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ABSTRACT  

Contamination by Escherichia coli O157:H7 is a critical concern for the leafy greens 

industry. For this reason, sanitizers are used to reduce pathogen cross-contamination post-

harvest. A novel sanitizer containing pelargonic acid was examined on romaine lettuce 

inoculated with E. coli O157:H7; pathogen reduction and cross-contamination were evaluated 

post-wash. Three concentrations of pelargonic acid (7.5 mM, 30 mM, and 50 mM) were 

examined, as well as deionized water, 200 ppm chlorine, 80 ppm peroxyacetic acid, and a no 

rinse treatment. The impact of organic matter in wash waters was also evaluated; all wash waters 

were also spiked with lettuce puree (0.5% w/v) and compared to treatments without organic 

matter. Treatments were examined after storage durations of 0 h, 24 h, and 7 days. Pelargonic 

acid sanitizers significantly reduced E. coli O157:H7 and effectively controlled cross-

contamination over the three storage durations; however, these treatments resulted in significant 

color changes to samples.  
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CHAPTER 1 

INTRODUCTION  

Escherichia coli O157:H7 is one of the leading foodborne disease agents in the United 

States and is a critical pathogen to control (Crowe, Mahon, Vieira, & Gould, 2015). 

Consumption of leafy greens, such as romaine lettuce, has increased in recent decades, and 

several large E. coli O157:H7 outbreaks associated with leafy greens have made them a key 

commodity of concern for food safety professionals (Crowe et al., 2015; U. S. Department of 

Agriculture - Economic Research Service (USDA-ERS), 2019). During the postharvest washing 

process, contamination on small quantities of produce can result in large-scale cross-

contamination in the absence of antimicrobial sanitizer. Even in the presence of the most 

frequently used sanitizers in the produce industry, little biocidal activity occurs against attached 

bacterial pathogens on contaminated produce entering a wash system (Brackett, 1999; Franz & 

van Bruggen, 2008). Currently, the primary objective of sanitizers in postharvest wash systems is 

to limit cross-contamination (Brackett, 1999; Franz & van Bruggen, 2008; Gomez-Lopez, 

Lannoo, Gil, & Allende, 2014; U.S. Food and Drug Administration (FDA), 2008).   

Chlorine and peroxyacetic acid (PAA) are two of the most commonly used sanitizers in 

the produce industry and effectively control cross-contamination when used correctly, but due to 

cost, dangerous byproducts, and reduced efficacy due to the presence of organic load, alternative 

sanitizers are desired (Centers for Disease Control and Prevention (CDC), 2016; Gomez-Lopez 

et al., 2014; Kitis, 2004; Shen, Luo, Nou, Wang, & Millner, 2013; Sofos, Beuchat, Davidson, & 



2 

 

Johnson, 1998; FDA, 2008; Y. Zhang, Ma, Critzer, Davidson, & Zhong, 2016). One such 

alternative currently being examined is pelargonic acid. While commonly found as an active 

ingredient in herbicides, fungicides, and pesticides, pelargonic acid is approved for use as a food 

additive by the Food and Drug Administration (FDA, 2019, 2020). Previous work with 

pelargonic acid has determined a minimum inhibitory concentration of 31.25 mM after 1 hour 

against Salmonella enterica (Micallef & Kumar, 2017). White (2020) also found that pelargonic 

acid was an effective sanitizer for removing attached S. enterica and reducing cross-

contamination on tomatoes.   

The current study was performed to evaluate the efficacy of pelargonic acid against E. 

coli O157:H7 in postharvest wash systems for fresh produce. Romaine lettuce was selected due 

to its frequent association with outbreaks of E. coli O157:H7 in recent years. Pelargonic acid 

emulsified with quillaja saponin was tested at three concentrations (7.5, 30, and 50 mM) for its 

ability to reduce attached E. coli O157:H7 from the lettuce surface and prevent cross-

contamination in a simulated wash system. The impact of organic material in the wash system 

was also evaluated using 0.5% w/v organic load (OL). Treated samples were immediately 

enumerated (0 h), or stored at 4 °C for up to 7 days to determine if continued antimicrobial 

activity existed through storage. Total aerobic plate count, color, and texture were also examined 

immediately post-treatment and after 24 h and 7 days of storage.  
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CHAPTER 2 

LITERATURE REVIEW 

Escherichia coli O157:H7 

The Centers for Disease Control and Prevention (CDC) reported that in 2017 841 

documented foodborne disease outbreaks caused approximately 15,000 illnesses in the United 

States (CDC, 2017). Pathogens such as Salmonella, Listeria monocytogenes and Shiga toxin-

producing (STEC) Escherichia coli (E. coli) were the leading pathogenic agents causing multi-

state foodborne illnesses in the United States from 2010-2014. Of the 34 reported STEC 

outbreaks, 41% of those were connected to produce crops, including leafy greens, and 59% of 

those outbreaks were caused by the serogroup O157, indicating that E. coli O157:H7 is a critical 

pathogen requiring control (Crowe et al., 2015).   

Most E. coli strains do not cause disease in healthy hosts and are endemic to the gut 

microbiome in humans and animals; however, some strains are harmful. These pathogenic strains 

include O157, O104, O145, O26, O111, and O103 (CDC, 2014; Yang, Lin, Aljuffali, & Fang, 

2017). E. coli O157:H7 is a Gram-negative, enteric pathogen that inhabits and infects the 

intestinal tracts of warm-blooded species and has a particular affinity for beef and dairy cattle. 

Due to its preferential colonization of the intestinal tract, E. coli O157:H7 can be spread to 

produce fields when contaminated feces is directly applied to fields, or is introduced via water, 

soil, and wind (Franz & van Bruggen, 2008; FDA, 2008). STEC-containing feces can also be 

spread by infected workers, animals, tools, and equipment in the field or packing facility (Franz 



4 

 

& van Bruggen, 2008; Kumar, Libin, et al., 2019; FDA, 2008). Due to its robust nature E. coli 

O157:H7 is able to persist on crops even though the plant surface is not considered a hospitable 

environment for enteric pathogens (Dunn, 2017). 

When produce contaminated by E. coli O157:H7 is consumed, the pathogen colonizes the 

intestinal tract of the new host; once there, the bacteria cause watery diarrhea, hemorrhagic 

colitis, and hemolytic uremic syndrome (HUS) (Franz & van Bruggen, 2008; Gomez-Lopez et 

al., 2014). E. coli O157:H7 infections typically cause 1-3 days of non-bloody diarrhea, which 

can then become bloody, indicating colon damage; in severe infections, this can progress to 

further complications, including HUS. HUS, a form of acute kidney failure, is a result of Shiga 

toxin-mediated damage and is characterized by microvascular thrombi and swollen endothelial 

cells (Tarr, Gordon, & Chandler, 2005). Individuals with weakened or developing immune 

systems, such as young children or immuno-compromised individuals, are most susceptible to 

HUS (National Institute of Diabetes and Digestive and Kidney Diseases, 2015). Children are at a 

higher risk of initial illness due to their less rigorous hygiene skills than most adults and are more 

susceptible due to their underdeveloped immune systems, notably, their lack of protective 

antibodies to Shiga toxins (Doyle & Beuchat, 2007). The infectious dose of STEC is low, with 

fewer than 100 to 1000 bacterial cells necessary to cause infection. Diarrhea associated with E. 

coli O157:H7 is infrequently treated with antibiotics, and most patients instead receive 

supportive care including oral rehydration and electrolyte supplementation (Doyle & Beuchat, 

2007; Yang et al., 2017).  

While the use of antibiotics to treat E. coli O157:H7 infection is effective, there is no 

shortage of controversy over risk versus reward based upon the population in question. A 

prospective cohort study by Wong, Jelacic, Habeeb, Watkins, and Tarr (2000) suggests that 
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antibiotic treatment of young children with E. coli O157:H7 infection increases the risk of HUS 

and that antibiotic therapy should be withheld until it is established that causative agent is not 

likely to cause HUS. In a response to Wong et al. (2000), O'Ryan et al. (2000) worry that the 

message by Wong et al. (2000) to withhold antibiotic therapy until the cause of diarrhea is 

known presents more risks than benefits for places where the prevalence of Shigella spp. and E. 

coli infection is similar. O'Ryan et al. (2000) note that because the most widely accepted 

recommendation to treat diarrhea is to obtain a stool sample and immediately initiate antibiotic 

treatment for shigellosis in order to shorten the duration of diarrhea, decrease the risk of further 

complications, and reduce the risk of transmission, waiting to administer antibiotic therapy until 

after the results of the stool samples are received presents more risk than the potential risk of 

developing HUS. Additionally, a meta-analysis by Safdar et al. (2002) concluded that there is no 

higher risk of HUS after antibiotic administration for the treatment of E. coli O157:H7 infection.  

E. coli O157:H7 Attachment and Survival 

E. coli firmly attaches to the produce surface and resists removal even with the aid of 

chlorine and other antimicrobial treatments. This resistance is due in part to rapid cell attachment 

and the initiation of biofilm formation on the produce or other surfaces (Beuchat, 2002; 

Costerton, Stweart, & Greenberg, 1999; Doyle & Beuchat, 2007; Ölmez & Temur, 2010). Prior 

to biofilm formation, either passive or active adhesion occurs. Passive adhesion is driven by 

gravity, diffusion, and fluid dynamics, while during active adhesion the bacterial cells initially 

attach using bacterial surface structures such as fimbriae, flagella, or pili. After contact is 

initiated, the attachment can be either reversible or irreversible. Reversible attachment involves 

van der Waals, electrostatic, and hydrophobic interactions, but since these are weak forces the 

bacteria can be easily removed by mild shear. Irreversible attachment occurs when biopolymers 
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anchor the cells to the surface (Chmielewski & Frank, 2003; Kumar, Ravi, Micallef, Brown, & 

Macarisin, 2018). Biopolymers are composed of extracellular polysaccharides, proteins, 

phospholipids, nucleic acids, and other polymeric substances (Chmielewski & Frank, 2003; 

Ölmez & Temur, 2010). A structured matrix of biopolymer is developed and bacterial cells begin 

to aggregate. A diverse microbial population, including bacteria, yeasts, and molds, exist within 

the formed matrix (Beuchat, 2002). When there is a sufficiently high concentration of bacterial 

cells, quorum sensing occurs. When quorum sensing occurs, a signaling molecule is secreted by 

the cells until a threshold is attained, at which point a community cellular response is triggered. 

