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ABSTRACT 

 

Raw produce has frequently been identified as the source of bacterial pathogens 

that can cause human illnesses, including listeriosis and salmonellosis. Microbial 

pathogens may attach and form biofilms on raw fruit surfaces and can be difficult to 

remove. A cavitation process (formation of bubbles in water) was studied for its 

effectiveness for removal and inactivation of Listeria monocytogenes and Salmonella 

Newport from the surfaces of fresh Roma tomatoes and cantaloupes. 

Individual fruit were separately inoculated with each pathogen, then submerged 

in a water tank and treated with a bubble flow through an air stone using one airflow 

rate (0 – 14 liters/min.) for up to 60 sec.  As air flow increased, pathogen reduction 

increased up to 1.2 log CFU/fruit greater than with water alone (no bubbles).  Additional 

pathogen reduction in the tank water (organisms detached from the fruit) was observed 

with the bubble treatments.  Therefore, these bubble streams can be used to enhance 

the detachment of bacteria from fruit surfaces and to inactivate a proportion of these 

detached microorganisms.   

Additionally, recoveries of Salmonella from inoculated Roma tomatoes and 

cantaloupe were determined for treatment water that contained 50 or 150 ppm sodium 
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hypochlorite.  The combination of cavitation and chlorine resulted in greater efficacy of 

inactivating the pathogen in treatment water, but not in removing this organism from the 

fruit surfaces.  The physical force of a bubble stream on raw produce can effectively 

reduce and inactivate surface bacteria, and has the potential to reduce antimicrobial 

chemical and water use in post-harvest packing operations. 
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the Surface of Fresh Roma Tomatoes and Cantaloupes 

 

Joshua Lee 

PUBLIC ABSTRACT 

 

Every year, one in six Americans will have been affected by a foodborne illness, 

many of which are caused by bacteria found on the surface of fresh fruits and 

vegetables. Most of these bacteria are removed with the help of a water wash with or 

without chlorine added. Nevertheless, microorganisms, including bacterial pathogens, 

may attach and form biofilms on raw fruit surfaces and can be difficult to remove. For 

this research, a cavitation process (formation of bubbles in water) was studied for its 

effectiveness for removal and inactivation of Listeria monocytogenes and Salmonella 

Newport from the surfaces of fresh Roma tomatoes and cantaloupes. 

Individual fruit were separately spiked with each pathogen, then submerged in a 

water tank and treated with a bubble flow through an air stone using one airflow rate (up 

to 14 liters air per minute) for 30 or 60 seconds. As air flow increased, the number of 

bacteria was reduced by up to 94% more bacteria per fruit than when using water alone 

(no bubbles). Additional bacteria reduction in the tank water (organisms detached from 

the fruit) was observed with the bubble treatments. Therefore, these bubble streams 

can be used to enhance the detachment of bacteria from fruit surfaces and to kill or 

injure some of these detached microorganisms.   
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Additionally, recoveries of Salmonella from inoculated Roma tomatoes and 

cantaloupe were determined for treatment water that contained 50 or 150 parts per 

million sodium hypochlorite (chlorine solution). The combination of cavitation bubbles 

and chlorine showed a greater ability for inactivating these bacteria in the tank water, 

but not in removing this organism from the fruit surfaces. The physical force of a bubble 

stream on raw produce can effectively reduce and inactivate surface bacteria, and this 

process could reduce the amount of water or chemicals used to process fresh fruits and 

vegetables, while ensuring that these foods will not cause people to get sick upon 

eating. 
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I. Introduction 

Listeria monocytogenes and Salmonella account for over one million reported 

cases of foodborne illnesses every year (Scallan, et al., 2011). The resultant foodborne 

illnesses, listeriosis and salmonellosis, include vomiting, diarrhea, and possibly death 

(CDC, 2015). Moreover, these illness cases result in high medical costs, including 365 

million dollars a year for Salmonella alone (CDC, 2010). Research pertaining to these 

pathogens is pertinent for the reduction in health care costs, illnesses, and safety of 

consumers.  

A highly common produce item affected by these pathogens is raw tomatoes, 

due to their high volume of consumption (Asplund, 1991). Tomatoes are one of the 

biggest agricultural crops in America, with over 500,000 acres utilized solely for 

tomatoes, consisting of a 2-billion-dollar industry (ERS, 2010). Another produce item, 

cantaloupe, enact an equally challenging problem, not only due to raw consumption, but 

their uniquely irregular surface which may enhance biofilm formation and foodborne 

pathogen survival. Cantaloupes have presented a consistent problem with foodborne 

illnesses, particularly in the past five years, where multiple outbreaks of Salmonella 

have resulted in recalled product (CDC, 2012).  

Foodborne illness caused by L. monocytogenes and Salmonella microorganisms 

could be reduced through additional efforts to prevent these organisms from adhering to 

or surviving on raw food surfaces. In some cases, the physical removal of surface 

bacteria can damage surface textures leading to loss of quality and structural integrity. 

This project will explore both the removal and inactivation of pathogenic microorganisms 

on fruit surfaces through non-inertial cavitation.  
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Within the past three decades, cavitation as a treatment methodology for the 

removal of bacteria has become more common, but more so in the fields of dentistry 

and orthodontics. Cavitation processes include ultrasound and sonication methods to 

destroy microbial populations on teeth (Marotti, 2013).  However, the effects of 

cavitation have been studied for many known and studied for many years including 

where the collapse of rapidly-moving bubbles in water led to the disintegration of rocks 

in waterfalls, and metal propellers in ships and submarines (Rayleigh, 1917; Birkhoff, 

1957).  

While ultrasound and sonication processes have shown promise for pathogen 

reduction on foods or in food processes, the generation of excess heat and negative 

effects on sensory quality has rendered the research difficult to apply in the food 

industry (Jambrak, et al., 2008). This project will use of an airflow passed through a 

porous air stone to generate bubbles via non-inertial cavitation.  

 The objectives of this research are 1) To determine if cavitation bubbles enhance 

the removal or inactivation of inoculated Listeria monocytogenes and Salmonella from 

the surface of fresh Roma tomatoes or cantaloupe; 2) To determine if cavitation bubbles 

enhance the transfer of Listeria monocytogenes and Salmonella from the surface of 

inoculated fresh Roma tomatoes or cantaloupe to the surface of uninoculated fruit; and 

3) To compare the efficacy of a chlorine sanitizer solution to cavitation bubbles for the 

removal or inactivation of inoculated Listeria monocytogenes and Salmonella from the 

surface of fresh Roma tomatoes or cantaloupe. This comparison can provides a safe 

benchmark for sanitation efficacy, while minimizing an effective concentration of 

chlorine.    



3 
  

II. Literature Review 

 

1. Microbial Pathogens on Raw Produce 

Recently, there is a clear trend towards eating more fresh produce items, such as 

fruits and vegetables, primarily due to a greater knowledge of nutrition and health 

(Produce for Better Health Foundation, 2015). However, the consumption of fruits and 

vegetables are often raw, which have higher risk of consuming foodborne pathogens. 

