044A Coupon 3.51 
3.53 

3.35 
3.08 

3.43 
3.08 

3.53 
2.98 

<2.00 
<2.00 

  Cloth 3.56 
3.64 

3.37 
3.13 

3.31 
3.29 

3.39 
3.08 

<2.00 
<2.00 

  Rinse 7.31 
6.80 

6.28 
6.75 

6.21 
6.86 

6.35 
6.80 

<2.00 
<2.00 

 2422 Coupon 3.41 
3.24 

2.95 
3.37 

3.06 
3.22 

3.19 
3.45 

<2.00 
<2.00 

  Cloth 3.48 
3.32 

2.98 
2.98 

3.11 
3.35 

3.58 
3.35 

<2.00 
<2.00 

  Rinse 6.43 
6.90 

6.12 
6.84 

6.10 
6.86 

6.18 
6.87 

<2.00 
<2.00 

        
Trial 

2 
ATCC 19115 Coupon 3.15 

3.63 
2.93 
3.58 

3.11 
3.51 

3.10 
3.56 

<2.00 
<2.00 

  Cloth 3.02 
3.20 

3.93 
3.51 

3.13 
3.48 

2.95 
3.62 

<2.00 
<2.00 

  Rinse 3.02 
3.45 

4.95 
6.24 

5.03 
6.24 

4.97 
6.27 

<2.00 
<2.00 



 

 204 

 DUP-1030A Coupon 3.65 
2.93 

3.47 
3.30 

3.36 
3.26 

3.66 
3.18 

<2.00 
<2.00 

  Cloth 3.55 
3.28 

3.20 
3.23 

3.29 
3.31 

3.72 
3.24 

<2.00 
<2.00 

  Rinse 6.67 
7.44 

6.63 
7.44 

6.61 
7.42 

6.68 
7.47 

<2.00 
<2.00 

 DUP-1038 Coupon 2.85 
3.16 

2.93 
2.85 

2.81 
2.88 

3.13 
2.74 

<2.00 
<2.00 

  Cloth 2.93 
3.38 

2.70 
2.60 

3.06 
3.02 

3.23 
2.95 

<2.00 
<2.00 

  Rinse 5.96 
5.97 

5.85 
5.84 

5.88 
5.87 

5.97 
5.88 

<2.00 
<2.00 

 DUP-1044A Coupon 3.30 
2.88 

2.85 
2.95 

2.95 
3.45 

2.70 
2.82 

<2.00 
<2.00 

  Cloth 3.55 
3.02 

3.00 
3.00 

3.00 
3.32 

2.95 
3.00 

<2.00 
<2.00 

  Rinse 6.43 
5.89 

6.21 
5.75 

6.25 
5.70 

6.30 
5.80 

<2.00 
<2.00 

 2422 Coupon 2.95 
3.13 

2.95 
3.19 

2.85 
3.23 

3.20 
3.13 

<2.00 
<2.00 

  Cloth 2.90 
3.41 

2.90 
3.36 

2.90 
3.43 

3.41 
2.98 

<2.00 
<2.00 

  Rinse 5.79 
6.56 

5.79 
5.38 

5.66 
5.38 

5.89 
6.47 

<2.00 
<2.00 

 

b Salt Ionator means Ionator using 0.1% NaCl (w/v) solution. 
c Concentration: FAC 100 mg/l. 
d Detection limit: 2.00 log CFU/coupon.  
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B7. Survival of Escherichia coli O157:H7 in buffers after treatment with antimicrobial 
water treatments (log CFU/coupon).  