This allows individual cells to make a coordinated response with the remainder of the population 

(Czárán & Hoekstra, 2009). This coordinated response can stimulate actions including continued 

biopolymer secretion and further cell aggregation. A microcolony with defined boundaries and 

transportation channels can eventually develop, which facilitate nutrient transport to the interior 

of the biomatrix (Costerton et al., 1999). This highly structured biomatrix establishes a 

homeostasis and cells contained within become increasingly resistant to heat, chemicals, and 

sanitizers (Beuchat, 2002; Costerton et al., 1999; Doyle & Beuchat, 2007; Lapidot, Romling, & 

Yaron, 2006; Ölmez & Temur, 2010). Biofilms effectively protect enclosed bacteria from 

disinfection, but structural maturity must occur before this benefit is realized as less developed 

biofilms remain susceptible (Kumar et al., 2017; Lapidot et al., 2006).  

Antimicrobial solutes interact with biofilms in many ways. Often, antimicrobial agents 

fail to penetrate the full depth of a biofilm and the solutes of antimicrobials often diffuse at 

slower rates through a biofilm than through water. Additionally, reactive oxidants, such as 

hypochlorite and hydrogen peroxide, can be deactivated in the outer layer of a biofilm thus 
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protecting bacteria within the inner portions of the biofilm (Brown, Allison, & Gilbert, 1988; 

Costerton et al., 1999; De Beer, Srinivasan, & Stewart, 1994).   

Romaine lettuce and other fresh produce crops are highly perishable foods by nature and 

care must be taken during transportation from harvest to consumer. For example, head lettuce 

can be kept in good condition in normal atmospheric conditions for 2 to 3 weeks at 0 ºC; enough 

time for microorganisms to proliferate prior to reaching the consumer (Burg, 2004). If produce is 

irresponsibly stored at higher temperatures, then the bacterial load present on that produce will 

be higher than if that produce was stored under ideal conditions. For example, Luo et al. (2010) 

found a 2.0 log CFU/g increase in E. coli O157:H7 cells when storing inoculated lettuce samples 

at 12 ºC as compared to 5 ºC. At 5 ºC, E. coli O157:H7 cells were able to survive, but their 

growth was limited. 

There are multiple factors that make it extremely difficult to control E. coli O157:H7 and 

other pathogenic bacteria after they have already attached to fresh produce. In addition to biofilm 

formation, another factor is the internalization of the bacterial cells within the plant via damaged 

plant tissues, blossom scars, and stem scars (Burnett, Chen, & Beuchat, 2000; Kumar, Patel, & 

Ravishankar, 2020; Ölmez & Temur, 2010). Because bacteria in a biofilm are protected, 

foodborne pathogens are effectively out of reach of many surface-cleansing techniques 

commonly used in industry. Similarly, bacteria that become internalized and infiltrate the tissues 

of fresh produce are also protected from surface sanitation methods (Burnett et al., 2000; Doyle 

& Beuchat, 2007; Kumar et al., 2017; Ölmez & Temur, 2010).  

E. coli O157:H7 reacts to changes in the environmental pH of foods and in the human 

body. Outbreaks have been linked to acidic foods such as yogurt, apple cider and other fruit 

beverages, mayonnaise and mayonnaise-based dressings and sauces, and fermented meats 
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(Cheville, Arnold, Buchrieser, Cheng, & Kaspar, 1996; Doyle & Beuchat, 2007; Hilborn et al., 

2000; Morgan et al., 1993; Weagant, Bryant, & Bark, 1994). While the minimum pH for growth 

for E. coli O157:H7 is 4.0 to 4.5, the pathogenic bacteria must endure pH fluctuations within the 

upper portion of the gastrointestinal tract prior to entering the intestines of a new host (Doyle & 

Beuchat, 2007). The infectious dose of each pathogen is unique and is often reflected in a 

bacteria’s ability to pass through and survive acidic gastric barriers in humans that can reach pHs 

as low as 1.5 to 2.5 (Doyle & Beuchat, 2007; Lin et al., 1996). The bacteria will enter a state of 

acid resistance and induce the production of protective proteins that drive resistance to physical 

and chemical challenges (Cheville et al., 1996; Doyle & Beuchat, 2007). E. coli acid tolerance 

has been studied extensively and three primary acid resistance systems have been noted: an acid-

induced oxidative system, an acid-induced arginine-dependent system, and a glutamate-

dependent system (Abdul-Raouf, Beuchat, & Ammar, 1993; Doyle & Beuchat, 2007). RpoS is 

an alternate sigma factor that regulates the production of stress response genes. RpoS is a key 

driver for the acid-induced oxidative system, but only plays a partial role in both the acid-

induced arginine-dependent and glutamate-dependent systems (Cheville et al., 1996; Doyle & 

Beuchat, 2007; Lin et al., 1996). Acid resistance adaptation can heighten tolerance to heating, 

irradiation, and antimicrobials, but that resistance is lost when conditions that promote regular 

growth are resumed (Cheville et al., 1996; Doyle & Beuchat, 2007; Jordan, Oxford, & O'Byrne, 

1999; Leyer, Wang, & Johnson, 1995).  

E. coli O157:H7 can persist in the environment for long periods of time, but die-off over 

time is anticipated. Die-off rate is based upon multiple factors, including temperature, relative 

humidity, soil composition, and initial contact time (Chhetri et al., 2019; Vidovic, Block, & 

Korber, 2007). In a study analyzing well-characterized E. coli O157:H7 surrogates and coliforms 
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on the surface of watermelons, Chhetri et al. (2019) found that different parts of the melons were 

more likely to harbor bacteria, and that time affected bacterial attachment strength. No difference 

existed in coliform levels between the bottom half of watermelons that came in contact with the 

soil and the top half of watermelons that received more exposure to sunlight and other weather 

elements. They also determined that the E. coli O157:H7 surrogates’ attachment strengths 

increased over time on the watermelon surface. The study concluded that E. coli robustness must 

be accounted for when developing pre-harvest and post-harvest risk management strategies.  

Leafy Greens Industry 

From 1985 to 2018, the per capita availability of fresh romaine lettuce rose from 3.0 

pounds to 11.4 pounds in the United States (USDA-ERS, 2019). Food trends are constantly 

shifting in the United States and producers must stay ahead of those shifts. In the 1950’s, a 

typical grocery store might have only carried a few hundred items, but now grocery stores carry 

thousands of different items to meet consumer demand (Hedberg, MacDonald, & Osterholm, 

1994). Most consumers are no longer growing and preparing their own foods, but are going to 

the store or a commercial food service establishment expecting to find every type of product 

imaginable, regardless of season. One major trend is the increasing desire for fresh foods. The 

increased consumption of uncooked and unprocessed fruits and vegetables has emphasized the 

need for growers to ensure that the food they distribute is microbiologically safe (Brackett, 1999; 

DuPont, 2007; World Health Organization & Food and Agriculture Organization of the United 

Nations, 2008). To adapt to this increased demand, produce is no longer just distributed 

regionally, but now includes national and foreign markets. These global markets require more 

rigorous harvesting, storage, transportation, and production strategies to ensure food safety. The 

expanded distribution and supply chain might contribute to a higher proportion of consumers 
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contracting a foodborne disease as the need for an increased number of production steps opens 

the door to increased risk of contamination with pathogenic bacteria via temperature abuse, 

cross-contamination, etc. Additionally, a contributing factor to the increased risk is that growing, 

handling, equipment, and labeling standards are not universal worldwide (Chang & Schneider, 

2012; Franz & van Bruggen, 2008; Kumar, Libin, et al., 2019; Manning & Monaghan, 2019; 

Sapers & Doyle, 2014; Yaron, 2014). The FDA suggests becoming aware of the practices of 

one’s suppliers and using verification mechanisms, such as on-site audits, to ensure the use of 

food safety practices with that supplier (FDA, 2008). Until recently, there was a disconnect 

between government agencies working to monitor and control foodborne diseases and the 

complex, ever-growing chain of food production and preparation establishments (DuPont, 2007). 

To cope, actions such as the passing of the Food Safety Modernization Act (FSMA) in 2011 and 

the launching of the Lettuce Safety Initiative in 2006 were made to ensure that safety measures 

are included in the production of fresh produce (FDA, 2018). The Produce Safety Rule within 

FSMA gave the FDA regulatory authority over the growing, harvesting, packing, and holding of 

fresh produce and created universal standards regarding worker hygiene, microbial levels in 

agricultural water, use of animal by-products as soil amendments, and equipment cleaning and 

sanitation on farms in an effort to mitigate contamination (Crowe et al., 2015). To help growers 

produce safe food, the FDA has released guidance that contains information regarding areas to 

focus on for improving food safety practices (FDA, 1998, 2008).  

Antimicrobial Methods 

Prevention of initial contamination is the most important step to reduce the likelihood of 

produce-associated foodborne illness. Thus, accountability at all levels of agricultural systems is 

crucial to establish a successful food safety culture. The adoption of good agricultural and good 
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manufacturing practices (GAPs and GMPs) is integral to establish an effective food safety 

operation, but corrective actions may sometimes be necessary when these systems fail (FDA, 

1998). In order to appeal to consumers, produce is washed to remove dirt and other debris. This 

introduces the potential for a small quantity of contamination to contaminate the remaining 

contents of the wash system. To combat this, sanitizers are frequently used during post-harvest 

washing to reduce pathogenic bacteria in the wash water. Producers must ensure that water 

temperature, turbidity and sanitizer concentrations are maintained throughout the washing 

process. Currently, most sanitizers do not effectively reduce pathogenic bacteria attached to the 

produce surface, so their main function is to maintain the bacteriological quality of the water and 

limit cross-contamination within the wash system (Brackett, 1999; Franz & van Bruggen, 2008; 

Gomez-Lopez et al., 2014; FDA, 2008).  

Chlorine is the most commonly used sanitizer for the washing of fresh produce (Franz & 

van Bruggen, 2008; Gomez-Lopez et al., 2014; Sapers & Doyle, 2014; Teng et al., 2018). 

Chlorine compounds are primarily used as bleaching agents or disinfectants, and in industry are 

used primarily in two forms: sodium hypochlorite and calcium hypochlorite. While both 

compounds can dissolve in water, calcium hypochlorite is typically used as a solid in the form of 

white powder, pellets, or flakes. Sodium hypochlorite is typically aqueous. Both forms have a 

strong chlorine odor and can be hazardous at large concentrations (Agency for Toxic Substances 

& Disease Registry, 2014; PubChem, 2020a, 2020c). The extensive use of chlorine is due to its 

effectiveness at killing bacteria while in solution, its minimal impact on product quality at 

labeled concentrations, and its relatively low cost in comparison to other available methods. 