(Burnett et al., 2000). Heat is considered to be the most effective method of pathogen 

inactivation, and certainly the most common in history through pasteurization or 

sterilization (Lado et al., 2002). But, due to consumer demands for fresh fruits and 

vegetables, alternatives to heat processes must be determined. Moreover, recent 

research showing that excessive heat treatment can reduce nutrition, as well as cause 

undesirable sensory changes, further propagate non-thermal methods for pathogenic 

removal or inactivation on industrial scales (Meng, 2002). Since consumer expect 

visually appealing products, cleaning processes must be gentle and minimal. Thus, this 

minimized cleaning leads to higher pathogenic populations on the surface of fresh 

produce. Two of the highest pathogenic risks include Listeria and Salmonella and 

contamination can take place at any step of food processing, including planting, 

growing, and harvesting (Beuchat, 2002).  

 

2. Listeria monocytogenes 

Though Listeria monocytogenes were first discovered in 1890 in patients afflicted 

by listeriosis, the first comprehensive study of Listeria monocytogenes was published 
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in1966 by Mitchell Gray and Arden Killinger (Gray and Killinger, 1996).  Since then, 

Listeria monocytogenes have received much more in-depth research of its 

characteristics, effects, and varying serotypes. L. monocytogenes is a gram-positive, 

non-sporeforming organism, which is facultatively anaerobic, allowing growth both in the 

presence and absence of oxygen (Farber, 1991). A particularly dangerous aspect of L. 

monocytogenes is its ability to grow in a wide range of temperatures, particularly 

refrigeration temperatures. L. monocytogenes have been documented to grow in 

temperatures as low as -2°C (Walker et al., 1990). On the other extreme, L. 

monocytogenes have been found to grow at temperatures of 35°C (Tienungoon et al., 

2000). 

Other characteristics that allow L. monocytogenes greater survival are its ability 

to grow in lower pH conditions than other major foodborne pathogens. L. 

monocytogenes have been documented to survive in pH of 4.1 in otherwise ideal 

conditions. Moreover, L. monocytogenes have been noted to grow especially well in 

environments with high salt concentrations (Cole et al., 1990). Lastly, L. monocytogenes 

are intensely competitive organisms in microflora communities. This is theorized to be 

due to L. monocytogenes’ ability to acquire and delete multiple genes depending on the 

environment it is established (Glaser et al., 2001). Once present, L. monocytogenes 

have the ability to outcompete other organisms for nutrients and space, allowing L. 

monocytogenes populations to flourish on the surface of foods or food-contact surfaces 

(Leverentz et al., 2006).  

 These characteristics make L. monocytogenes extremely ubiquitous in the 

natural environment, as well as processing facilities, food packages, and food surfaces. 
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On farming environments, L. monocytogenes are commonly found in fecal matter, 

animal feed, soil, and water. A large-scale project testing over 40 samples in each of 50 

different farms in the United States showed that 20.1% of all samples were 

contaminated with L. monocytogenes. In farms with animals, such as cattle, goats, and 

sheep, the percent positive samples reached 38.5% (Nightingale et al., 2004). This 

organism is also prevalent on the hide, mouth, and skin of animals, such as cattle or 

poultry. A study by Skovgaard and Morgen (1988) found L. monocytogenes 

contamination of feed and fecal samples of cattle farms of 61% and 51%, respectively.  

In food processing plants, L. monocytogenes often thrive, despite consistent 

cleaning, due to its ability to grow in so many varied environments. Most commonly, L. 

monocytogenes were discovered in standing water, drains, factory residues, and food-

contact surfaces (Cox et al., 1989). Since it is difficult to clean every surface from floor 

to ceiling in a large food-processing plant, small populations of L. monocytogenes are 

often detected through sampling. In food processing plants, these surfaces are 

frequently stainless steel, which afford the ability for variegated cleaning measures. 

However, L. monocytogenes have been consistently discovered on stainless steel 

surfaces despite varying temperatures and sanitizer treatments of differing pH values 

(Herald and Zottola, 1988). Lastly, in packaged foods, L. monocytogenes have been 

found to survive in a variety of packaged foods, including meats, poultries, ready-to-eat 

foods, and raw fruits and vegetables packaged for consumer purchase (Ming et al., 

2006).  

The prevalence and virulence of L. monocytogenes in a variety of environments, 

ultimately lead to ingestion by humans or animals, which can cause listeriosis. In 
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humans, listeriosis can cause a number of symptoms, including diarrhea, vomiting, 

meningitis, and encephalitis. Moreover, listeriosis has an extremely high mortality rate in 

humans, documented at 30-50% (Low, 1997). Lastly, listeriosis is perhaps most 

dangerous in pregnant women, where spontaneous abortion, stillbirth, or infection of the 

newborn is possible (Seeliger and Finger, 1983).  

 

3. Salmonella  

 Salmonella is a motile, non-sporeforming, gram-negative bacterium, which is 

facultatively anaerobic (Food and Drug Administration, 2013). Similar to L. 

monocytogenes, Salmonella can survive in a wide range of temperatures, roughly 2°C 

to 47°C, as well as in a wide range of salinity in its environment (Pui et al., 2011). 

Salmonella have been observed to employ an acid tolerance response, where 

Salmonella grown at pH 7, then placed into a mildly acidic environment of pH 5.5, were 

found to be 100 to 1000 times more resistant to extremely acidic environments of pH 

3.3 than Salmonella organisms transferred directly from pH 7 to pH 3.3 environments 

(Foster and Hall, 1990). This ability to adapt to differing levels of acidity adds an 

effective facet to Salmonella organisms’ ability to remain ubiquitous in starkly different 

environments. 

Another unique aspect of Salmonella is its ability to survive in very low moisture 

environments. Most notably, outbreaks of Salmonella have been documented in low-

moisture foods, such as peanut butter, chocolate, and infant formula (Podolak et al., 

2010). One theory suggests that Salmonella are able to survive in low-moisture foods 

due to fat content, of which foods like peanut butter and chocolates contain high 
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amounts of fat. This may also protect Salmonella from heat treatments (Burnett et al., 

2000). Lastly, Salmonella have been discovered to contain genes that enhance the 

invasion and propagation of animal cells, which, in turn, also provide resistance against 

the host’s microbiocidal products (Winfield and Groisman, 2003). 

 Salmonella spend the majority of their life in the intestines of animals, as part of 

the indigenous microflora community (Lawley et al., 2008). Animals, such as cattle, then 

secrete Salmonella through its feces, which can enter and survive in soil for many 

weeks (Zibilske and Weaver, 1978). Once in the soil, cross contamination occurs, 

whether through food consumption or transport via animals, humans, or machinery. Like 

L. monocytogenes, Salmonella can survive up to a week on dry, stainless steel 

surfaces, most commonly found in food-processing plants (Kusumaningrum et al., 

2003). It is often in these plants where cross contamination occurs, particularly in meat 

industries, namely poultry. In study sampling 60 different raw poultry products in butcher 

shops, 60% were found to be contaminated with Salmonella (Antunes et al., 2003).  