Trial    Survival count after treatment 
 Strain Testing 

fraction 
Control Ionator Salt 

Ionator b 
Lotus ECAW-

100c 
Trial 

1 
ATCC 
43890 

NBd for 
coupon 

2.40 
2.70 

2.30 
2.54 

2.40 
2.70 

2.40 
2.40 

<2.00e 

<2.00 
  NB for 

cloth 
3.16 
3.41 

3.10 
3.13 

3.13 
3.19 

3.43 
3.40 

<2.00 

<2.00 
 ATCC 

43895 
NB for 
coupon 

3.45 
3.38 

3.38 
3.39 

3.45 
3.31 

3.40 
3.41 

<2.00 

<2.00 
  NB for 

cloth 
3.06 
3.06 

2.90 
2.90 

3.19 
3.11 

3.15 
2.88 

<2.00 

<2.00 
 2028 NB for 

coupon 
3.69 
3.69 

3.58 
3.58 

3.45 
3.68 

3.45 
3.54 

<2.00 

<2.00 
  NB for 

cloth 
3.42 
3.70 

2.95 
3.24 

2.74 
3.27 

3.13 
3.47 

<2.00 

<2.00 
 2257 NB for 

coupon 
2.18 
3.31 

1.70 
2.30 

2.18 
2.40 

2.00 
2.18 

<2.00 

<2.00 
  NB for 

cloth 
3.84 
3.48 

3.65 
3.36 

3.67 
3.31 

3.61 
3.34 

<2.00 

<2.00 
 2029 NB for 

coupon 
2.18 
3.28 

2.48 
2.70 

2.60 
2.48 

2.65 
2.40 

<2.00 

<2.00 
  NB for 

cloth 
2.54 
2.88 

2.18 
2.54 

2.54 
2.81 

2.65 
2.30 

<2.00 

<2.00 
Trial 

2 
ATCC 
43890 

NB for 
coupon 

2.40 
3.00 

2.60 
2.70 

2.78 
2.88 

2.40 
2.60 

<2.00 

<2.00 
  NB for 

cloth 
3.39 
3.08 

3.29 
3.19 

3.31 
3.10 

3.40 
3.62 

<2.00 

<2.00 
 ATCC 

43895 
NB for 
coupon 

3.45 
3.23 

3.45 
3.31 

3.35 
3.29 

3.19 
3.33 

<2.00 

<2.00 
  NB for 

cloth 
3.22 
3.18 

3.15 
3.08 

2.95 
3.16 

3.10 
3.02 

<2.00 

<2.00 
 2028 NB for 

coupon 
3.40 
3.48 

3.42 
3.53 

3.29 
3.45 

3.48 
3.33 

<2.00 

<2.00 
  NB for 

cloth 
3.55 
3.00 

3.22 
3.15 

3.29 
3.25 

3.33 
3.38 

<2.00 

<2.00 
 2257 NB for 

coupon 
3.27 
2.00 

2.18 
2.18 

2.54 
2.00 

2.00 
2.30 

<2.00 

<2.00 
  NB for 

cloth 
3.75 
3.41 

3.64 
2.98 

3.68 
3.13 

3.69 
3.06 

<2.00 

<2.00 
 2029 NB for 

coupon 
3.06 
3.11 

2.30 
2.48 

2.18 
2.65 

2.00 
2.40 

<2.00 

<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 
 

b Salt Ionator means Ionator using 0.1% NaCl (w/v) solution. 
c Concentration: FAC 100 mg/l. 
d NB, neutralizing buffer. 
e Detection limit: 2.00 log CFU/coupon.  
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B8. Survival of Salmonella spp. in buffers after treatment with antimicrobial water 
treatments (log CFU/coupon).  
 