When monitoring chlorine in wash water, free chlorine is the most important form to measure. In 

a neutral solution, free chlorine is present as hypochlorous acid, which has the greatest 
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antimicrobial activity; thus the inactivation of pathogens during washing is directly related to the 

concentration of hypochlorous acid in solution and the time of exposure to the pathogen (Shen et 

al., 2013; FDA, 2008). A study was conducted to establish the ideal balance between the 

minimum amount of chlorine necessary to control cross-contamination in a washing system, 

while avoiding adverse effects including reduction in organoleptic quality or bleaching (Gomez-

Lopez et al., 2014). As washing occurs, organic matter builds up in a wash system. This organic 

matter, or organic load, reacts with chlorine in the system and reduces its efficacy. Reduced 

efficacy results in longer required exposure times for the chlorine to exert its antimicrobial 

characteristics. While all systems require a base level of monitoring, a system requiring extra 

monitoring invites more opportunity for human error and introduces a risk of insufficient 

exposure of the chlorine to harmful bacteria in the wash system. In addition to reducing the 

efficacy of chlorine, the reaction between chlorine and organic matter can produce by-products 

that are undesirable and dangerous. When chlorine is added to water in the presence of bromine, 

hypobromous acid will also be formed and play an additional role in the production of by-

products. These include chloroform, bromodichloromethane, dibromochloromethane, and 

bromoform. Of these trihalomethanes, chloroform and bromodichloromethane are potential 

human carcinogens. There is currently insufficient evidence to classify dibromochloromethane 

and bromoform as carcinogens, but there is also not enough research available to classify them as 

non-carcinogenic (CDC, 2016; Gomez-Lopez et al., 2014; FDA, 2008; Y. Zhang et al., 2016). In 

addition, the continued replacement of chlorine in a wash system, along with the accumulation of 

by-products, can lead to the wash solution being unable to dissolve excess chlorine in solution, 

which can cause a release of noxious chlorine fumes (Shen et al., 2013). By determining the 

minimum level necessary to inhibit pathogenic bacteria and the maximum organic load before 
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water must be replaced, both operating costs and the quantity of dangerous by-products from 

production can be reduced. In order to ensure the continued safe use of chlorine in produce wash 

systems, legislation has been passed to ensure levels being used are safe for consumers. While 

the Environmental Protection Agency is the governing body that regulates chlorine levels, in a 

guidance document published by the FDA (1998), it was recommended to use chlorine levels of 

50 - 200 ppm at a pH of 6.0 - 7.5 with a contact time of 1 - 2 minutes.   

Peroxyacetic acid (PAA) is a widely used alternative to chlorine in agriculture and the 

food industry because it is a highly effective antimicrobial agent. It is described as having a 

vinegar-like smell. PAA, a strong oxidizing agent, is composed of peracetic acid and hydrogen 

peroxide. PAA inactivates cells by producing reactive oxygen species. These reactive oxygen 

species cause disruption and rupture the cell membrane by denaturing proteins and blocking 

enzymatic and transport systems, leading to damage of cellular DNA and lipids. In addition, as 

an oxidizing agent, it will oxidize the sulfhydryl and sulfur bonds in proteins, enzymes, and other 

metabolites (Block, 1991; CDC, 2008a; Huang, de Vries, & Chen, 2018; Kitis, 2004). There are 

multiple benefits to utilizing PAA as a sanitizer in a wash system. One benefit is that PAA has 

been shown to be effective at lower concentrations than chlorine, with regulations allowing food 

products to be treated with up to 80 ppm (Bang, Park, Kim, Md Furkanur Rahaman, & Ha, 2017; 

Block, 1991; U.S. Environmental Protection Agency (EPA), 2000). A second benefit, in contrast 

with chlorine, is that the usage of PAA results in no formation of harmful residuals and by-

products (Kitis, 2004). Due to its high reactivity, it quickly decomposes to acetic acid, oxygen, 

and water (Warburton, 2014). A third benefit is that PAA does not require the constant 

monitoring of pH, in contrast to chlorine which does (Sánchez, Elizaquível, Aznar, & Selma, 

2015). However, drawbacks of PAA include it’s negative impact on the quality of equipment and 
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cost, which is higher than that of chlorine due in part to limited production; which can result in 

overall increased operating costs during production (Kitis, 2004). Contrarily, in a test completed 

at a water pollution control plant in Berkeley Heights, NJ it was determined that, while the initial 

cost of materials for a peracetic acid-based procedure was roughly 10% greater than that for a 

chlorine-based procedure, there was a potential financial advantage of the peracetic acid-based 

procedure because the initial cost of equipment required was lower (Jepson & McAndrew, 

2018). More research comparing the operating cost of PAA to traditional antimicrobials should 

be performed.  

There are also many antimicrobial methods that are being tested as potential replacements 

for chlorine and PAA. One of the potential replacement methods is the use of essential oils. 

While many essential oils have been tested, some have more potential than others. The results of 

a study by Hyun, Bae, Song, Yoon, and Lee (2015) indicate that both cinnamon and oregano oils 

have strong antimicrobial properties against E. coli O157:H7, Salmonella Typhimurium, Listeria 

monocytogenes, Staphylococcus aureus, and Bacillus cereus. Thyme oil and clove bud oil were 

also shown to have comparable effectiveness to chlorine against Salmonella on contaminated 

snacking sweet peppers and against cross-contamination while also being less inhibited by 

organic load in wash water systems (Dunn et al., 2019). Additionally, Kang and Song (2018) 

found that nanoemulsions with essential oils could prove an alternative washing treatment 

against pathogenic bacteria.  

High power ultrasound is frequently used on recycled water, which is water that has been 

previously been used as process water but is treated in a way that it can be reused. While 

methods used for water recycling have the potential to reduce microbial populations in process 

water, microorganisms must be rapidly inactivated in order to reduce the risk of cross-
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contamination within the wash system. The use of high-power ultrasound combined with a 

chemical sanitizer has proven to be an effective method to reduce contamination. A downside to 

using high power ultrasound is the cost, which is higher than chemical sanitizers (Sánchez et al., 

2015). Further studies investigating the effectiveness of high-power ultrasound as well as 

combination strategies should also be tested on pathogenic bacteria, such as E. coli O157:H7. 

Irradiation is another potential bacterial inactivation method. The FDA has approved the 

use of irradiation on many food products, including lettuce and spinach. Food can be irradiated 

multiple ways: with gamma rays, with X-rays, and by electron beam. Some benefits include 

preservation of nutritional quality with no noticeable changes in taste, texture, and appearance. 

Irradiation doses of 0.5 kilograys (kGy) have the potential to reduce E. coli O157:H7 populations 

on lettuce by 3.6 to 3.8 logs without having any negative impact on texture (B. A. Niemira, 

Sommers, & Fan, 2002). While there is concern about the acceptability by consumers, the FDA 

has evaluated the safety of irradiated foods for more than 30 years. Foods that have been 

irradiated must include the FDA’s Radura symbol accompanied by the statement “Treated with 

radiation” or “Treated by irradiation” (Doyle & Beuchat, 2007; DuPont, 2007; FDA, 2016). 

Finten, Garrido, Agüero, and Jagus (2017) performed a survey-based study where a majority of 

consumers expressed uncertainty in food irradiation, but there was an increase of acceptance by 

90% after being provided with additional information. Additionally, irradiation is able to 

penetrate plant tissue to target internalized bacteria. Brendan A. Niemira (2007) compared 

chlorine at 300 ppm and 600 ppm to irradiation treatments with E. coli O157:H7 on both 

romaine lettuce and spinach finding that irradiation at 1.5 kGy resulted in a 4-log and 3-log 

reduction on E. coli O157:H7 populations on romaine lettuce and spinach samples, respectively, 

while chlorine treatments resulted in less than 1-log reductions for both types of leafy green.  
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Pelargonic Acid 

Pelargonic acid, also known as nonanoic acid due to its nine-carbon long chain, is an 

organic fatty acid and is hydrophobic by nature. Fatty acid structures are characterized by a 

carboxyl group at one end and a methyl group at the other, both of which are connected by a 

carbon chain; chain length and degree of saturation determine fatty acid identity (Ciriminna, 

Fidalgo, Ilharco, & Pagliaro, 2019; PubChem, 2020b). Fatty acids are of interest as they have 

demonstrated antimicrobial properties. The mechanism behind their antimicrobial activity is 

primarily due to their insertion into and subsequent disruption of the lipid bi-layer of cellular 

membranes (Ciriminna et al., 2019; Dev Kumar, Mis Solval, Mishra, & Macarisin, 2020; Pohl, 

Kock, & Thibane, 2011). This insertion results in increased membrane fluidity, inducing 

disorganization and conformational changes within the membrane. In a brief period of time, this 

results in membrane leakage, collapse of intracellular components, and eventual cell lysis 

(Ciriminna et al., 2019; Dev Kumar et al., 2020; Fukuda, Tsujino, Fujimori, Wakabayashi, & 

Böger, 2004; Kumar, Macarisin, & Micallef, 2019; Micallef & Kumar, 2017; Pohl et al., 2011).  

Research has shown that pelargonic acid can be used as an ingredient against bacterial 

cells (Ciriminna et al., 2019; Dev Kumar et al., 2020; Fukuda et al., 2004; Kumar, Macarisin, et 

al., 2019; Micallef & Kumar, 2017). Bacterial targets of fatty acids include the cell wall, 

cytoplasmic membrane, and specific metabolic functions associated with replication, protein 

synthesis, and function (Dev Kumar et al., 2020; Ricke, 2003). Additionally, the acidity of fatty 

acids can disrupt proton gradients across cellular membranes. While most fatty acids are weak 

acids, there is still a resulting fluctuation in the concentration of undissociated acid formed in the 

cell on either side of the membrane. Fatty acids accomplish this by penetrating the lipid 

membrane and then dissociating into anions and protons, thus shifting the anion and proton 
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balance and in turn, the pH. Because bacteria must maintain a near neutral pH to function, the 

cells work to reestablish that pH, which requires consumption of cellular adenosine triphosphate 

(ATP); sustained consumption of ATP eventually results in the depletion of available cellular 

energy and death (Ricke, 2003).  