 Upon ingestion of Salmonella contaminated products, salmonellosis afflicts the 

host. While certainly not as fatal as listeriosis, salmonellosis can cause gastroenteritis, 

bacteremia, and infection (Acheson and Hohmann, 2001). However, in immune-

compromised individuals, the elderly, and infant populations, the mortality rate is 

significantly higher (Gomez et al., 1996). 

 

4. Steps of Possible Contamination 

The harvest, processing and packing of raw fruits and vegetables exposes these 

foods to the risk of contamination from pathogens. According to the United States Food 
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and Drug Administration’s Good Agricultural Practices, there are five relevant areas to 

be especially mindful (FDA, 1998). First, is high water quality, as contaminated water 

can spread to all of the fields. The FDA recommends water from deep sources, like 

wells, and regular testing of the water supply for microorganisms (FDA, 1998). Second, 

manure management must be planned, as untreated manure harbors high loads of 

pathogens. Third, workers in the field must be aware of common infectious signs, 

practice good hygiene, and be trained in proper handling of foods (Michaels et al., 

2004). Fourth, sanitation stations must be provided by the plant in accordance with the 

Occupational Safety and Health Act (FDA, 1998). This includes the proper number of 

well-stocked facilities over distance and number of workers, and training for proper use. 

Lastly, field sanitation practices are strongly recommended. This includes cleaning and 

sanitation of transportation bins, equipment, packing and storage areas, and boundaries 

preventing pests or wildlife from contaminating fields. A survey of farms across the 

United States showed that farms employing consistent sanitation processes were found 

to have lower incidences of contaminated samples than farms that did not (Rodriguez et 

al., 2006). However, a primary reason the complete removal or inactivation of foodborne 

pathogens on fresh produce remains a distinct challenge is due to the nature of 

pathogens becoming embedded in biofilms on surfaces (Carpentier, 1993). 

 Biofilms are characterized by formation via aggregated microorganism colonies, 

which can eventually form to protect bacteria, while also providing nutrients for 

continuous growth (Chmielewski, 2003). Moreover, biofilm can spread onto food 

processing equipment, storage surfaces, and transport containers, further 

contaminating other produce items (Blackman, 1996). Many well-known pathogens, 
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such as Listeria and Salmonella have been known to thrive in biofilms on the surface of 

fresh produce. In addition, some studies show that both Listeria and Salmonella biofilms 

are especially resistant to sanitation treatments effective against other pathogens (Pan, 

2006; Joseph, 2001). 

 

5. Tomatoes 

 Roma Tomato consumption in the United States has been increasing over the 

past few decades, recently reaching 80 tons, as it is utilized in a variety of cuisines, as 

well as providing nutrients and vitamins to consumers (Arizona University, 2010). In the 

United States, tomatoes are second most consumed vegetable, and the state of Virginia 

is the fourth highest producer of tomatoes (Dan, 2016). The Roma tomato (Solanum 

lycopersicum syn. Lycopersicon esculentum) is an oval shaped fruit, with a smooth 

surface and red color when ripe.  

 In the past few decades, tomatoes have consistently been associated with 

contamination by Salmonella, often resulting in multi-state outbreaks, and numerous 

illnesses. Tomatoes can be contaminated by pathogens through a variety of ways. In a 

study of tomatoes and Salmonella contamination, it has been shown that Salmonella 

enterica can contaminate the tomato fruit through direct root contact or direct flower 

inoculation (Barak and Liang, 2008). Moreover, Guo et al. (2001) have shown that 

contamination can occur through the stem scar post-harvest.  

 In 2004, one of the largest outbreaks of Salmonella through tomatoes took place 

in the United States, ultimately spreading to Canada as well. The outbreak affected 18 

states, 1 Canadian province, and 561 illnesses (CDC, 2005). In a comprehensive study 
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from 1990-2010, researchers found that outbreaks associated with raw tomatoes 

resulted in 1959 illnesses in the United States, with 384 hospitalizations, and 3 deaths. 

Roma tomatoes were the second most common produce item, accounting for 23% of 

outbreaks (Bennett et al., 2015). Most recently, a burrito restaurant chain in Minnesota 

was found to have been the source of an outbreak of Salmonella Newport contaminated 

tomatoes, resulting in 115 cases reported of salmonellosis (Eikmeier, 2016).  

 Tomatoes undergo a washing process in the processing plant once delivered 

from the field. Most often, tomatoes pass through a flume system, which wash away 

large amounts of debris, such as soil or rocks, followed by treatment with a commercial 

sanitizer. Most commercial sanitizers utilize a chemical cleaning agent, such as chlorine 

or organic acids. The process may or may not include brushes or rollers for more 

efficacious cleaning (Wang and Ryser, 2014). 

 

6. Cantaloupe 

 Cantaloupes (Cucumis melo var. reticulus) are the second leading melon for 

consumption in the United States (Boriss et al., 2014). Unlike tomatoes, cantaloupes 

are always eaten raw, and characterized by a rough netted surface. Moreover, the 

cantaloupe produces a natural, waxy substance on its surface, making it more 

hydrophobic, and thus more difficult for water and sanitizer to effectively clean the 

surface of the cantaloupe (Bastos et al., 2005). These factors are critical to biofilm 

formation and have made the topography of the cantaloupe historically difficult to clean. 

The deep grooves and pockets of the cantaloupe surface are visibly clear by the naked 

eye, and especially through topographical modeling (Wang et al., 2009). 
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 As with tomatoes, cantaloupe remains a consistent culprit for pathogen outbreak, 

particularly with L. monocytogenes. Researchers have shown that L. monocytogenes 

are particularly well suited for survival on the surface of cantaloupe, whereas the flesh 

does not aid pathogenic survival as effectively (Martinez et al., 2016). Though 

consumers effectively do not eat the rind, the act of cutting the melon into pieces can 

cause spread of pathogens from the surface into the fruit. Pathogens adhere 

themselves onto the knife, which are then dragged through the flesh, contaminating the 

edible portions (Shearer et al., 2016).  

Large illness outbreaks due to cantaloupe have occurred in the past decade. In 

2011, Jensen Farms was the origin of a 28-state L. monocytogenes outbreak beginning 

in Colorado, resulting in 147 cases, 143 hospitalizations, and 33 deaths (CDC, 2012). 

The following year, another outbreak took place in Kentucky, this time concerning 

Salmonella, where 261 cases were reported, as well as three deaths (Lopez et al., 

2016).  

 Similar to tomatoes, cantaloupes are often placed through a washing system, 

consisting of varying steps, such as a water wash to remove large debris, followed by a 

chemical sanitation wash, most often chlorine or hydrogen peroxide (Ukuku and Fett, 

2002). Despite these treatments, outbreaks still remain common in cantaloupe. 