Trial   Survival count after treatment 
 

Serovar and 
Strain Testing 

fraction 
Control  Ionator  Salt 

Ionatorb 
Lotus ECAW-

100c 
Trial 

1 
Typhimurium 
ATCC 14028 

NBd for 
coupon 

3.06 
3.18 

2.95 
3.08 

3.02 
3.10 

2.88 
3.02 

<2.00e 

<2.00 
  NB for 

cloth 
3.08 
3.26 

2.98 
3.13 

3.02 
3.18 

3.00 
3.16 

<2.00 

<2.00 
 Typhimurium 

E2009005811 
NB for 
coupon 

3.59 
3.79 

3.56 
3.74 

3.59 
3.72 

3.37 
3.80 

<2.00 

<2.00 
  NB for 

cloth 
3.18 
3.40 

2.90 
3.23 

3.08 
3.27 

2.98 
3.63 

<2.00 

<2.00 
 Enteritidis 

2009595 
NB for 
coupon 

3.72 
3.69 

3.55 
3.51 

3.58 
3.50 

3.56 
3.75 

<2.00 

<2.00 
  NB for 

cloth 
3.42 
3.57 

2.95 
2.98 

3.11 
3.06 

3.26 
3.76 

<2.00 

<2.00 
 Tennessee 

E2007000302 
NB for 
coupon 

3.45 
3.68 

3.08 
3.30 

3.02 
3.43 

2.90 
3.10 

<2.00 

<2.00 
  NB for 

cloth 
3.55 
3.79 

3.13 
3.40 

3.18 
3.66 

3.33 
3.35 

<2.00 

<2.00 
 Saintpaul 

E2008001236 
NB for 
coupon 

3.45 
3.68 

2.98 
3.38 

3.19 
3.28 

3.15 
3.54 

<2.00 

<2.00 
  NB for 

cloth 
3.55 
3.79 

3.31 
3.46 

3.53 
3.41 

3.36 
3.53 

<2.00 

<2.00 
Trial 

1 
Typhimurium 
ATCC 14028 

NB for 
coupon 

3.18 
3.18 

3.08 
3.10 

3.00 
3.15 

3.06 
3.18 

<2.00 

<2.00 
  NB for 

cloth 
3.16 
3.27 

3.10 
3.11 

2.98 
3.04 

2.98 
3.36 

<2.00 

<2.00 
 Typhimurium 

E2009005811 
NB for 
coupon 

3.64 
3.71 

3.56 
3.69 

3.53 
3.72 

3.46 
3.61 

<2.00 

<2.00 
  NB for 

cloth 
3.43 
3.28 

3.19 
3.20 

3.24 
3.37 

3.26 
3.31 

<2.00 

<2.00 
 Enteritidis 

2009595 
NB for 
coupon 

3.15 
3.19 

3.16 
3.11 

3.13 
3.36 

2.90 
2.81 

<2.00 

<2.00 
  NB for 

cloth 
2.85 
2.98 

2.78 
3.08 

2.93 
3.27 

2.81 
2.85 

<2.00 

<2.00 
 Tennessee 

E2007000302 
NB for 
coupon 

3.99 
2.98 

3.23 
3.55 

3.34 
3.63 

3.18 
3.61 

<2.00 

<2.00 
  NB for 

cloth 
3.99 
3.02 

3.47 
3.64 

3.57 
3.67 

3.37 
3.71 

<2.00 

<2.00 
 Saintpaul 

E2008001236 
NB for 
coupon 

3.99 
2.98 

3.43 
3.48 

3.37 
3.74 

4.08 
2.85 

<2.00 

<2.00 
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  NB for 
cloth 

3.99 
3.02 

3.57 
3.60 

3.56 
3.84 

4.08 
2.81 

<2.00 

<2.00 
b Salt Ionator means Ionator using 0.1% NaCl (w/v) solution. 
c Concentration: FAC 100 mg/l. 
d NB, neutralizing buffer. 
e Detection limit: 2.00 log CFU/coupon.  
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B9. Survival of Listeria monocytogenes in buffers after treatment with antimicrobial 
 water treatments (log CFU/coupon).  

Trial    Survival count after treatment 
 Strain Testing 

fraction 
Control Ionator Salt 

Ionator b 
Lotus ECAW-

100c 
Trial 

1 
ATCC 
19115 

NBd for 
coupon 

3.00 
3.02 

2.90 
2.85 

2.81 
2.79 

3.02 
2.95 

<2.00e 

<2.00 
  NB for 

cloth 
2.98 
3.02 

2.88 
3.27 

2.81 
3.02 

2.81 
3.15 

<2.00 

<2.00 
 DUP-

1030A 
NB for 
coupon 

3.11 
3.10 

3.02 
2.70 

3.15 
2.40 

3.23 
2.95 

<2.00 

<2.00 
  NB for 

cloth 
3.23 
3.15 

3.00 
2.88 

3.23 
2.88 

2.81 
3.41 

<2.00 

<2.00 
 DUP-

1038 
NB for 
coupon 

3.36 
3.48 

3.23 
3.20 

3.24 
3.29 

3.08 
3.10 

<2.00 

<2.00 
  NB for 

cloth 
3.35 
3.54 

3.04 
3.23 

3.15 
3.29 

3.23 
2.81 

<2.00 

<2.00 
 DUP-

1044A 
NB for 
coupon 

3.50 
3.32 

3.54 
2.95 

3.52 
3.08 

3.30 
2.70 

<2.00 

<2.00 
  NB for 

cloth 
3.29 
3.43 

2.95 
2.85 

2.85 
3.00 

2.78 
3.26 

<2.00 

<2.00 
 2422 NB for 

coupon 
3.29 
3.04 

2.88 
3.27 

2.93 
2.79 

3.23 
3.40 

<2.00 

<2.00 
  NB for 

cloth 
3.45 
3.16 

3.43 
3.08 

2.81 
3.02 

3.36 
3.59 

<2.00 

<2.00 
Trial 

2 
ATCC 
19115 

NB for 
coupon 

2.98 
3.57 

2.81 
3.53 

2.93 
3.44 

2.90 
3.35 

<2.00 

<2.00 
  NB for 

cloth 
2.98 
3.18 

2.88 
3.40 

2.95 
3.41 

2.60 
3.28 

<2.00 

<2.00 
 DUP-

1030A 
NB for 
coupon 

3.35 
3.13 

3.16 
3.10 

3.08 
3.00 

3.51 
3.02 

<2.00 

<2.00 
  NB for 

cloth 
3.36 
3.28 

3.30 
3.32 

3.30 
3.34 

3.50 
2.85 

<2.00 

<2.00 
 DUP-

1038 
NB for 
coupon 

2.60 
2.95 

2.70 
2.60 

2.65 
2.40 

3.15 
2.48 

<2.00 

<2.00 
  NB for 

cloth 
2.48 
2.98 

2.60 
2.70 

2.85 
2.88 

3.04 
2.78 

<2.00 

<2.00 
 DUP-

1044A 
NB for 
coupon 

2.98 
2.65 

2.54 
2.65 

2.60 
3.37 

2.54 
2.60 

<2.00 

<2.00 
  NB for 

cloth 
3.22 
2.74 

2.60 
2.81 

2.88 
3.18 

2.60 
2.90 

<2.00 

<2.00 
 2422 NB for 

coupon 
2.90 
3.00 

2.90 
3.00 

2.65 
3.04 

3.08 
2.98 

<2.00 

<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 
 

b Salt Ionator means Ionator using 0.1% NaCl (w/v) solution. 
c Concentration: FAC 100 mg/l. 
d NB, neutralizing buffer. 
e Detection limit: 2.00 log CFU/coupon.  
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C1. Quantitative analysis of the characteristics of the Listeria monocytogenes biofilms. 