The basic mechanisms behind the biocidal activity of pelargonic acid are evident in both 

bacterial and plant cells. While the use of pelargonic acid against bacteria is a novel approach, 

current agricultural practices use the compound as an herbicide and fungicide. As an herbicide, 

pelargonic acid-based products are used to eliminate weeds from gardens, lawns, golf courses, 

parks, walkways, roads, and industrial sites (Ciriminna et al., 2019). Additionally, pelargonic 

acid-based products are used as blossom thinners, especially in tree fruit orchards (Ciriminna et 

al., 2019; Nichols, Embree, Cline, & Ju, 2004). Pelargonic acid herbicides are quick, non-

selective, broad spectrum herbicides that are foliar-applied. Pelargonic acid does not translocate 

through woody tissues, does not attack the roots of plants, and has no soil activity. The herbicidal 

action against plant material is rapid, with damage evident after 15-60 minutes and plant collapse 

within 1-3 hours (Ciriminna et al., 2019). The primary targets of fatty acids in plant cells are 

plasma membranes, thylakoid membranes, and plant cuticles (Fukuda et al., 2004; U.S. 

Department of Agriculture (USDA), 2015).  

Lederer, Fujimori, Tsujino, Wakabayashi, and Böger (2004) noted a two-fold herbicidal 

action for the phytotoxic properties of pelargonic acid. The first stage involved the light driven 

intercalation of the acid into cellular membranes with the second stage involving peroxidation of 

the membranes and other organelles. Fukuda et al. (2004) found that C9-C11 fatty acids caused 

strong, non-selective damage to plants such as crabgrass, cucumber, velvetleaf, and tobacco 

while C6 and C14 fatty acids showed no effect. These C9-C11 middle chain length fatty acids 
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have a good balance between intermediate levels of affinity for the target membranes and 

mismatch capability. Long chains have a high affinity for lipid bilayers, but a low degree of 

mismatch while short chains have a high degree of mismatch, but a low affinity for lipid bilayers 

(Ciriminna et al., 2019).  

In addition to the herbicidal mechanisms of pelargonic acid, pelargonic acid is used as an 

anti-fungal agent because it inhibits the swelling and germination of spores. Organisms naturally 

self-inhibit their own spores to ensure their survival by preventing the germination of all their 

spores at the same time and place. Pelargonic acid is one of these self-inhibiting substances used 

by fungi. The swelling and germination of spores is associated with an increase in intracellular 

pH, but pelargonic acid and other weak acids dissipate pH gradients, thus preventing an increase 

in pH (Breeuwer, De Reu, Drocourt, Rombouts, & Abee, 1997; Sahin, Kula, & Erdogan, 2006).  

Pelargonic acid is also used as an ingredient in pesticides. The U.S. Environmental 

Protection Agency licensed the sale of pesticide products containing ammonium nonanoate, 

labeling them as “biochemical herbicides.” They concluded that there was no risk to human 

health when properly handled based upon the low toxicity, and the fact that residues from their 

use are not likely to exceed the normal levels of exposure from commonly eaten foods (EPA, 

2008). Because it is a skin and eye irritant, product labels describe precautions that users should 

follow to protect applicator health (Wahlberg & Lindberg, 2003). Users are also advised to take 

precautions to reduce unintentional contact, such as avoiding windy days and not using large 

spray droplets when applying pelargonic acid-based products (Ciriminna et al., 2019). Toxicity 

tests on non-target organisms, including birds, fish and honeybees, revealed little or no toxicity 

(European Food Safety Authority, 2013). Pelargonic acid decomposes rapidly when used on land 

and near water, resulting in minimal to no accumulation (Ciriminna et al., 2019).  
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Other uses for pelargonic acid exist, including within the food industry. The FDA has 

approved it for use as a food additive (FDA, 2019; 2020) as there are no expected risks to 

humans or the environment when used properly. Because it is found at low levels in many foods, 

people are already exposed to small amounts of the chemical (Ciriminna et al., 2019; Flavor and 

Extract Manufacturers Association, 2018; EPA, 2000). It has also been approved as a safe food-

flavoring agent, as an ingredient in solutions for the peeling of fruits and vegetables, and can be 

used in a solution up to 1% in antimicrobial compounds on foods (Flavor and Extract 

Manufacturers Association, 2018). 

There is a high desirability for naturally-derived antimicrobials. While the development 

of naturally occurring antimicrobial formulations can be a complex and expensive process, their 

use can make products more marketable to consumers who question the toxicological safety of 

synthetic antimicrobials (Sofos et al., 1998). Some preliminary studies have demonstrated that 

pelargonic acid may be a suitable alternative to synthetic antimicrobials against foodborne 

pathogens. Han and Micallef (2014) showed that S. enterica growth could be affected by the 

presence of certain fatty acids in tomato fruit exudates. Based upon the fatty acid present, the 

concentration in the soluble phase of that fatty acid, and its bioavailability in the cuticular matrix 

of a fruit, fatty acids exerted antimicrobial properties. In previous work with a novel pelargonic 

acid based sanitizer, Micallef and Kumar (2017) performed a study using fatty acids derived 

from tomato fruit exudates in combination with multiple solvents. They determined a 

concentration of 125 mM pelargonic acid in water was sufficient to inhibit Salmonella growth, 

while a minimum inhibitory concentration of 31.25 mM after 1 hour of exposure was determined 

for both pelargonic acid in quillaja saponin and pelargonic acid in dimethyl sulfoxide.  
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While many fatty acids exhibit antimicrobial properties, they often have poor solubility in 

water and undergo phase separation in aqueous mediums, thus their antimicrobial efficacy is 

inhibited. Surfactants act as emulsification agents and aide in the generation of fatty acid 

emulsions. Additionally, surfactants influence both the particle size and the amount of 

antimicrobial compound that comes in contact with bacterial targets (Dev Kumar et al., 2020). 

Quillaja saponin is a natural phytochemical that can be extracted and used as an surfactant 

(Böttcher & Drusch, 2017). Because pelargonic acid is a fatty acid and is natively hydrophobic, 

the addition of a natural emulsification agent, such as quillaja saponin, aids in making pelargonic 

acid a viable treatment when dispersed in water (Böttcher & Drusch, 2017; Kumar, Macarisin, et 

al., 2019; Micallef & Kumar, 2017). 

Romaine Lettuce Texture and Color 

 Fruits and vegetables qualities are comprised of four different attributes: color and 

appearance, flavor, nutritional value, and texture. Acceptance of a piece of fruit or vegetable by 

the consumer is directly related to these four qualities. Consumers experience only three of these 

four attributes when they consume the product and they experience those three attributes in a 

specific order. The first attribute to be experienced is color and appearance. The second attribute 

is flavor, which is broken into both flavor and aroma. Aroma is the smell of a product, while 

overall flavor is composed of both aroma and taste of the product. The third and final attribute is 

texture. If one of these attributes is found objectionable by the consumer, then the overall quality 

of the product will be impacted. Notably, because color and appearance is the first attribute to be 

experienced by a consumer, if the color of that fruit or vegetable is rejected then the remaining 

attributes are irrelevant (Barrett, Beaulieu, & Shewfelt, 2010).  
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The color of a fruit or vegetable is determined by natural pigments on the surface. 

Different combinations of these pigments result in the unique colors associated with specific 

produce varieties. The primary pigments include chlorophylls (green), carotenoids (yellow, 

orange, and red), anthocyanins (red and blue), flavonoids (yellow), and betalains (red). 

Enzymatic and non-enzymatic browning negatively impact the implied quality of a fruit or 

vegetable, and the stability and final color of pigments is influenced by environmental 

conditions. Oxygen, heat, and pH can all have deleterious impact on the pigments, and therefore 

color, of a fruit or vegetable (Barrett et al., 2010). During harvesting, transportation, and 

processing of fruits and vegetables, these factors must be controlled to ensure high quality 

produce reaches the consumer.  

Color can be quantified using the Lab color space. The Lab color space is a three-

dimensional real number system that was designed to approximate human vision. It includes all 

colors in the spectrum, some of which are outside of human perception. There are three different 

components in the Lab color space: L*, a*, and b*. The L* component represents the human 

perception of lightness with L* = 0 representing black and L* = 100 representing white. The a* 

component represents red/green colors with negative values for greens and positive values for 

reds. The b* component represents yellow/blue colors with negative values for blues and positive 

values for yellows. For both the a* and b* components the values a* = 0 and b* = 0 depict true 

gray values (Panigrahy, Seal, & Mahato, 2020).  

According to Bourne (1982), the textural properties of a food are the “group of physical 

characteristics that arise from the structural elements of the food, are sensed by the feeling of 

touch, are related to the deformation, disintegration and flow of food under a force, and are 

measured objectively by functions of mass, time, and distance.” Fruit and vegetable texture is 
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generated by the combination of the individual plant cell walls and the middle lamella, which 

holds the individual cells walls together. Texture is typically used when referring to solid or 

semi-solid foods and can be further defined by various perceptions within the mouth. These 

perceptions include smoothness, thickness, firmness, hardness, crispness, and crunchiness 

(Barrett et al., 2010).  Textures, such as crispness or crunchiness, are vital to the fresh 

commodity industry, as consumers perceive texture as an indicator of freshness. While using a 

pressure probe is useful to determine crispness or crunchiness, acoustic measurements can also 

be measured to add a second dimension to the overall textural measurements (Taniwaki & 

Sakurai, 2008).  

Consumers have certain standards and expectations when selecting a fruit or vegetable in 

a grocery store. Ideally, bananas should be yellow with no brown spots, tomatoes red rather than 

orange, and lettuce should be green without having begun to turn brown. When a fruit or 

vegetable is not the desired color, consumers will reject it. A similar expectation is present for 

the texture of vegetables and fruits. Some vegetables and fruits, such as lettuce, carrots, or 

apples, should all have a crisp and rigid texture, while some fruits, such as cantaloupes and 

peaches should be soft and yield when consumed. Fruit that is excessively hard or vegetables, 

such as lettuce, that are wilted will be rejected (Barrett et al., 2010).  

Consumer acceptability is a priority when stocking grocery shelves. If a fruit or vegetable 

is not evaluated as desirable and purchased, then safety hazards to consumers are irrelevant. 

Antimicrobial treatments may need to be selected to accommodate commodity differences in 

order to ensure that the quality of that produce will satisfy consumer standards. If an 

antimicrobial treatment is detrimental to the quality of a type of produce and results in an 
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undesirable product, the process should be re-evaluated to ensure an acceptable product is 

available to consumers.  
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CHAPTER 3 

MATERIALS AND METHODS 

Bacterial strains used 

 Escherichia coli O157:H7 cultures were obtained from the Department of Food Science 

and Technology, University of Georgia, Athens, GA via glycerol stocks stored at -80 ºC. Five 

serotypes of E. coli O157:H7 isolated from foodborne outbreaks were used in the study; outbreak 

strains were associated with sprouts, lettuce, cantaloupe (CDC 658), unpasteurized apple juice 

(SEA13B88), and spinach (K3995).  