 

7. Antimicrobial Processes and Chemicals 

 Alternatives to heat treatment are important to ensure safety and maintain quality 

of raw, fresh fruits and vegetables. Several non-thermal processes and antimicrobial 

chemicals are used in the food industry to reduce or prevent pathogens on raw foods. 
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Most commonly, sanitizers such as chlorine, are utilized in the industry to remove or 

inactive pathogens. Other sanitizers, such as organic acids, hydrogen peroxide, and 

ethanol are also utilized in food industries (Beuchat, 1997).  

Chlorine is one of the most commonly used sanitizers in the food industry today. 

Its efficacy has been noted and utilized for a number of decades. Both chlorine as a 

liquid sanitizer and a gas as chlorine dioxide, have been found to be effective. Chlorine 

as a liquid sanitizer has been found to reduce the population of L. monocytogenes at 

log10 reductions of 1.5 - 2 in fresh cut produce at 200ppm (Zhang, 1996). Other research 

shows higher population reductions of L. monocytogenes at higher concentrations, such 

as 2000ppm, and greater agitation methods (Beuchat et al., 1998). Similar results have 

been found for Salmonella inactivation, where chlorine treatment of fresh produce 

resulted in 1-2 log reduction of Salmonella populations (Weissinger, 2000; Zhuang, 

1995; Wei, 1995). Many projects involving the research of tomatoes, have also treated 

produce with chlorine at concentrations of 100 – 200 ppm, which follows common 

industry practice (Bhowmik, 2006; Zhang, 1996; Weissinger, 2000; Cliffe-Byrnes, 2005). 

Further research has been completed on other pathogens, such as E. coli O157:H7, 

with similar results (Singh, 2002). Thus, chlorine serves as an effective sanitation 

method for a variety of pathogens. 

 However, the use of chlorine is becoming more and more criticized. As 

consumers become more interested in chemical-free fruits and vegetables, the use of 

chlorine is becoming less marketable. Moreover, the growing health concerns of 

chlorine, namely the possible formation of chlorinated organic compounds such as 
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chloramines and trihalomethanes, have left consumers wary (Issa-Zacharia et al., 

2010). 

Essential oils also have antimicrobial properties, however, their use may be 

suitable only for certain foods, which either hide the sensory changes, or improve 

sensory aspects in some way (Burt, 2004). Lastly, bacteriocins, or antimicrobial 

peptides or proteins derived from diverse bacterial species, have gained more attention 

due to their efficacy. However, a great number of factors affect the efficacy of 

bacteriocins, including food type, temperature, pH, and oxygen levels. In certain 

conditions, bacteriocins may proliferate pathogens naturally on food surfaces (Galvez et 

al., 2008).  

 One increasingly popular antimicrobial process method is high-pressure 

processing. Since 2000, products undergoing high-pressure processing have increased 

10-fold, mainly used in fruit and vegetable juices, packaged meat products, and cooked 

vegetable products (Huang et al., 2017). However, high-pressure processing harms the 

organoleptic properties of fresh fruits and vegetables, and thus, is not widely used in 

processing raw fruits and vegetables. Finally, irradiation processes for foods are highly 

effective for inactivating microorganisms, but are used on a very limited basis. Though 

reviewed by all major international health organizations as safe, irradiation continues to 

have a consumer hurdle, where the idea of consuming irradiated foods is not widely 

accepted (Farkas and Farkas, 2011).  Thus, apart from chemical sanitizers, most non-

thermal methods have limited scope for fresh fruits and vegetables.  However, 

cavitation, as a non-thermal sanitation process for raw fruits and vegetables has not 

been studied extensively. 
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8. Cavitation Treatment 

 Cavitation refers to the formation of vapor cavities (e.g. bubbles) in a liquid due to 

forces acting upon the liquid. Cavitation usually occurs when a liquid is subjected to 

rapid changes in pressure that cause the formation of cavities. Cavitation was originally 

discovered after metal boat propellers were found to be disintegrated by the bubbles 

generated by the propellers. Undoubtedly, this would be far too powerful for use as 

surface cleaners on fresh produce. However, cavitation can be comprised in two forms: 

non-injected and injected (also known as stable cavitation). The first forms cavitating 

bubbles through a input of high energy, such as high pressure differentials, as shown by 

the destroyed metal boat propellers. Another example is ultrasound treatment, 

employed in dentistry applications, as well as in the food industry. Injected cavitation 

does not require a pressure differential or other high energy inputs, and relies on bubble 

production through injected air (Feng, 2011). Injected cavitation can still produce 

impressive amounts of force, and high-intensity injected cavitation is currently used in 

the food industry to generate emulsions, disrupt cells, promote chemical reactions, 

inhibit enzymes, tenderize meat and modify crystallization processes (McClements, 

1995).  

The difficulties of removing biofilm and lack of non-thermal treatment options 

continue to encourage new sanitation methods, such as cavitation. Ultrasound 

technology utilizes cavitation to mechanically remove microorganisms from surfaces. 

Ultrasound has been well reviewed and used in dentistry and orthodontic applications 

for many years. The production of bubbles by ultrasound occurs through sound waves 
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at high frequencies, above that which humans can hear (McClements, 1995). Cavitation 

from ultrasound has been ubiquitous in standard dentistry cleaning equipment, and is 

highly effective at removing microbial populations in biofilms formed on teeth, in the 

form of plaque (Parini, 2006). More importantly, however, is the efficacy of the cavitation 

of these bubbles on oral biofilm. Similar to biofilm on the surface of produce, oral 

biofilms present the same challenges of difficult removal, and the ability to harbor and 

provide nutrients to harmful microbes. One such microbe is Streptococcus, which can 

cause cavities and illness, such as pneumonia (Patterson, 1994). Research has shown 

that the cavitation of bubbles can remove up to 81% more of Streptococcus populations 

in oral biofilms, when compared to washing with water (Parini, 2006). Thus, cavitation 

as a treatment method for the removal of foodborne pathogens proves promising.  

 Lower intensity injected cavitation is currently used as a pasteurization technique 

in many drink industries, such as juice and diary. In the dairy industry, microbial 

populations are inactivated by bubble generation (Chandrapala, 2012). In addition, 

industry members use similar methods to deactivate enzymes in apple and carrot juice 

(O’Donnell, 2010). Cavitation as a surfactant is still in the early stages of research. 

Promising results have been shown in reducing E. coli on alfalfa seeds (Scouten, 2001). 