 Trial Strain Inoculation 
amount 

Tree-like 
morphology 

Individual 
cells 

None 

Trial 1 2349 1a 25.0 
30.0 

25.0 
20.0 

50.0 
50.0 

 3528 1 22.2 
25.0 

11.1 
12.5 

66.7 
62.5 

 ATCC 
19115 

1 25.0 
18.2 

37.5 
18.2 

37.5 
63.6 

  0.1 20.0 
37.5 

30.0 
12.5 

50.0 
50.0 

  0.001 18.2 
25.0 

18.2 
12.5 

63.6 
62.5 

  1-BHIb 42.9 
0.0 

14.3 
28.6 

42.9 
71.4 

 2422 1 12.5 
25.0 

25.0 
25.0 

62.5 
50.0 

  0.1 0.0 
28.6 

25.0 
28.6 

75.0 
42.9 

  0.001 20.0 
22.2 

20.0 
33.3 

60.0 
44.4 

      
Trial 2 2349 1a 28.6 

12.5 
14.3 
0.0 

57.1 
87.5 

 3528 1 33.3 
20.0 

33.3 
20.0 

33.3 
60.0 

 ATCC 
19115 

1 42.9 
33.3 

0.0 
16.7 

57.1 
50.0 

  0.1 22.2 
12.5 

11.1 
12.5 

66.7 
75.0 

  0.001 30.0 
25.0 

10.0 
25.0 

60.0 
50.0 

  1-BHIb 50.0 
16.7 

0.0 
16.7 

50.0 
66.7 

 2422 1 30.0 
11.1 

10.0 
22.2 

60.0 
66.7 

  0.1 28.6 
14.3 

42.9 
14.3 

28.6 
71.4 

  0.001 12.5 
20.0 

12.5 
20.0 

75.0 
60.0 

a: ‘1’ is standard amount inoculation amount with 1:100 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 substituted by LN-BHI. 
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C2. Quantitative analysis of the characteristics of the Escherichia coli O157:H7 and 
Salmonella enterica biofilms.  
 

Trial Pathogen Strain Tree-like 
morphology 

Individual 
cells 

None 

Trial 1 E. coli 
O157:H7 

43890 28.5 
33.3 

14.3 
33.3 

57.1 
33.3 

  43895 28.5 
25.0 

14.3 
25.0 

57.1 
50.0 

  6058 8.33 
11.11 

50.0 
33.3 

41.7 
55.6 

  EK-1 20.0 
 0.0 

40.0 
14.3 

40.0 
85.7 

 S. enterica Typhimurium 
E2009005811 

0.0 
10.0 

10.0 
30.0 

90.0 
60.0 

  Typhimurium 
UK-1 

16.7 
0.0 

16.7 
60.0 

66.7 
40.0 

  Newport 
B4442 

14.3 
11.1 

42.9 
66.7 

42.9 
22.2 

  Saintpaul 
E2008001236 

16.7 
25.0 

33.3 
12.5 

50.0 
62.5 

      
Trial 2 E. coli 

O157:H7 
43890 25.0 

20.0 
37.5 
40.0 

37.5 
40.0 

  43895 14.3 
28.6 

57.1 
42.9 

28.6 
28.6 

  6058 12.5 
0.0 

37.5 
50.0 

50.0 
50.0 

  EK-1 11.1 
12.5 

44.4 
25.0 

44.0 
62.5 

 S. enterica Typhimurium 
E2009005811 

11.1 
12.5 

44.4 
25.0 

44.4 
62.5 

  Typhimurium 
UK-1 

14.3 
14.3 

42.9 
28.6 

42.9 
57.1 

  Newport 
B4442 

16.7 
14.3 

33.3 
28.6 

50.0 
57.1 

  Saintpaul 
E2008001236 

14.3 
14.3 

57.1 
42.9 

28.6 
42.6 
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C3. Effect of initial inoculation amount of Listeria monocytogenes on the viable 

microbial cells of biofilms (log CFU/coupon).  

 

Trial Relative amount Strain ATCC 19115 Strain 2422 
Trial 1 1A 6.65 

6.40 
6.42 
6.49 

 0.1 6.55 
6.76 

6.53 
6.99 

 0.001 6.83 
6.58 

6.88 
6.65 

 1B  6.83 
6.58 

- 
- 

Trial 2 1A 7.69 
7.49 

7.26 
6.38 

 0.1 7.66 
7.50 

7.14 
6.55 

 0.001 7.38 
7.39 

6.43 
6.33 

 1B  7.79 
7.51 

- 
- 

 

Character ‘-’ means not determined. 
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C4. Effect of treatments on the viable microbial cells of Listeria monocytogenes biofilms 
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 5.41 
6.44 