Antibiotic adaptation 

Frozen cultures were revived from glycerol stocks and grown in 10 mL tryptic soy broth 

(TSB; BD Bacto, Sparks, MD) for 24 h at 37 ºC. A 10 µL loopful of culture was subsequently 

transferred to a fresh 10 mL TSB tube supplemented with 10 ppm nalidixic acid (Alfa Aesar, 

Ward Hill, MA) and incubated for 24 h at 37 ºC. The concentration of nalidixic acid in 

subsequent TSB transfers increased in 10 ppm increments until all cultures grew at a final 

concentration of 40 ppm nalidixic acid. This process was repeated with rifampicin (Research 

Products International, Mt. Prospect, IL) until the cultures grew in TSB supplemented with both 

40 ppm nalidixic acid and 40 ppm rifampicin (TSBRN). Glycerol stocks were made using 

TSBRN and glycerol (Fisher Chemical) in a 50:50 ratio and stored at -80 ºC.  
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Leaf sample preparation 

 Heads of organic lettuce were stored for up to three days prior to use, and samples were 

prepared on the day prior to use. The outside leaves of each head of lettuce were removed and 

discarded. Uniformly sized and colored leaves were rinsed in deionized water to remove debris 

and dried. Leaf samples were treated with 254 nm of UV light for 10 min on each side to reduce 

natural microflora (Allende, McEvoy, Luo, Artes, & Wang, 2006) before being stored at 4 ºC in 

sterile sampling bags (VWR International, Radnor, PA).  

Background microflora  

To ensure the antibiotics in supplemented TSBRN effectively reduced lettuce background 

microflora, media was tested with each romaine lettuce trial. Three replicates with triplicate 

samples (n=9) were diluted with 1:1 w/v of 0.1% peptone (BD Bacto, Sparks, MD), hand 

massaged for 30 s in sterile sample bags, and spiral plated (Eddy Jet 2, Neutec Group Inc, 

Farmingdale, NY) in duplicate onto tryptic soy agar (TSA; BD Difco, Sparks, MD) 

supplemented with 40 ppm nalidixic acid and 40 ppm rifampicin (TSARN). Plates were 

incubated at 37 ºC for 24 h.  

Inoculum preparation 

 Strains were transferred from frozen glycerol stocks into TSBRN and incubated at 37 °C 

for 24 h. A 10 µL loopful was transferred into fresh TSBRN, incubated for 20 h at 37 °C, after 

which a 300 µL aliquot of pure culture was spread plated onto individual TSARN plates and 

incubated for 24 h at 37 °C. To collect the culture, plates were then flushed with 3 mL of 

phosphate buffered saline (PBS; Fisher BioReagents, Fair Lawn, NJ), scraped using a sterile 

spreader, flushed with another 2 mL of PBS, and poured into a sterile centrifuge tube. Equal 
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aliquots of the individual cultures were combined in a single 50 mL centrifuge tube (Thermo 

Scientific, Rochester, NY) to make the E. coli O157:H7 cocktail. The cultures were vortexed for 

20 s and then pelleted by centrifugation for 15 min at 2300 rotations per minute (RPM; 

Eppendorf centrifuge 5810, Hamburg, Germany). Supernatant was decanted and the pellet was 

resuspended with a volume of fresh PBS that was identical to the volume decanted. The culture 

was re-centrifuged for 15 min at 2300 RPM, the supernatant decanted, and the culture 

resuspended with the decanted volume of fresh PBS, and then vortexed for 20 s. The final 

concentration of the cocktail was approximately 1010 CFU E. coli/mL. Inoculum was diluted 

with 475 mL of PBS and poured into a sterile, rectangular, glass dish.  

Inoculation procedure 

 Whole leaf samples were submerged in the inoculum using sterile tweezers for two min 

without agitation. Excess inoculum on the leaf sample was removed via a salad spinner 

(Progressive International, Kent, WA) in the biosafety cabinet. Four spins total were conducted, 

with a spin consisting of a full pull of the salad spinner cord and allowing the spinner to fully 

stop before initiating the subsequent spin. Samples were removed and allowed to air dry in a 

biosafety cabinet for 2 h.  

Attachment time for E. coli to romaine lettuce 

A 2 h drying interval after inoculation was determined in a preliminary experiment to 

establish the time required for E. coli to fully attach to the surface of romaine lettuce. Six heads 

of romaine lettuce were selected and prepared. Leaf coupons were generated and stored as 

described by Ells and Hansen (2006) with some modifications. Coupons were made by first 

removing and disposing of the outer leaves of each head of romaine lettuce. Inner leaves were 
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then removed from the head. A sterile, 1.6-inch diameter cookie cutter was used to create a 

coupon from the leaf. Coupons were made from the area directly to the left or right of the midriff 

(primary center vein). Multiple coupons were generated from each leaf, but each coupon was 

fully intact with no holes, and did not include the outside edge of the leaf. Four coupons (one for 

each attachment duration: 0 h, 4 h, 12 h, and 24 h) were made from each head of romaine lettuce. 

Coupons were stored in sterile sample bags with DI water-soaked Kim wipes and kept at 4 °C 

until use. Coupons were used within 48 h. Prior to use, coupons were rinsed with DI water, dried, 

and exposed to UV for 10 min on each side. 

E. coli attachment strength was determined as described by Patel and Sharma (2010) and 

Ells and Hansen (2006) with some modifications. Twenty mL of cocktail was pipetted into a 

sterile petri plate. Using sterile tweezers, a single coupon was submerged in the cocktail for 2 

min without agitation. The coupon was removed using sterile tweezers and placed into the salad 

spinner. All four coupons from the same head of lettuce were evenly spaced in the salad spinner 

prior to spinning. Four spins total were conducted as previously described. Coupons were 

removed from the salad spinner, placed into individual petri plates, and covered with the petri 

plate lid.  

One coupon from each head of lettuce was designated an attachment duration, with six 

coupons per duration. All coupons remained in the biosafety cabinet at 25 °C for 2 h after 

inoculation prior to being stored at 4 °C in closed petri plates for the appropriate attachment 

duration.  

When designated time had elapsed, coupons were submerged in 15 mL PBS for 3 s to 

remove any unattached cells. To reduce variable populations of cells that were concentrated 

around the cut, exposed edge of the coupons, a sterile 1.25-inch cookie cutter was used to further 
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reduce the diameter of each coupon. Using sterile tweezers, single coupons were put into sterile 

50 mL centrifuge tubes with 25 mL of PBS with 0.1% Tween 80. Loosely attached cells were 

quantified by vortexing the coupon 20 s and enumerating E. coli from PBS. The coupon was then 

aseptically removed and placed into a new 50 mL centrifuge tube with 25 mL PBS. To quantify 

strongly attached cells, samples were then sonicated for 1 min with a Branson M1800 sonicating 

water bath (Branson Ultrasonics, Danbury, CT). PBS was serially diluted with 0.1% peptone and 

spiral plated in duplicate onto TSARN. TSARN plates were incubated for 24 h at 37 °C. 

Attachment strength (Sr) was calculated as described by Dickson and Koohmaraie 

(Dickson & Koohmaraie, 1989). The Sr represents the ratio of strongly attached cells to strongly 

attached cells plus loosely attached cells.  Sr = (strongly attached/(strongly attached + loosely 

attached)). Based upon the results of the attachment study, we chose an attachment time of 2 h.  

 Each attachment duration was replicated six times (n=6). All statistical analyses were 

performed using JMP software (SAS, 2018). The Sr were averaged across the six total samples 

for each attachment duration. Standard deviations were calculated for each set of six samples. 

The Sr were analyzed using the Tukey-Kramer multiple comparisons method with p < 0.05.  

Sanitizer treatment preparation 

 Eleven treatments were examined: no rinse, sterile deionized (DI) water, 200 ppm 

chlorine, 200 ppm chlorine with 0.5% w/v organic load, 80 ppm peroxyacetic acid (PAA), 80 

ppm PAA with 0.5% w/v organic load, 7.5 mM pelargonic acid (Pel 7.5), Pel 7.5 with 0.5% w/v 

organic load, 30 mM pelargonic acid (Pel 30), Pel 30 with 0.5% w/v organic load, 50 mM 

pelargonic acid (Pel 50), and Pel 50 with 0.5% w/v with organic load. Organic load (OL) was 

made by making a puree of romaine lettuce leaves prepared as described above.  
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 Two-hundred ppm chlorine treatments were made using bleach (Clorox Regular Bleach 

EPA Reg. No 5813, Oakland, CA). Parts per million was measured using a Free Chlorine and 

Chlorine UHR portable photometer (Hanna Instruments, Woonsocket, RI). Eighty ppm PAA 

treatments were made using Sanidate 5.0 (BioSafe Systems, Hartford, CT). Parts per million was 

measured using a Peracetic Acid Test Kit (Thomas Scientific, Swedesboro, NJ). A 1M 

pelargonic acid stock, derived from coconut and quillaja saponin emulsion, was used to make the 

pelargonic acid treatments. Pelargonic acid was placed on a stir plate and vortexed for 15 min at 

approximately 750 RPM. The pH of all treatments was measured using an Accumet AB 250 pH 

probe (Fisher Scientific, Waltham, MA). 

Treatment with sanitizers  

 Three intact leaves were used for each sample: one inoculated leaf and two uninoculated 

leaves. Five hundred mL of treatment wash was poured into a rectangular, autoclavable 

container. Sterile tweezers submerged the inoculated leaf for 2 min without agitation, after which 

the leaf was removed and placed into a sterile stomacher bag. One uninoculated leaf 

(Subsequently Uninoculated Sample; SUS 1) was submerged without agitation for 2 min in the 

same treatment wash, removed and placed in a new stomacher bag. The next uninoculated leaf 

(SUS 2) was immediately submerged in the same wash as the previous two leaves for 2 min, then 

placed in a new stomacher bag. Samples for 0 h analysis were immediately plated or filtered, 

while 24 h and 7 day treated leaves were stored at 4 ºC prior to enumeration.    

Microbiological analyses 

 Leaf-containing stomacher bags were diluted 1:5 (w/v) with a Smart Dilutor (Neutec 

Group Inc, Farmingdale, NY) in PBS with 0.2% Tween 80 (Sigma Life Science, St. Louis, MO) 
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and 0.1% sodium thiosulfate (Sigma Aldrich, St. Louis, MO). Samples were hand massaged for 

20 s, then the rinsate was serially diluted in buffered peptone water (BPW; BD Difco, Sparks, 

MD) and spiral plated in duplicate onto TSA (to determine aerobic plate count) and TSARN (to 

enumerate antibiotic resistant E. coli O157:H7) plates. To lower the limit of detection (spiral 

plated sample limit of detection was 100 CFU/g), a 10-mL aliquot of rinsate was filtered through 

a 0.45-µm mixed cellulose ester membrane filter type HA (Whatman, GE Healthcare Life 

Sciences) with a Glassco filter system (Glassco Laboratory Equipments PVT. LTD.). The filter 

was then plated on TSARN. Treatment wash solution was also filtered and enumerated; both 

plate types were incubated at 37 °C for 24 h.  