Removal of Salmonella on fresh lettuce leaves was extremely effective when ultrasound 

was utilized (Seymour, 2002). This project aims to show the efficacy of low intensity 

injected cavitation as a treatment method to reduce and inactivate surface pathogens 

on fresh produce.  
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9. Chlorine and Cavitation Treatments 

 As effective as chlorine is as a sanitizer, it is repeatedly shown to be much more 

effective when coupled with cavitation. The pathogen removal potential of cavitation, 

along with the added agitation, make cavitation and chlorine an extremely powerful 

agent in removing microbial populations. In an experiment removing Salmonella 

Typhimurium from lettuce leaves, combining chlorine and cavitation was found to be 

roughly twice as effective as using either chlorine or cavitation alone. Treatment with 

chlorine and cavitation removed an average of 2.7 log of Salmonella Typhimurium as 

compared to 1.5 log reduction from cavitation treatment alone and 1.7 log reduction 

from using chlorine alone (Seymour, 2002). Similar results were achieved in removing 

E. coli on fresh lettuce, which reduced pathogenic populations by 2 logs (Piysaena, 

2003). Chlorine wash and cavitation treatment were both used in removing E. coli on 

organic spinach leaves, which increased efficacy by 1.1 log reduction of E. coli, more 

than chlorine alone (Zhou, 2009). Lastly, an experiment using chlorine and cavitation to 

remove Salmonella and E. coli on the surface of fresh apples and lettuce resulted in 

unrecoverable levels of bacteria (Huang, 2006). 
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IV. Materials and Methods 

 

1. Introduction 

 The purpose of this study was to determine the efficacy of cavitation treatment in 

removing or inactivating Listeria monocytogenes and Salmonella Newport from the 

surface of fresh cantaloupe and Roma tomatoes. First, this project examines the air-flow 

rate and time ranges over which an optimum treatment for the removal and inactivation 

of L. monocytogenes and Salmonella Newport from the surface of fresh cantaloupe and 

Roma tomatoes is found. Second, this project determines the potential for cross-

contamination during treatment among fresh Roma tomatoes. Thirdly, this project 

compares cavitation treatments with and without the presence of sodium hypochlorite 

solutions.  Applications of chlorine solutions are the most common method of treating 

fresh produce today (Waters and Hung, 2014).  

  

2. Pathogen Cultivation  

2.1 Listeria monocytogenes 

 The selection of the strains of the foodborne pathogen Listeria monocytogenes 

correlates to those most frequently implicated in foodborne illnesses.  Four strains used 

in this study (subtypes 1/2a, 1/2b, and 4b) were combined into a cocktail in equivalent 

proportions. and used in the study, specifically (FDA/CFSAN, 2003).  

 Listeria monocytogenes strains (serotypes Scott A, 4b-J1815, R2-503, and LM 

0042) were obtained from the culture collection of the Department of Food Science and 

Technology, Virginia Polytechnic Institute and State University. Each strain was 
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separately cultivated in trypticase soy broth supplemented with 0.6% yeast extract 

(TSB-YE) for 36±2 hours at 36±2°C. The culture was transferred twice by a single loop 

inoculation to new tubes of TSB-YE after a 24±2 hour interval.  Once each strain was 

subcultured, each strain was plated onto Oxford agar to confirm morphology and 

concentration. Following confirmation, broth cultures of each strain were combined to 

form a cocktail with equivalent concentrations of each strain.  

 

2.2 Salmonella 

 Salmonella Newport has been recognized in a number of illness outbreaks, 

particularly in tomato crops (Greene et al., 2005). Salmonella Newport starter cultures 

with resistance to 50ppm Nalidixic acid were obtained from the culture collection of the 

Department of Food Science and Technology, Virginia Polytechnic Institute and State 

University. Nalidixic acid resistance was used to as a way to detect inoculated 

organisms in the presence of naturally occurring organisms.  The Salmonella Newport 

culture was cultivated in trypticase soy broth supplemented with 30 ppm Nalidixic acid 

for 36±2 hours and incubated at 36±2°C. At 24±2 hour intervals, the culture was 

transferred by a single loop inoculation to new tubes of TSB-YE with 50ppm Nalidixic 

acid. This was done to assure growth in the presence of Nalidixic acid. Once cultured at 

the 50ppm Nalidixic acid resistance, the Salmonella Newport culture was plated onto 

Tryptic Soy Agar (TSA) plates supplemented with 50ppm Nalidixic acid. The 

concentration of cells, as well as culture purity were confirmed through the TSA plating.  
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3. Fruit Inoculation 

 Ripe, Roma tomatoes were purchased from local grocery markets, and stored at 

4°C. Each Roma tomato was placed onto a sterile holding plate, and 100 µl of the L. 

monocytogenes cocktail culture (109 CFU/ml) was spot inoculated into 5 equal sized, 20 

µl spots onto each tomato individually. Then each tomato remained on the sterile 

holding plate inside a biosafety lab cabinet, and air-dried for one hour. This follows the 

procedures of Zhou et al. (2009) and Hun-Gu et al. (2011), and is commonly used as an 

effective method of inoculation. The same procedure was used for Salmonella Newport 

inoculation, with five equivalent 20 µl spot inoculations placed on separate Roma 

tomatoes. 

 Ripe cantaloupes (Cucumis melo var. reticulus) were purchased from a local 

grocery market, and stored in their original box without modified atmosphere at 4°C. 

Inoculation of the cantaloupes was similar to that of the tomatoes, however, a higher 

number of spot inoculations were used to accommodate the larger size of the fruit. 

Instead of 100 µl spot treatment, five 100 µl spots were placed around the surface of the 

cantaloupe, for a total of 500 µl of L. monocytogenes cocktail per cantaloupe. The 

cantaloupes remained on sterile holding plates to air-dry in a biosafety lab cabinet for 

one hour. The same procedure was used for Salmonella Newport inoculation, with five-

100 µl spot inoculations placed around the surface of the cantaloupe. 

 

4. Cavitation Treatment 

 Cavitation bubbles were generated using a motorized air pump with adjustable 

air-flow outputs (Active Aqua (Hydrofarm) model AAPA70L). The motorized air pump 
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was connected to an air stone (Uxcell #B5014), which was placed at the bottom of a 

water chamber. The air stone was held at the bottom of the water chamber by water-

proof tape. Tomatoes were treated in smaller chambers (TopFin 1 gallon (3.8 liter) 

plastic aquarium), as seen in Appendix Figure A, while cantaloupes were treated in 

larger chambers (TopFin 2.6 gallon (9.8 liter) glass aquarium).  

  

 4.1 Roma Tomatoes 

After the one-hour drying period, each inoculated Roma tomato was placed 

individually into the smaller water chamber, which was filled with 2000mL of distilled 

water. The lid of each water chamber had a small camera tripod drilled into it, which 

acted as a barrier for the Roma tomato. This helped assure that the Roma tomato 

remained directly above the stream of bubbles, while also allowing it to naturally turn 

and move within the bubbles. The placement of the Roma tomato directly above the air 

stone allowed for maximum and consistent contact with the bubble stream. Bubbles 

were generated using one of five different air-flow settings: 0 (control), 3.5, 7, 10.5 and 

14 Standard Liters Per Minute (SLPM). The air-flow rate was measured by an air-flow 

meter (Omega FMA-LP1600A).  Treatment times were either 30 or 60 sec. Each Roma 

tomato was inoculated and treated for each combination of airflow and treatment time, 

for each pathogen. Each combination was then repeated for three trials.  