 NB treatment  5.69 
6.45 

 NECAW (250 mg/l FAC) treatment 2.47 
2.00 

 
Note: NB, neutralizing buffer; DIW, deionized water. NECAW, neutral 

electrochemically activated water; FAC, free available chlorine. 
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D1. Effect of neutral electrochemically activated water (NECAW, 4 mg/l free available 
chlorine) treatment on inlA or sigB gene expression of liquid cultures of Listeria 
monocytogenes in wild type (WT) and ∆inlA, ∆sigB strains  

Trial Treatment   Gene expression level 
  Time 

(min) inlA sigB 

   WT ∆sigB WT ∆inlA 
1 DIW 0.5 1.118 

0.964 
0.918 

1.129 
0.861 
1.010 

1.114 
1.011 
0.874 

1.048 
1.147 
0.805 

  5 1.058 
1.134 
0.871 

0.983 
0.969 
1.105 

1.381 
0.937 
0.880 

1.255 
1.005 
0.716 

  10 1.166 
1.005 
0.884 

1.031 
0.861 
1.333 

1.307 
1.228 
0.887 

1.092 
0.971 
1.290 

 NECAW 0.5 1.461 
1.995 
1.146 

0.826 
1.429 
1.479 

2.525 
1.954 
1.219 

2.580 
1.345 
1.997 

  5 1.780 
1.615 
3.208 

0.949 
1.711 
0.873 

5.564 
2.782 
2.841 

4.493 
2.246 
2.563 

  10 4.203 
3.710 
5.565 

0.892 
2.289 
1.596 

8.374 
2.542 
9.423 

8.501 
3.405 
4.340 

       
2 DIW 0.5 1.122 

0.954 
0.924 

0.572 
1.067 
1.360 

0.898 
1.145 
0.956 

1.090 
1.252 
0.657 

  5 0.905 
0.944 
1.122 

0.929 
0.755 
1.128 

1.440 
0.937 
0.782 

1.270 
1.024 
0.804 

  10 1.092 
0.967 
0.810 

1.278 
1.097 
1.370 

1.362 
0.983 
1.061 

0.867 
1.399 
1.315 

 NECAW 0.5 1.420 
1.940 
1.194 

1.510 
1.261 
1.992 

2.631 
1.106 
1.460 

2.487 
1.210 
2.077 

  5 1.411 
2.525 
3.045 

2.876 
1.296 
1.226 

5.410 
4.215 
1.532 

4.361 
6.125 
1.607 

  10 3.990 
2.993 
5.228 

1.687 
0.955 
2.684 

7.757 
2.228 
5.154 

6.843 
2.470 
3.170 
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D2. Effect of the concentration of free available chlorine (FAC) in neutral 
electrochemically activated water (NECAW) treatment on the inlA or sigB gene 
expression of liquid cultures of Listeria monocytogenes wild type (WT) and ∆inlA, ∆sigB 
strains after 5 min incubation using qPCR.  
 
 

Trial FAC 
(mg/l) 

Gene expression level 

  inlA sigB 
  WT ∆sigB WT ∆inlA 
1 0 1.035 

1.013 
0.952 

0.978 
0.851 
1.171 

1.129 
0.997 
0.874 

1.128 
1.046 
0.826 

 2 1.164 
1.764 
1.049 

0.945 
0.945 
1.997 

3.022 
1.511 
1.631 

3.083 
1.193 
1.448 

 4 2.988 
1.205 
1.944 

1.019 
2.510 
1.179 

5.372 
2.524 
2.371 

5.480 
2.150 
2.917 

 6 2.866 
2.967 
2.098 

0.384 
3.405 
2.424 

9.418 
4.775 
3.746 

8.307 
4.939 
3.192 

      
2 0 0.994 

0.902 
1.103 

1.044 
0.822 
1.134 

1.034 
1.020 
0.945 

1.223 
0.830 
0.947 

 2 1.015 
1.684 
1.207 

2.184 
0.881 
1.084 

3.269 
1.318 
1.704 

3.055 
1.065 
1.475 

 4 2.852 
2.755 
0.934 

0.636 
1.982 
2.199 

4.560 
6.058 
2.926 

3.012 
2.678 
6.639 

 6 2.717 
2.465 
1.989 

0.944 
1.385 
0.949 

  11.785 
5.059 
3.315 

3.485 
5.661 
2.413 
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D3. Effect of neutral electrochemically activated water (NECAW, 4 mg/l free available 
chlorine) treatment on inlA or sigB gene expression of biofilms of Listeria 
monocytogenes in wild type (WT) and ∆inlA, ∆sigB strains determined by qPCR.  