Statistical analyses for microbiological data 

 Each wash treatment at all three storage durations was replicated four times, with samples 

in duplicate (n=8). The limit of detection for the 0.45-µm mixed cellulose ester membrane filter 

is 1 log CFU/g. E. coli counts were averaged across the eight total samples for each combination 

of treatment, storage duration, and sample type. Statistical analyses were performed using 

generalized linear mixed techniques in the R Studio (RStudio Team, 2016). Inoculated samples 

were analyzed with sanitizer (i.e., Chlorine, PAA, Pel 7.5, Pel 30, and Pel 50), OL (i.e., presence 

of OL or not), storage duration (i.e., 0 h, 24 h, and 7 d), and their interactions as fixed effects. 

Subsequentially Uninoculated Samples (SUS) were analyzed with sanitizer, OL, storage 

duration, SUS (1 and 2), and their interactions as fixed effects. In both models, storage duration 

was treated as a repeated measurement and the heterogenous compound symmetry was used as 

the covariance structure due its smallest Akaike’s information. Treatment wash solution was 

analyzed with sanitizer, OL, and their interactions as fixed effects. For all analyzes, when the F 

value was significant least square means comparisons were performed using the Tukey adjusted 
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probability value of 0.05, and means were portioned as needed. Additionally, orthogonal 

contrasts were used to evaluate the effect of sanitizer (i.e., Chlorine, PAA, Pel 7.5, Pel 30, and 

Pel 50) versus water and versus no rinse, and water versus no rinse for inoculated, as well as 

sanitizer versus water for SUS and treatment wash solution.  

Texture and color analyses 

 An analysis of the impact on texture and color of all sanitizer treatments used in the study 

was performed on romaine lettuce. The outer leaves were removed from each lettuce head and 

discarded. Treatments examined included: no rinse, deionized water, 200 ppm chlorine, 80 ppm 

PAA, Pel 7.5, Pel 30, and Pel 50; no treatments contained OL. Romaine lettuce leaves were 

submerged in each treatment for 2 min without agitation. Samples were then removed from the 

treatment and blotted gently with paper towels to remove excess liquid. A MSEZ-4500L portable 

spectrophotometer (HunterLab, Reston, VA) was used to measure the L*, a*, and b* of each 

sample. A TA-XT2 Texture Analyzer (Stable Micro Systems, Godalming, Surrey, United 

Kingdom) was used to measure the skin strength in Newtons (N) and the skin elasticity in mm of 

the treated leaf samples. The settings for the TA-XT2 Texture Analyzer were a trigger force of 

3.0 g, a test speed of 5 mm/s, and a penetration distance of 15 mm. A metal, spherical probe with 

a diameter of 7 mm was used to puncture the treated samples. Zero hour samples were 

immediately analyzed, and 24 h and 7 d samples were stored at 4 ºC prior to texture and color 

analysis.  

Statistical analysis for texture and color analyses 

 Each wash treatment at all three storage durations was replicated four times, with samples 

in duplicate (n=8). Statistical analyses were performed using generalized linear mixed techniques 
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in the R Studio (RStudio Team, 2016). L*, a*, b*, skin strength, and skin elasticity were 

analyzed with sanitizer (i.e., Chlorine, PAA, Pel 7.5, Pel 30, and Pel 50) plus water and no rinse, 

storage duration (i.e., 0 h, 24 h, and 7 d), and their interactions as fixed effects. Once again, 

storage duration was treated as a repeated measurement and the heterogeneous compound 

symmetry was used as the covariance structure due its smallest Akaike’s information. When the 

F value was significant least square means comparisons were performed using the Tukey 

adjusted probability value of 0.05, and means were portioned as needed. 
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CHAPTER 4 

RESULTS 

Effect of treatments on inoculated samples 

The effects of sanitizer treatments on E. coli O157:H7 on inoculated romaine lettuce were 

compared against the no rinse and DI water treatments (Table 1). There was no significant 

interaction of OL on treatment effect. All sanitizer-containing treatments performed significantly 

better than the no rinse and DI water treatments at all three storage durations. Chlorine and PAA 

resulted in reductions ranging from 1.79 (chlorine, 0 h) to 2.81 (chlorine, 7 d; Table 1). The Pel 

30 and Pel 50 treatments performed significantly better than chlorine and PAA at all three 

storage durations, resulting in 2 to 3 log reductions at 0 h, over 4 log reductions at 24 h, and 

greater than 6 log reductions at 7 d. While the Pel 7.5 treatment performed similarly to the 

chlorine and PAA treatments at 0 h (1.8 log reduction) and 24 h (2.7 log reduction), it resulted in 

significantly greater E. coli O157:H7 reductions (p0.05) than chlorine and PAA after 7 d of 

storage (4.1 log reduction).  

Sanitizer treatment effect on aerobic bacteria recovered on TSA (without antibiotics) 

from treated romaine lettuce samples that had been inoculated with antibiotic resistant E. coli 

O157:H7 strains were compared against the no rinse and DI water treatments (Table 2). There 

was no significant interaction of OL on treatment effect. All sanitizer treatments performed 

significantly better than both the no rinse and DI water treatments at all three storage durations. 

The chlorine, PAA, and Pel 7.5 treatments resulted in statistically similar reductions ranging 
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from 1.76 (chlorine, 0 h) to 2.83 (chlorine, 7 d; Table 2). The Pel 30 and Pel 50 treatments 

showed significantly greater reductions at 0 h and 24 h compared to chlorine, PAA, and Pel 7.5. 

After 7 d of storage the bacterial populations for samples treated with Pel 30 and Pel 50 

increased by at least 1.5 log CFU/g whereas the bacterial populations after 7d for chlorine, PAA, 

and Pel 7.5 were not statistically different from the 24 h samples.  

Effect of treatments on cross-contamination 

Sanitizer treatment effects on E. coli O157:H7 SUS romaine lettuce samples, an indicator 

of efficacy against cross-contamination, were compared against sterile, DI water (Table 3). All 

sanitizer treatments were significantly different from the DI water treatment. No significant 

interactions existed due to OL and SUS. There was no significant change in effectiveness over 

time for the Pel 30 and Pel 50 treatments when examined over the three subsequent storage 

durations. However, both the chlorine and Pel 7.5 treatments were significantly more effective at 

the 7 d storage duration than at both the 0 h and 24 h storage durations. 

Recovery of aerobic bacteria on TSA from SUS romaine lettuce samples was compared 

to the DI water treatment (Table 4). There were no significant interactions due to OL and SUS on 

treatment effect. All sanitizer treatments other than chlorine performed significantly worse from 

0 h to 7 d. While the log reductions for Pel 30 and Pel 50 were at least 1.08 log CFU/g greater 

than chlorine, PAA, and Pel 7.5 at 0 h, after 7 d of storage the bacterial populations on samples 

treated with Pel 30 and Pel 50 increased to a level statistically similar to DI water . 

Effect of treatments on romaine lettuce color 

Leaf color change due to sanitizer treatment was compared to leaves treated with no rinse 

and DI water (Tables 5 and 6; Figure 1). Eight samples were examined for each treatment. For 
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b* (blueness/yellowness), there was no significant difference between the no rinse and all other 

sanitizer treatments at each storage duration, but overall samples after 24 h and 7 d were less 

yellow than samples at 0 h. L* (light/dark) and a* (red/green) were impacted by the various 

sanitizer treatments. From 0 h to 24 h, samples treated with the three pelargonic acid treatments 

dropped an average of 8.84 L* units more than DI water, chlorine, and PAA, which dropped an 

average of only 2.00 L* units. For a* between 0 h to 24 h, samples treated with the three 

pelargonic acid treatments became significantly redder than samples treated with DI water, 

chlorine, and PAA. The Pel 7.5 treated samples were less red after 24 h of storage when 

compared to the Pel 30 and Pel 50 samples, but after 7 d there was no difference among the 

redness of samples treated with pelargonic acid at any concentration.  

Effect of treatments on romaine lettuce texture 

There was no interaction due to any of the sanitizer treatments or storage durations on the 

skin strength (N) of treated lettuce samples. The effect of sanitizer treatments on the skin 

elasticity (mm) of treated romaine lettuce samples were compared against the no rinse and DI 

water treatments (Table 7). Eight samples were examined for each sanitizer treatment (n=8). 

While there are varying differences in skin elasticity between the samples of the different 

sanitizer treatments, the pelargonic acid sanitizers resulted in more skin elasticity than the non-

pelargonic acid sanitizer treatments (excluding the no rinse). Overall, the 7 d samples showed 

less elasticity that samples from 0 h and 24 h with skin elasticity decreasing by an average of 1.4 

mm from 24 h to 7 d of storage.  
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CHAPTER 5 

DISCUSSION 

Wash water  

Harvest and packing practices vary substantially depending on lettuce variety, growing 

region, buyer requirements, operation, and other factors (FDA, 2006). Many operations field 

pack heads of lettuce, cool using forced air, and ship directly to the consumer without washing. 

The no rinse lettuce samples in the current study represented lettuce handled in this manner, 

where a contamination event (i.e. wildlife intrusion, contaminated irrigation water, etc.) may 

introduce pathogens to the produce surface, which in turn reaches the consumer due to no 

intervention step (Coleman & Maynard, 2014; Penn State Extension, 2019). Other operations 

that include packinghouses or fresh cut facilities, may process lettuce heads or chopped lettuce 

by washing using recirculated water from a spray bar system or flume (Coleman & Maynard, 

2014; Penn State Extension, 2019). This recirculating system was demonstrated by introducing 

the SUS lettuce to the used water and examining cross-contamination.  

The SUS lettuce washed in DI water alone experienced greater cross-contamination than 

SUS lettuce washed in sanitizer treatments. The findings of Rana et al. (2010) reflect our results 

as they demonstrated that washing tomatoes contaminated with Salmonella with water lacking 

sanitizer led to uniform contamination of uninoculated tomatoes in a wash system. Additionally, 

Aixia, Pahl, Buchanan, and Micallef (2015) found that washing leafy greens in dump tanks 

without sanitizer led to increases in microbial indicator organisms. In further discussions with 
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farmers, they determined that not using sanitizers was due to perceptions that using good quality 

water in their operation was sufficient, and was not a result of cost-saving decisions. While using 

high quality water with undetectable levels of E. coli is mandated by law (Penn State Extension, 

2019), these studies demonstrate the importance of utilizing effective sanitizers and maintaining 

adequate sanitizer levels in recirculating wash water. 