  

 4.2 Cantaloupe  

Cavitation treatment for cantaloupes followed the same general procedure. After 

the one-hour drying period, each inoculated cantaloupe was placed individually into the 
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larger water chamber, which was filled with 5000mL of distilled water. The lid of each 

water chamber did not have a small camera tripod drilled into it, since the size of the 

cantaloupe was sufficient for it to be directly above the bubble stream. Bubbles were 

generated using one of five different air-flow settings: 0 (control), 3.5, 7, 10.5 and 14 

Standard Liters Per Minute (SLPM). The air-flow rate was measured by an air-flow 

meter (Omega FMA-LP1600A). 

Treatment times were either 30 or 60 sec. Each cantaloupe was inoculated and 

treated for each combination of airflow and treatment time, for each pathogen. Each 

combination was then repeated for three trials.  

 

 4.3 Determination of treatment times 

The effects of varying airflow rates were observed when Salmonella Newport 

was added to a water tank without any fruit or chlorine. This was done to determine if 

the bubbles had any effect on pathogens when in the water without a surface to attach. 

A small difference (~0.2 log) in recovery was observed between all three treatment 

times, ranging from 1 to 5 minutes (Appendix Figure B). This suggested that longer 

treatment times (> 1 min) did not significantly reduce pathogen recovery from the fruit at 

the observed airflow rates, thus, 30 or 60 seconds were used throughout the 

experiments. 

 

5. Quantitative Recovery of Listeria monocytogenes from Product 

  After the 30 or 60 second cavitation treatment, each fruit was aseptically 

placed into a sterile stomacher bag with buffered peptone water (99 mL per Roma 
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tomato, 500 mL for cantaloupe). Each fruit was then agitated inside the stomacher bag 

by hand for two minutes by moving back and forth at a constant arc (FDA, 2015). This 

solution was serially diluted onto two Oxford agar plates. Plates were incubated at 

36±2°C for 36±2 hours. After incubation, plates were counted using an automated 

colony counter (ProtoCol; Microbiology International). 

 

6. Quantitative Recovery of Salmonella Newport from Product 

 The process of Salmonella Newport recovery from the surface of inoculated 

Roma tomatoes and cantaloupes followed the same procedure, with the only difference 

in the plating. For Salmonella Newport recovery, the solution from each stomacher bag 

was serially diluted and spread plated onto two Tryptic Soy Agar (TSA) supplemented 

with 50ppm Nalidixic acid.  Plates were incubated at 36±2°C for 36±2 hours. After 

incubation, plates were counted using an automated colony counter (ProtoCol; 

Microbiology International). 

 

7. Recovery and Quantification from Water 

After inoculated fruit were removed from the treatment tanks, 100 µl of the 

remaining water in the chamber was removed from the tank and directly plated onto the 

appropriate selective agars (Oxford agar for L. monocytogenes and TSA with 50ppm 

Nalidixic acid for Salmonella Newport recovery). Additional ten-fold dilutions of the tank 

water were plated, in duplicate, onto appropriate plates. Plates were then incubated at 

36±2°C for 36±2 hours and enumerated as described previously.    
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8. Cross-contamination from Inoculated to Uninoculated Roma Tomatoes 

 To evaluate pathogen transfer to uncontaminated fruit in the presence of a 

bubble stream, one Roma tomato was inoculated with 100 µl of L. monocytogenes 

culture and placed into the 3.8 L chamber with 2000 mL water and one uninoculated 

Roma tomato. Detection of the pathogen on the uninoculated tomato could indicate 

cross-contamination from the inoculated tomato. The two tomatoes in the tank were 

treated for either 30 or 60 seconds with three air-flow rates of 0 (control), 7 or 14 SLPM.  

Three pairs of tomatoes (inoculated and uninoculated) were tested with each 

combination of bubble rate and treatment time. After each treatment, the tomatoes were 

removed and placed into individual stomacher bags with 99mL of buffered peptone 

water. L. monocytogenes were recovered from each tomato as previously described in 

the quantitative recovery step. The water remaining in the treatment chamber was also 

recovered following the procedure outlined in the water quantification step. These tests 

for cross contamination between inoculated and uninoculated tomatoes were replicated 

with Roma tomatoes inoculated or uninoculated with Salmonella Newport. 

 

9. Chlorine Solution Treatment of Roma Tomatoes and Cantaloupe 

 9.1 Comparison to Chlorine 

 To determine the efficacy of cavitation as a treatment method, chlorine washes 

were used as an industry standard benchmark. The proportion of viable Salmonella 

Newport recovered from each fruit and the treatment water was used to compare fruit 

treated with and without chlorine. Individual Roma tomatoes were inoculated with 100 µl 

of the Salmonella Newport culture as described above, and placed into 2000 ml water. 
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The water inside the chamber was supplemented with sodium hypochlorite at a 

concentration of either 0 (control), 50 or 150 ppm (Ritenour et al. 2002). After 30 or 60 

sec, the Roma tomatoes were removed and quantified for Salmonella Newport as 

outlined above. The remaining water in the treatment tank was also enumerated for 

Salmonella Newport as outlined above. Three trials were repeated for each combination 

of time and chlorine concentration. 

 These tests were replicated with cantaloupes inoculated with Salmonella 

Newport (500 ul) and submerged in 5000 mL water. The proportion of viable Salmonella 

recovered from each fruit and the tank water were compared for fruit treated with and 

without chlorine in the tank water. 

 For both fruits, a neutralizing agent (BD Difco D/E neutralizing broth) was used to 

determine if residual chlorine on the fruits on in the tank water reduced pathogen 

recovery. Use of the neutralizing agent did not present any difference in pathogen 

recovery when compared to pathogen recovery numbers without the neutralizing agent 

(data not shown).   

 

 9.2 Efficacy of Combining Chlorine and Cavitation 

 While chlorine is often considered an industry standard practice, tests to 

determine any difference in efficacy when combined with cavitation were completed. 

Individual Roma tomatoes were inoculated with 100 µl of the Salmonella Newport 

culture, and placed into 2000 ml water. Sodium hypochlorite concentrations in the water 

were either 0 (control), 100 or 200 ppm. Each Roma tomato was treated for either 30 or 

60 seconds. For each combination of chlorine concentration and treatment time, 
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bubbles were applied using an air-flow rate of 14 SLPM. Three trials were tested for 

each combination of chlorine concentration, cavitation, and treatment time. After 

treatment, the Roma tomatoes were removed and quantified for Salmonella Newport as 

outlined above. The remaining water in the treatment tank was also enumerated for 

Salmonella Newport as outlined above.  

 These tests were replicated with cantaloupes inoculated with Salmonella 

Newport (500 µl) and submerged in 5000 mL water. The proportion of viable Salmonella 

recovered from each fruit and the tank water were compared for fruit treated with and 

without cavitation for chlorinated water (0, 50 or 150 ppm NaOCl). 