Trial Treatment   Gene expression level 
  Time 

(min) inlA sigB 

   WT ∆sigB WT ∆inlA 
1 DIW 0.5 1.162 

0.957 
0.881 

1.073 
0.847 
1.080 

1.241 
0.825 
0.934 

1.203 
0.827 
0.970 

  5 0.991 
0.957 
0.788 

1.043 
0.940 
1.073 

1.518 
0.780 
0.909 

1.280 
0.766 
0.893 

  10 1.170 
0.899 
0.810 

0.915 
1.182 
1.396 

1.330 
0.830 
0.947 

1.927 
0.845 
0.963 

 NECAW 0.5 1.577 
2.154 
1.599 

0.859 
1.455 
1.581 

4.175 
2.269 
2.570 

2.244 
2.213 
3.241 

  5 5.452 
6.219 
1.092 

0.764 
2.533 
1.767 

 12.310 
7.119 
5.783 

 11.602 
4.647 
9.622 

  10 9.427 
3.802 
4.948 

0.987 
2.753 
1.258 

 12.833 
5.586 

 13.102 

4.396 
 17.104 

9.555 
       
2 DIW 0.5 1.075 

1.046 
0.879 

0.758 
1.086 
1.156 

1.270 
0.844 
0.886 

1.165 
0.841 
0.994 

  5 0.745 
1.244 
1.542 

0.946 
1.109 
1.579 

1.244 
0.850 
0.782 

0.895 
1.141 
0.774 

  10 1.469 
0.976 
1.017 

1.007 
0.727 
1.042 

1.342 
0.983 
0.856 

1.415 
0.940 
0.953 

 NECAW 0.5 2.048 
2.077 
1.734 

1.140 
1.125 
2.249 

4.485 
2.021 
2.107 

2.363 
2.298 
3.607 

  5 5.915 
4.805 
1.552 

1.148 
0.801 
2.769 

13.133 
6.941 
6.042 

11.397 
2.810 
7.065 

  10 8.307 
2.386 
4.212 

2.968 
1.301 
1.132 

9.351 
6.042 

 13.409 

13.092 
8.115 
7.065 
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D4. Effect of the concentration of free available chlorine (FAC) in neutral 
electrochemically activated water (NECAW) treatment on the inlA or sigB gene 
expression of biofilms of Listeria monocytogenes wild type (WT) and ∆inlA, ∆sigB 
strains after 5 min incubation using qPCR.  
 
 

Trial FAC 
(mg/l) 

Gene expression level 

  inlA sigB 
  WT ∆sigB WT ∆inlA 
1 0 1.202 

0.911 
0.886 

0.943 
0.695 
1.362 

1.165 
0.946 
0.889 

1.208 
0.825 
0.967 

 2 2.138 
1.900 
2.228 

0.874 
0.777 
1.619 

4.757 
2.567 
3.117 

4.898 
2.755 
2.625 

 4 3.151 
5.963 
1.967 

0.924 
1.700 
0.937 

  11.714 
6.499 
6.917 

  13.016 
5.825 
7.322 

 6 3.195 
7.140 
5.227 

0.425 
3.216 
1.822 

  22.011 
  11.714 

6.775 

  13.290 
  16.939 

6.927 
      
2 0 1.064 

0.795 
1.141 

0.956 
1.004 
1.039 

1.315 
0.793 
0.892 

1.210 
0.827 
0.963 

 2 2.394 
2.000 
1.972 

1.861 
0.766 
1.289 

5.918 
1.784 
2.523 

3.353 
3.284 
3.128 

 4 5.539 
2.713 
2.345 

0.597 
2.213 
1.967 

  13.503 
6.476 
5.877 

  12.427 
6.478 
7.138 

 6 4.198 
3.010 
7.567 

0.844 
2.595 
0.585 

  24.678 
8.908 
9.953 

  15.730 
  16.743 

6.002 
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D5. Effect of the concentration of free available chlorine (FAC) in neutral 
electrochemically activated water (NECAW) on liquid culture viable count of Listeria 
monocytogenes wild type (WT) and mutant ∆inlA, ∆sigB strains.  
 
 

Trial Time 
(min) 

FAC 
 (mg/l) 

Viable count reductiona 
(log CFU/ml)  