Chlorine and PAA  

Chlorine and PAA are used by growers as key components of good agricultural practices, 

and both have been extensively studied in postharvest wash water against foodborne pathogens 

on different commodities (Allwood, Malik, Hedberg, & Goyal, 2004; Beuchat, 1999; Brackett, 

1987; Delaquis, Stewart, Cazaux, & Toivonen, 2002; Lapidot et al., 2006; Lukasik et al., 2003; 

Oh, Dancer, & Kang, 2005; Rodgers, Cash, Siddiq, & Ryser, 2004; Sapers, Miller, & Mattrazzo, 

1999; Shirron et al., 2009; Wisniewsky, Glatz, Gleason, & Reitmeier, 2000; Yuk, Bartz, & 

Schneider, 2005, 2006; S. Zhang & Farher, 1996; Zhuang, Beuchat, & Angulo, 1995). The 

chlorine and PAA findings in the current study support results of previous studies and provided a 

baseline against which the effectiveness of the novel pelargonic acid treatments could be 

compared. In the current study, E. coli O157:H7 cross-contamination was effectively reduced by 

chlorine and PAA, as recovery of only 1.00 and 1.27 log CFU/g occurred from the SUS samples 

across the three storage durations. However, neither chlorine nor PAA effectively removed 

attached E. coli O157:H7 from the lettuce surface. The results from this study are comparable to 

the findings of Beuchat, Adler, and Lang (2004) that determined a spray treatment of 200 ppm 

chlorine was not effective in eliminating viable E. coli O157:H7 cells. Additionally,  Rodgers et 

al. (2004) found that after treatment with 200 ppm chlorine, 1 log E. coli O157:H7 was found on 
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shredded lettuce up to 9 days of storage at refrigeration temperature. They found similar results 

using an 80 ppm PAA solution with 1.5 log E. coli remaining on shredded lettuce.  

Pelargonic acid treatments reduce E. coli O157:H7 on the lettuce surface and cross-

contamination 

Of the three pelargonic acid treatments examined in this study, Pel 30 and Pel 50 

performed similarly to chlorine and PAA for controlling cross-contamination but performed 

better for reducing E. coli O157:H7 on inoculated lettuce samples. This is in agreement with 

previous work done by White (2020) that found that pelargonic acid treatments at 30 mM and 50 

mM were more effective than both chlorine and PAA at removing Salmonella from inoculated 

tomatoes. Similarly to this study, White (2020) also found that the 30 mM and 50 mM pelargonic 

acid-based sanitizers tested controlled cross-contamination comparably to chlorine and PAA at 

200 ppm and 80 ppm, respectively. While White (2020) suggested that a concentration of 

pelargonic acid lower than 30 mM could provide benefit for use on fresh produce, the lower 

pelargonic acid concentration treatment in this study, Pel 7.5, did not exhibit benefits surpassing 

chlorine and PAA until after 7 d of storage where there was a reduction of E. coli O157:H7 that 

was greater than both chlorine and PAA.  

Impact of organic load on sanitizers   

There was no interaction of OL with any of the sanitizer treatments tested in this study. 

These findings are contradictory to many sources as chlorine is known to be highly susceptible to 

organic matter (Fukuzaki, 2006; Pizzi, 2005; CDC, 2008a; USDA, 2011). Additionally, a study 

by Dunn et al. (2019) examining essential oil-based sanitizers found that the effectiveness of 

both chlorine and clove-bud oil sanitizers were reduced by the presence of 1% OL, but that 
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thyme oil was not impacted by OL presence. Y. Zhang et al. (2016) found that neither 2% nor 

5% OL had an impact on thyme oil. One potential reason that the OL in our study had no 

interaction with any of the sanitizer treatments tested is that the level of OL used may have been 

insufficient. Based upon the OL concentrations used by Dunn et al. (2019) and Y. Zhang et al. 

(2016) raising the OL level from 0.5% to 1.0% or potentially higher (2-5%) could result in a 

notable impact. A second potential reason is the source of the OL used as this study, pureed 

romaine lettuce. Pureed produce is commonly used in studies aiming to introduce OL to a system 

(Dunn et al., 2019; Y. Zhang et al., 2016). Additionally, in an experiment comparing 200, 500, 

and 2000 ppm chlorine against Salmonella-inoculated cantaloupe, Beuchat and Ryu (1997) 

suggested that the high level of organic matter in the juice released from cut cantaloupe tissue 

was able to neutralize chlorine before it could affect Salmonella.. Gomez-Lopez et al. (2014) 

observed in a study using spinach that organic matter increased the chlorine demand, but the 

results by Luo et al. (2011) suggest that organic matter from dust and soil (spinach study) 

quenched chlorine more than organic matter from tissue exudates (lettuce study).  

Pelargonic acid effect on plant tissue 

As seen in Figure 1, the pelargonic acid-based sanitizer treatments induced significant 

color changes on the plant tissues while the chlorine and PAA did not. These changes reflect the 

foliar, herbicidal action of pelargonic acid as portions of the lettuce samples exposed to the 

pelargonic acid-based sanitizer treatments were altered while parts untouched by the sanitizer 

treatments remained unchanged (Ciriminna et al., 2019; Fukuda et al., 2004; Lederer et al., 2004; 

Nichols et al., 2004; USDA, 2015). These observations are similar to those found by Lederer et 

al. (2004) and Fukuda et al. (2004). Lederer et al. (2004) measured membrane leakage in cress 

and tobacco seedlings that were treated with pelargonic acid and after testing the effects of 
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pelargonic acid on crabgrass, cucumber, velvetleat, and tobacco plants Fukuda et al. (2004) 

suggested that middle chain fatty acids caused severe damage to cell membranes and thylakoid 

membranes of treated leaves. These studies highlight the structural breakdown caused by 

pelargonic acid on plant tissues.  

Samples treated with pelargonic acid generally exhibited more skin elasticity than the 

other sanitizer treatments (Table 7), with the exception the no rinse treatment. The no rinse 

treatment used in this study was not an effective baseline of skin elasticity because the no rinse 

samples were not submerged in water whereas all other sanitizer treatment samples were, thus 

there was no benefit of increased turgor pressure (Vogler, Burri, Nelson, & Grossniklaus, 2020; 

D. Zhang & Zhang, 2020). The skin elasticities of the samples treated with pelargonic acid was 

greater than the other sanitizer treatments because the pelargonic acid caused tissue breakdown 

and less rigid structure of the lettuce leaves.  

Beuchat (2002) found that bruised or cut plant tissues release nutrient-rich fluid that can 

enhance the growth of naturally occurring microflora or pathogens. This supports the TSA SUS 

results (Table 4) that indicated an approximately 4 log CFU/g increase in aerobic bacteria 

between 0 h and 7 d for Pel 30 and Pel 50 samples, while aerobic bacterial populations recovered 

from water and chlorine treated samples were not significantly different between the two storage 

durations. Additionally, the populations recovered from Pel 30 and Pel 50 treated samples are ≤ 

1.5 log CFU/g at 0 h, indicating that the bacterial populations are severely decreased initially by 

the pelargonic acid, but over time the degraded tissues appear to promote bacterial growth.  
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Storage implications 

The incorporation of antimicrobials into the formulations of edible films and coatings 

allows for continuous antimicrobial action or a gradual release of antimicrobial substances 

(Campos, Gerschenson, & Flores, 2011). Based upon the target pathogen, commodity, and other 

components in the film there are a variety of potential options available for the development of 

edible films with antimicrobial properties, a couple of which are mentioned here. Beverlya, 

Janes, Prinyawiwatkula, and No (2008) achieved 2-3 log CFU/g reductions more of Listeria 

monocytogenes than control samples after 14 days by utilizing a chitosan edible film dissolved 

with acetic acid on ready to eat roast beef. Additionally, Zhu et al. (2014) measured effective, 

while varying, log reductions of Salmonella Newport on multiple leafy greens by utilizing apple, 

carrot, and hibiscus edible films containing the antimicrobials carvacrol and cinnamaldehyde. 

Like some edible coatings, the pelargonic acid sanitizer treatments used in this study showed 

continuous action against E. coli O157:H7 over the three storage durations. Prior to adopting a 

coating as a viable solution, Campos et al. (2011) suggest that producers consider the 

effectiveness against the target microorganism against possible interactions with the food and its 

components. The continuous antimicrobial action against E. coli O157:H7 is promising, but the 

pelargonic acid sanitizer treatments did cause extensive color changes and increased aerobic 

microbial growth on 7 d samples. Pelargonic acid could be a valuable ingredient in the 

formulation of edible films. The inclusion of an additional ingredient to neutralize the phytotoxic 

effects of pelargonic acid on plant tissue could support an effective antimicrobial film without 

the negative impact on plant tissue.  
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Potential uses for pelargonic acid 

 Sofos et al. (1998) note that naturally occurring antimicrobials should be economical, 

effective, and not cause sensory changes in food. Sensory changes in a food can deter consumers 

from the initial purchase of an item. Over the three storage durations, pelargonic acid-based 

sanitizer treatments used in this study performed better against E. coli O157:H7 than both 

chlorine and PAA, but caused significant sensory changes to the romaine lettuce tested. White 

(2020) found similar results; where pelargonic acid-based sanitizer treatments were more 

effective than chlorine and PAA against Salmonella, but negatively impacted tomato quality.  

 Pelargonic acid-based sanitizers show potential against pathogens, and use on less fragile 

commodities, non-produce foods, or surfaces may be particularly viable. One such food is dry 

pet food. Multiple outbreaks of Salmonellosis have been linked to dry pet food (CDC, 2008b, 

2012). Because Salmonella does not survive the extrusion process during the production of dry 

pet food, contamination typically occurs post-extrusion. In a study by Chen, Yin, Upadhayay, 

Brown, and Venkitanarayanan (2019) post-extrusion spray treatments with plant-derived 

antimicrobials showed potential to reduce S. Scharzengrund on dry pet food. Pelargonic acid 

could be examined similarly, or potentially be included in formation. Additionally, Dev Kumar 

et al. (2020) found that surfactant type and concentration play an important role in the 

antimicrobial efficacy of pelargonic acid emulsions, indicating that if pelargonic acid with one 

tested surfactant is not optimal on a particular commodity or surface the testing of an another 

surfactant on the same commodity or surface could result in improved efficacy.  
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Conclusion 

 Sanitizers are a vital component to ensure the safety of the food supply, especially in 

today’s complex supply chain. While commonly used sanitizers are effective for cross-

contamination control, they are insufficient in inactivating E. coli O157:H7 attached to the 

surface of produce. The pelargonic acid sanitizers tested in this study were both effective against 

E. coli O157:H7 attached to the surface of romaine lettuce and reduced cross-contamination 

within the simulated wash system. Additionally, treatment with the pelargonic acid sanitizers 

showed continuous antimicrobial action during storage. These results indicate that the tested 

sanitizers are promising and have many potential applications in industry such as being an 

ingredient in postharvest washes or sprays and being incorporated into edible coatings as an 

antimicrobial. Future work is necessary to elucidate the potential uses of pelargonic acid.  
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Table 1: Effect of the interaction of sanitizer and storage duration, average of DI water and no 

rinse per storage duration, and orthogonal contrasts for inoculated samples on TSARN.  