 

10. Data Analysis 

 Organism counts enumerated from produce surfaces and the organism counts 

recovered from tank water were compared to the original inoculum level to determine 

the proportion of viable organisms that were attached to the fruit after treatment, the 

proportion removed in the water, and the proportion that could not be recovered.  The 

analysis of the recovery of pathogens on the surface of produce items and in the water 

include the differences between specific flow rates, times, pathogens, and mean of 

recovered organisms.  

 A one-way analysis of variance (ANOVA) were used to determine significant 

differences between means for each variable tested at a statistical significance of α = 

0.05.  When the ANOVA indicates a difference between means, Tukey’s multiple range 

test will be used to assess significant differences between means.  All calculations were 

performed with R® 3.2.5 Statistical Software (R Core Team, 2016).   
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V. Results and Discussion 

 

Objective 1: Effects of Cavitation on the Removal and Inactivation of L. monocytogenes 

and Salmonella Newport on the Surface of Roma Tomatoes and Cantaloupes 

 

1.1 Recovery of Pathogens from the Surface of Fruits 

1.1.1 Tomatoes 

 Five different levels of airflow rates were utilized to determine the efficacy of 

cavitation on the removal or inactivation of pathogens on the surface of Roma tomatoes. 

Figure 1 shows the log recovery of both L. monocytogenes and Salmonella Newport as 

a function of airflow rate. As the airflow rate increases, a steady decrease in log 

recovery is seen for both pathogens. Airflow rate was statistically significant (P<.05) in 

the removal or inactivation of pathogen populations.  

Figure 2 shows the log recovery of L. monocytogenes as a function of time, 

either 30 or 60 seconds. At each airflow rate, the difference in log recovery between 30 

and 60 seconds of treatment are statistically insignificant (P > .05) in the removal of 

pathogen populations. The recovery of Salmonella Newport from Roma tomato surfaces 

was not significantly different when bubbles were applied for 30 vs. 60 sec. (Appendix 

Figure D). 

1.1.2 Cantaloupes 

As with the Roma tomatoes, inoculated cantaloupes were treated at five different 

levels of airflow rates to determine the efficacy of cavitation on the removal or 

inactivation of pathogens on the surface of cantaloupes. Figure 3 shows the log 
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recovery of both L. monocytogenes and Salmonella Newport as a function of airflow 

rate. Similar to the Roma tomatoes, as the airflow rate increases, a steady decrease in 

log recovery is seen for both pathogens on the surface of cantaloupes. Airflow rate was 

statistically significant (P<.05) in the removal or inactivation of pathogen populations. 

Figure 4 shows the log recovery of Salmonella Newport as a function of time, 

either 30 or 60 seconds. At each airflow rate, the difference between 30 seconds and 60 

seconds of treatment are statistically insignificant (P > .05) in the removal of pathogen 

populations. The recovery of L. monocytogenes from cantaloupe surfaces also showed 

insignificant difference, as seen in Appendix Figure E. 

 

1.2 Recovery of Pathogens from Treatment Water 

1.2.1 Roma Tomatoes 

 After recovery of the pathogens on the surface of Roma tomatoes, the water 

remaining in the treatment chamber was enumerated at all five different levels of airflow 

rates to determine any effect of cavitation on pathogens in the water. Figure 3 shows 

the log recovery of both L. monocytogenes and Salmonella Newport as a function of 

airflow rate in the treatment water. While there is a strong overall trend of decreased 

pathogen recovery with higher airflow rates, with the most effective at 14 SLPM. Airflow 

rate was statistically significant (P<.05) in the inactivation of pathogen populations in the 

treatment water. 

Figure 2 shows the log recovery of L. monocytogenes in the treatment water, as 

a function of time, either 30 or 60 seconds. Similar to the recovery of pathogens from 

the surface of Roma tomatoes, pathogen recovery from the treatment water showed 
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insignificant difference (P > .05) between 30 seconds or 60 seconds of treatment time. 

The recovery of Salmonella Newport in Roma tomato treatment water also showed 

insignificant difference, as seen in Appendix Figure D. 

1.2.2 Cantaloupes 

 After recovery of the pathogens on the surface of cantaloupes, the water 

remaining in the treatment chamber was enumerated at all five different levels of airflow 

rates to determine any effect of cavitation on pathogens in the water. Figure 3 shows 

the log recovery of both L. monocytogenes and Salmonella Newport as a function of 

airflow rate in the treatment water. Similar to the recovery of pathogens from the surface 

of cantaloupes, recovery of pathogens from the water followed decreasing numbers as 

airflow rate increased. Airflow rate was statistically significant (P<.05) in the inactivation 

of pathogen populations in the treatment water. 

Figure 4 shows the log recovery of Salmonella Newport in the treatment water, 

as a function of time, either 30 or 60 seconds. Similar to the recovery of pathogens from 

Roma tomato treatment water, treatment times were statistically insignificant (P > .05) 

for recovery of pathogens in cantaloupe treatment water. Differences in the recovery of 

L. monocytogenes in cantaloupe treatment water was not statistically significant with 

respect to treatment time (Appendix Figure E). 

 

1.3 Discussion 

Cavitation treatment for the removal or inactivation of both Salmonella Newport 

and L. monocytogenes on the surface of Roma tomatoes were similar to that of other 

research (Scouten, 2001; Seymour et al., 2002). An approximate 1-log decrease in the 
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pathogen population on fruit surfaces was the maximum observed, which was 

statistically significant (P<.05). As the airflow rate increased, the recovery of pathogens 

followed the general trend of decreasing for both fruits and both pathogens. However, 

the type of fruit also made a statistically significant difference (P<.05). On the surface of 

Roma tomatoes, Salmonella Newport was observed to have higher initial concentrations 

and higher adherence. Conversely, for cantaloupe, L. monocytogenes had higher initial 

populations and adherence. Most likely, the different pathogens’ biochemistry and 

morphology adapted better to different environments. The cantaloupes’ netted, rough 

texture may be better suited for L. monocytogenes, whereas the smooth texture of the 

Roma tomato may be better for Salmonella Newport. This coincides with the types of 

outbreaks commonly seen in the United States. Tomatoes are consistently associated 

with Salmonella outbreaks, whereas cantaloupes have been commonly associated with 

Listeria outbreaks. There was so significant difference in the treatment times between 

30 and 60 seconds.  

 In the tank water post-treatment, an increase in pathogen recovery was observed 

consistently when airflow rate increased from 0 to 3.5 SPLM. This suggests the removal 

of pathogens from the surface of the fruit remains in the water at viable levels. However, 

as the airflow rate increases, the pathogen population significantly decreases. This 

suggests further that higher airflow rates have the ability to inactivate both Salmonella 

Newport as well as L. monocytogenes. Moreover, the higher the airflow rate, the more 

effective the inactivation. The results of the enumeration of treatment water coincide 

with the observations that L. monocytogenes adhere better to cantaloupes. The 

recovery of L. monocytogenes post-treatment of inoculated cantaloupe were less than 
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that of Salmonella Newport. Similar to fruit surface enumeration, the treatment time did 

not have a significant difference between 30 and 60 seconds. However, the type of fruit 

and type of pathogen both had significant effects on the efficacy of cavitation in 

inactivating pathogens in the treatment water. L. monocytogenes had significantly less 

inactivation than Salmonella Newport. This may suggest greater resistance of L. 

monocytogenes to the effects of cavitation. 