   WT ∆inlA ∆sigB ∆inlA∆sigB 
Trial 1 0.5 0 0.00 

0.00 
0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

  2 0.16 
-0.08 

0.10 
0.03 

0.09 
0.15 

0.10 
0.25 

  4 0.07 
-0.04 

0.10 
0.04 

0.13 
1.24 

0.54 
0.64 

  6 0.18 
0.50 

0.36 
0.96 

0.14 
0.98 

0.85 
1.16 

  10 1.89 
1.23 

1.34 
1.45 

1.72 
1.97 

1.80 
2.15 

  20 4.28 
4.87 

5.32 
5.11 

≥5.05 
≥5.01 

≥5.12 
≥5.07 

 5.0 0 0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

  2 0.11 
-0.03 

0.13 
-0.03 

0.02 
0.27 

0.25 
0.57 

  4 0.11 
-0.03 

0.16 
0.02 

0.69 
1.03 

1.05 
0.88 

  6 0.30 
0.90 

0.58 
1.01 

0.76 
1.45 

1.04 
1.67 

  10 2.00 
1.42 

2.21 
1.45 

2.38 
2.23 

2.61 
3.01 

  20 ≥5.29 
≥5.33 

≥5.26 
≥5.31 

≥5.10 
≥5.13 

≥5.04 
≥5.01 

 10.0 0 0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

  2 0.08 
-0.06 

0.20 
0.09 

0.27 
0.50 

0.56 
0.63 

  4 0.12 
-0.02 

0.26 
0.16 

1.39 
1.44 

2.66 
1.93 

  6 0.35 
0.93 

0.77 
1.25 

2.65 
2.20 

3.12 
2.40 

  10 2.16 
1.81 

2.98 
3.10 

2.70 
3.16 

3.67 
3.28 

  20 ≥5.30 
≥5.31 

≥5.31 
≥5.27 

≥5.07 
≥5.03 

≥5.17 
≥5.12 
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Trial 2 0.5 0 0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

  2 -0.03 
0.13 

0.05 
0.02 

0.04 
0.15 

0.06 
0.38 

  4 0.03 
0.03 

0.09 
0.05 

0.12 
0.27 

0.36 
0.68 

  6 0.06 
0.06 

0.32 
0.84 

0.58 
1.57 

0.95 
0.52 

  10 0.95 
1.08 

1.91 
1.27 

1.60 
2.13 

1.76 
2.30 

  20 3.95 
4.61 

5.25 
4.26 

≥5.21 
≥5.26 

≥5.01 
≥4.98 

 5.0 0 0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

  2 0.11 
-0.11 

0.18 
-0.10 

0.24 
0.23 

0.29 
0.54 

  4 0.12 
-0.09 

0.21 
-0.08 

0.80 
1.35 

1.53 
0.81 

  6 0.34 
0.27 

0.48 
1.07 

1.09 
1.63 

1.07 
1.49 

  10 1.96 
1.32 

2.15 
1.47 

2.57 
2.20 

2.50 
3.17 

  20 ≥5.23 
≥5.24 

≥5.18 
≥5.12 

≥5.00 
≥5.23 

≥5.13 
≥4.97 

 10.0 0 0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

  2 0.16 
-0.05 

0.24 
-0.10 

0.54 
0.40 

0.58 
0.71 

  4 0.27 
0.05 

0.33 
-0.02 

1.37 
2.12 

1.99 
2.10 

  6 0.44 
0.45 

0.60 
1.11 

1.65 
2.42 

2.17 
2.10 

  10 2.26 
1.71 

2.87 
2.13 

3.50 
3.25 

3.94 
3.64 

  20 ≥5.26 
≥5.23 

≥5.12 
≥5.07 

≥5.21 
≥5.26 

≥5.01 
≥4.98 
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D6. Effect of the concentration of free available chlorine (FAC) in neutral 
electrochemically activated water (NECAW) Listeria monocytogenes viable count of 
wild type (WT) and mutant ∆inlA, ∆sigB strains biofilms on stainless steel coupons 
treated for one minute.  
 

Trial FAC 
(mg/l) 

Viable count reduction after 1 mina 
(log CFU/coupon)  

  WT ∆inlA ∆sigB ∆inlA∆sigB 
Trial 1 0 0.00 

0.00 
0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

 2 0.01 
0.13 

0.03 
0.02 

0.07 
-0.03 

1.09 
-0.04 

 4 0.05 
-0.03 

0.08 
0.02 

0.11 
0.03 

0.08 
0.62 

 6 0.41 
-0.15 

0.47 
-0.11 

0.78 
-0.14 

0.83 
-0.12 

 10 0.68 
-0.01 

0.70 
0.11 

0.76 
0.15 

0.71 
0.14 

 20 0.95 
0.32 

2.00 
0.07 

2.00 
0.09 

1.90 
0.10 

 50 -0.37 
1.08 

-0.32 
1.04 

-0.10 
1.06 

-0.06 
0.96 

 100 1.13 
0.74 

1.18 
-0.08 

1.27 
0.00 

1.33 
-0.00 

      
Trial 2 0 0.00 

0.00 
0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

 2 -0.03 
-0.23 

0.15 
-0.21 

0.34 
-0.33 

0.51 
-0.88 

 4 0.38 
-0.01 

0.54 
-0.02 

0.78 
-0.08 

1.01 
-0.62 

 6 0.31 
0.68 

0.51 
0.56 

0.53 
0.49 

0.53 
0.31 

 10 0.41 
0.45 

0.42 
0.51 

0.45 
0.63 

0.58 
0.54 

 20 1.01 
0.66 

1.31 
0.68 

1.41 
0.63 

1.35 
0.58 

 50 1.24 
1.10 

1.76 
1.10 

2.03 
0.94 

2.38 
0.81 

 100 1.73 
0.97 

2.05 
2.08 

2.07 
2.01 

2.12 
1.76 
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D7. Effect of the concentration of free available chlorine (FAC) in neutral 
electrochemically activated water (NECAW) Listeria monocytogenes viable count of 
wild type (WT) and mutant ∆inlA, ∆sigB strains biofilms on stainless steel coupons 
treated for five minutes. 
 