 Storage duration 

0 h 24 h 7 d 

Sanitizer log CFU/g 

200 ppm Chlorine 5.6 a† A‡ 5.0 a B 4.4 b C 

80 ppm PAA 5.5 a A 5.1 a AB 4.9 a B 

Pel 7.5 5.6 a A 4.7 a B 3.1 c C 

Pel 30 5.0 b A 3.1 b B 1.1 d C 

Pel 50 4.2 c A 3.1 b B 1.1 d C 

No treatment    
DI Water 6.93 6.96 6.64 

No rinse 7.39 7.36 7.21 

Contrasts    
Sanitizer vs DI Water    
200 ppm Chlorine x DI Water ** ** ** 

80 ppm PAA x DI Water ** ** ** 

Pel 7.5 x DI Water ** ** *** 

Pel 30 x DI Water *** *** *** 

Pel 50 x DI Water *** *** *** 

Sanitizer vs No rinse    
200 ppm Chlorine x No rinse ** ** ** 

80 ppm PAA x No rinse ** ** ** 

Pel 7.5 x No rinse ** ** *** 

Pel 30 x No rinse *** *** *** 

Pel 50 x No rinse *** *** *** 

No treatment    
DI Water x No rinse ns ns ns 

† Values followed by similar lowercase letter indicate no significant differences (p  0.05) 

among sanitizer treatments (rows) within storage duration (columns). 
‡ Values followed by similar uppercase letter indicate no significant differences (p  0.05) 

among storage duration (columns) within sanitizer treatments (rows). 

ns, *, **, *** nonsignificant, or significant at p  0.05, 0.01, 0.001, respectively. 
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Table 2: Effect of the interaction of sanitizer and storage duration, average of water and no rinse 

per storage duration, and orthogonal contrasts for inoculated samples on TSA.  

 Storage duration 

0 h 24 h 7 d 

Sanitizer log CFU/g 

200 ppm Chlorine 5.63 a† A‡ 4.92 a B 4.37 c B 

80 ppm PAA 5.57 a A 5.21 a A 5.24 ab A 

Pel7.5 5.68 a A 4.72 a B 4.91 bc B 

Pel30 4.90 b B 3.75 b C 5.83 a A 

Pel50 4.25 b B 3.77 b B 5.30 ab A 

No treatment    
DI Water 6.99 6.92 6.93 

No rinse 7.39 7.34 7.20 

Contrasts    
Sanitizer vs Water    
200 ppm Chlorine x DI Water ** ** *** 

80 ppm PAA x DI Water * * *** 

Pel 7.5 x DI Water *** *** *** 

Pel 30 x DI Water *** *** ** 

Pel 50 x DI Water *** *** ** 

Sanitizer vs No rinse    
200 ppm Chlorine x No rinse ** ** *** 

80 ppm PAA x No rinse ** ** *** 

Pel 7.5 x No rinse *** *** ** 

Pel 30 x No rinse *** *** ** 

Pel 50 x No rinse *** *** ** 

No treatment    
DI Water x No rinse ns ns ns 

† Values followed by similar lowercase letter indicate no significant differences (p  0.05) 

among sanitizer treatments (rows) within storage duration (columns). 
‡ Values followed by similar uppercase letter indicate no significant differences (p  0.05) 

among storage duration (columns) within sanitizer treatments (rows). 

ns, *, **, *** nonsignificant, or significant at p  0.05, 0.01, 0.001, respectively. 
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Table 3: Effect of the interaction of sanitizer and storage duration, average of water per storage 

duration, and orthogonal contrasts for SUS on TSARN.  

  
Storage duration 

0 h 24 h 7 d 

Sanitizer log CFU/g 

200 ppm Chlorine 1.25 ab† A‡ 1.27 ab A 1.06 a B 

80 ppm PAA 1.01 b A 1.00 b A 1.03 a A 

Pel 7.5 1.51 a A 1.54 a A 1.00 a B 

Pel 30 1.00 b A 1.20 b A 1.02 a A 

Pel 50 1.00 b A 1.00 b A 1.06 a A 

No treatment    
DI Water 4.97 4.93 4.56 

    
Contrasts    
Sanitizer vs Water    

200 ppm Chlorine x DI Water *** *** *** 

80 ppm PAA x DI Water *** *** *** 

Pel 7.5 x DI Water *** *** *** 

Pel 30 x DI Water *** *** *** 

Pel 50 x DI Water *** *** *** 
† Values followed by similar lowercase letter indicate no significant differences (p  0.05) 

among sanitizer treatments (rows) within storage duration (columns). 
‡ Values followed by similar uppercase letter indicate no significant differences (p  0.05) 

among storage duration (columns) within sanitizer treatments (rows). 

ns, *, **, *** nonsignificant, or significant at p  0.05, 0.01, 0.001, respectively. 
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Table 4: Effect of the interaction of sanitizer and storage duration, average of water per storage 

duration, and orthogonal contrasts for SUS on TSA. 

  
Storage duration 

0 h 24 h 7 d 

Sanitizer log CFU/g 

200 ppm Chlorine 2.61 ab† AB‡ 2.94 b A 2.42 c B 

80 ppm PAA 2.29 b B 3.50 ab AB 4.01 b A 

Pel 7.5 3.05 a B 3.24 ab B 4.44 b A 

Pel 30 1.53 c C 3.62 a B 5.66 a A 

Pel 50 1.10 c C 3.31 ab B 5.25 a A 

No treatment    
DI Water 4.98 5.13 5.7 

    
Contrasts    
Sanitizer vs Water    
200 ppm Chlorine x DI Water *** *** *** 

80 ppm PAA x DI Water *** *** * 

Pel 7.5 x DI Water *** *** * 

Pel 30 x DI Water *** *** ns 

Pel 50 x DI Water *** *** ns 
† Values followed by similar lowercase letter indicate no significant differences (p  0.05) 

among sanitizer treatments (rows) within storage duration (columns). 
‡ Values followed by similar uppercase letter indicate no significant differences (p  0.05) 

among storage duration (columns) within sanitizer treatments (rows). 

ns, *, **, *** nonsignificant, or significant at p  0.05, 0.01, 0.001, respectively. 
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Table 5: Effect of the interaction of sanitizer treatments plus water and no rinse and storage 

duration on L* and a*. 

Treatment 

Storage duration 

0 h 24 h 7 d 

 L* 

200 ppm 

Chlorine 46.5 bc† A‡ 46.1 ab A 47.0 a A 

80 ppm 

PAA 50.1 b A 44.7 b B 47.7 a AB 

Pel 7.5 46.3 bc A 36.9 c B 37.5 b B 

Pel 30 44.8 c A 36.9 c B 36.9 b B 

Pel 50 44.4 c A 35.2 c B 35.9 b B 

DI Water 49.2 bc A 48.99 ab A 50.3 a A 

No Rinse 55.5 a A 50.0 a B 50.9 a B 

       

 a* 

200 ppm 

Chlorine -8.22 b† B‡ -6.71 c A -6.49 b A 

80 ppm 

PAA -7.83 ab A -6.85 c A -6.83 b A 

Pel 7.5 -7.90 ab C 1.22 b B 2.47 a A 

Pel 30 -6.87 a B 2.54 ab A 2.66 a A 

Pel 50 -6.66 a B 2.84 a A 2.42 a A 

DI Water -7.65 ab A -6.77 c A -6.86 b A 

No Rinse -6.97 ab A -6.35 c A -6.33 b A 
† Values followed by similar lowercase letter indicate no significant differences (p  0.05) 

among treatments (rows) within storage duration (columns). 
‡ Values followed by similar uppercase letter indicate no significant differences (p  0.05) 

among storage duration (columns) within treatments (rows). 
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Table 6: Main effect of treatment and storage duration on b*. 

Effect b* 

Treatment   
200 ppm Chlorine 14.9 ab† 

80 ppm PAA 16.2 a 

Pel 7.5 12.7 b 

Pel 30 14.3 ab 

Pel 50 14.6 ab 

DI Water 15.5 a 

No Rinse 15.1 ab 

   
Storage duration   

0 h 16.9 a 

24 h 13.8 b 

7 d 13.5 b 
† Values followed by similar lowercase letter indicate no significant differences (p  0.05) 

among treatments. 
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Table 7: Main effect of treatment and storage duration on skin elasticity (mm). 

Effect Skin elasticity (mm) 

Treatment   
200 ppm Chlorine 6.9 d† 

80 ppm PAA 7.9 bcd 

Pel 7.5 10.0 ab 

Pel 30 10.8 a 

Pel 50 9.7 abc 

DI Water 7.5 cd 

No Rinse 9.6 abc 

   
Storage duration   

0 h 10.2 a 

24 h 9.0 a 

7 d 7.6 b 
† Values followed by similar lowercase letter indicate no significant differences (p  0.05) 

among treatments. 
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Figure 1: Romaine lettuce samples post-treatment of a) 0 h no rinse, b) 0 h DI water, c) 0 h 200 

ppm chlorine, d) 0 h 80 ppm PAA, e) 0 h 7.5 mM pelargonic acid, f) 0 h 30 mM pelargonic acid, 

g) 0 h 50 mM pelargonic acid, h) 24 h no rinse, i) 24 h DI water, j) 24 h 200 ppm chlorine, k) 24 

h 80 ppm PAA, l) 24 h 7.5 mM pelargonic acid, m) 24 h 30 mM pelargonic acid, n) 24 h 50 mM 

pelargonic acid, o) 7 d no rinse, p) 7 d DI water, q) 7 d 200 ppm chlorine, r) 80 ppm PAA, s) 7.5 

mM pelargonic acid, t) 30 mM pelargonic acid, u) 50 mM pelargonic acid 