Trial FAC 
(mg/l) 

Viable count reduction after 1 mina 
(log CFU/coupon)  

  WT ∆inlA ∆sigB ∆inlA∆sigB 
Trial 1 0 0.00 

0.00 
0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

 2 0.37 
0.19 

0.39 
0.14 

0.56 
0.23 

0.64 
0.21 

 4 0.10 
0.18 

0.13 
0.20 

1.17 
0.49 

1.22 
0.25 

 6 0.61 
0.00 

0.64 
-0.02 

1.05 
0.20 

1.11 
0.13 

 10 0.63 
0.30 

0.65 
0.27 

1.08 
0.61 

1.18 
0.46 

 20 1.18 
0.73 

1.10 
0.74 

1.19 
1.13 

1.51 
1.14 

 35 1.39 
1.21 

1.61 
1.39 

1.69 
2.21 

3.54 
2.25 

 50 1.67 
2.16 

1.73 
2.47 

2.20 
3.07 

≥4.94 
≥4.57 

 75 2.31 
2.90 

2.53 
2.96 

3.48 
3.52 

≥4.94 
≥4.57 

 100 3.41 
2.69 

3.50 
3.41 

≥4.66 
≥4.91 

≥4.94 
≥4.57 

      
Trial 2 0 0.00 

0.00 
0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

 2 0.15 
0.16 

0.07 
0.20 

0.00 
0.48 

-0.13 
0.42 

 4 0.65 
-0.67 

0.59 
-0.54 

1.03 
-0.48 

0.88 
-0.42 

 6 0.65 
-0.47 

0.40 
-0.36 

0.72 
-0.18 

0.89 
-0.27 

 10 0.70 
-0.15 

0.63 
-0.11 

0.92 
0.37 

1.00 
0.53 

 20 1.17 
0.10 

1.11 
0.19 

1.72 
0.43 

1.57 
0.50 

 35 1.64 
0.23 

0.55 
0.72 

0.83 
1.00 

2.57 
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 

1.46 
1.63 
1.83 

3.32 
2.29 

≥4.58 
≥4.40 

 100 3.22 
2.70 

2.82 
2.64 

≥4.68 
≥4.68 

≥4.58 
≥4.40 
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D8. Effect of the concentration of free available chlorine (FAC) in neutral 
electrochemically activated water (NECAW) Listeria monocytogenes viable count of 
wild type (WT) and mutant ∆inlA, ∆sigB strains biofilms on stainless steel coupons 
treated for ten minutes. 
 

Trial FAC 
(mg/l) 

Viable count reduction after 1 mina 
(log CFU/coupon)  

  WT ∆inlA ∆sigB ∆inlA∆sigB 
Trial 1 0 0.00 

0.00 
0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

 2 0.23 
-0.10 

0.25 
-0.14 

0.31 
-0.16 

0.45 
-0.16 

 4 -0.02 
-0.12 

0.02 
-0.19 

-0.06 
0.85 

0.06 
0.94 

 6 1.08 
0.39 

1.15 
0.46 

1.20 
0.73 

1.34 
0.77 

 10 0.25 
0.54 

0.35 
0.84 

0.86 
0.84 

0.80 
2.59 

 20 1.29 
0.58 

1.43 
-0.36 

1.91 
-0.17 

2.06 
-0.21 

 35 0.91 
1.88 

0.61 
0.89 

3.04 
2.58 

3.14 
0.42 

 50 1.56 
2.01 

1.88 
2.19 

≥4.66 
≥4.91 

≥4.94 
≥4.57 

 75 2.18 
2.05 

3.32 
3.15 

≥4.66 
≥4.91 

≥4.94 
≥4.57 

 100 2.95 
3.34 

3.18 
4.18 

≥4.66 
≥4.91 

≥4.94 
≥4.57 

      
Trial 2 0 0.00 

0.00 
0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

 2 0.14 
0.09 

0.07 
0.19 

0.03 
0.35 

0.18 
0.41 

 4 0.65 
0.63 

0.67 
0.66 

1.05 
1.22 

1.17 
1.36 

 6 0.87 
0.54 

0.91 
0.61 

1.04 
1.03 

1.44 
0.83 

 10 1.07 
1.98 

1.12 
2.26 

1.06 
3.03 

1.17 
3.17 

 20 1.23 
1.35 

2.17 
1.40 

2.77 
1.47 

2.71 
1.65 

 35 1.36 
2.80 

2.47 
3.43 

2.55 
3.72 

3.26 
3.56 

 50 2.83 3.22 ≥4.68 ≥4.58 
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3.14 3.45 ≥4.68 ≥4.40 
 75 3.41 

3.43 
3.51 
3.56 

≥4.68 
≥4.68 

≥4.58 
≥4.40 

 100 2.83 
3.52 

4.28 
3.60 

≥4.68 
≥4.68 

≥4.58 
≥4.40 

 
 
 
 

 