 

Objective 2: Cross Contamination from Inoculated Roma Tomatoes to Uninoculated 

Roma Tomatoes 

 

2.1 Tomatoes 

 Three different levels of airflow rates were utilized to determine the possibility of 

cross contamination from inoculated Roma tomatoes to uninoculated Roma tomatoes 

during simultaneous cavitation treatment. Figure 5 shows the log recovery of the 

uninoculated Roma tomato for L. monocytogenes as a function of the three airflow 

rates. The inoculated tomato and recovery of pathogens in the treatment water follow 

previously observed, and expected trends of decreased recovery as the airflow rate 

increases. However, for the uninoculated Roma tomato, the largest decrease was seen 

from 0 SLPM to 7 SLPM, with little change from 7 SLPM to 14 SLPM. Transfer and 

recovery of Salmonella Newport followed extremely similar trends. Airflow rate was 

statistically significant (P<.05) in the removal or inactivation of pathogen populations.  

Figure 5 shows the log transfer of L. monocytogenes as a function of treatment 

times. While the inoculated tomato and pathogen recovery in the treatment water show 
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no significant difference between treatment times (P > .05), there is a significant 

difference in treatment times (P<.05) in the transfer of pathogens to the uninoculated 

tomato, which is generally less with longer treatment times. The same trend follows for 

Salmonella Newport cross contamination enumeration, as seen in Figure 6. 

 

2.2 Discussion 

Cross contamination from inoculated Roma tomatoes to uninoculated Roma 

tomatoes was clearly observed. Since research on non-inertial cavitation cross 

contamination is sparse, the results could not be confirmed through other research. An 

approximate 1-log decrease in pathogen transfer was observed when airflow rate was 

increased from 0 SLPM to 14 SLPM. The decrease in pathogen population transfer on 

Roma tomato surfaces due to airflow rate was statistically significant (P<.05). However, 

even at the highest airflow rate, the amount of organisms transferred was significant.  

Treatment times, either 30 or 60 seconds, were statistically significant (P<.05), 

with less organisms remaining on the uninoculated Roma tomato after the longer 

treatment time. This suggests that cross contamination occurs within 30 seconds. The 

pathogen may detach from the uninoculated Roma tomato and adhere to uninoculated 

Roma tomato, and once attached to the uninoculated tomato, may be removed or 

inactivated a second time during the second 30 seconds of cavitation treatment. 

 

Objective 3: Comparisons with Chlorine Wash and Determining Efficacy of Combined 

Chlorine and Cavitation Treatment 
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3.1 Recovery of Pathogens from the Surface of Fruits 

3.1.1 Roma Tomatoes 

 At each of the three chlorine concentrations of 0, 50, and 150ppm, two different 

levels of airflow rates were utilized to determine the efficacy of cavitation compared with 

a chlorine wash, as well as to observe any increased efficacy in combining chlorine and 

cavitation. Figure 7 shows the log reduction of Salmonella Newport for Roma tomatoes 

as a function of both airflow rates and chlorine concentration. The reduction of 

Salmonella Newport populations on the surface of Roma tomatoes was significantly 

higher (P<.05) at 150ppm of chlorine, compared to 50ppm chlorine. Moreover, at the 

higher airflow rate, log reduction of Salmonella Newport from the surface of Roma 

tomatoes was significantly higher (P<.05) compared to no airflow rate.  

3.1.2 Cantaloupes 

 Similar to the Roma tomatoes, log recovery of Salmonella Newport from the 

surface of cantaloupes followed the same trend of significantly higher reduction (P<.05) 

at 150ppm chlorine concentration than at 50ppm, as seen in Figure 8. Furthermore, the 

higher airflow rate was significantly more effective (P<.05) at reducing Salmonella 

Newport populations than the no airflow rate.  

 

3.2 Recovery of Pathogens from Treatment Water 

3.2.1 Tomatoes 

 After treatment of each fruit, the water remaining in the treatment tank was 

enumerated to determine the effects of chlorine, cavitation, and the combination of 

chlorine and cavitation. Figure 7 shows the log recovery of Salmonella Newport in the 
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treatment tanks for Roma tomatoes as a function of both airflow rates and all three 

chlorine concentrations. There is a clear trend of higher reduction as chlorine 

concentration increases, for both airflow rates. Each increment of increased chlorine 

concentration was significantly higher in log reduction (P<.05). Similarly, the higher 

airflow rate was significantly higher in log reduction (P<.05) than no airflow rate. 

3.2.2 Cantaloupes 

 Figure 8 shows the enumeration of treatment water at each combination of 

airflow rate and chlorine concentration for cantaloupes. The trend is exactly the same as 

the Roma tomato treatment water, with chlorine concentration being significantly higher 

in log reduction (P<.05), and the higher airflow rate significantly higher in log reduction 

(P<.05), for all chlorine concentrations.  

 

3.3 Discussion 

To compare the efficacy of cavitation, comparisons to an industry standard 

chlorine was were made. Three different chlorine concentrations were used, 0ppm, 

50ppm and 150ppm. In addition, cavitation and chlorine were combined to determine 

any additional beneficial results from combining treatment. While the chlorine wash did 

not produce major differences in reducing Salmonella Newport organisms from the 

surface of fresh Roma tomatoes and cantaloupe, when compared with no chlorine, 

combining both treatments resulted in greater efficacy than in removing or inactivating 

Salmonella Newport from the surface of fresh Roma tomatoes and cantaloupe with 

cavitation or chlorine alone. This is consistent with research performed with a variety of 

pathogens and raw fruits or vegetables (Weissinger et al., 2000; Zhuang et al., 1995; 
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Wei et al., 1995; Singh et al., 2002). An approximate 0.5-log to 1-log decrease in the 

Salmonella Newport population on fruit surfaces was observed, which was statistically 

significant (P<.05). Similar to objective 1, the type of fruit also made a statistically 

significant difference. However, unlike objective 1 results, Salmonella Newport was 

found to have higher adherence to cantaloupe surfaces, rather than Roma tomatoes.  

In the tank water post-treatment, there was consistently a statistically significant 

difference in pathogen log reduction (P<.05) when using chlorine, versus not using 

chlorine. Moreover, the higher chlorine concentration of 150ppm proved much more 

effective in removing Salmonella Newport populations in the water than the lower 

50ppm concentration. This may be due to the available free chlorine in the water. The 

higher chlorine concentration would have much more free chlorine available to 

inactivate pathogens, resulting in lower enumeration of Salmonella Newport in treatment 

water.  

 Along with airflow rate, the type of fruit proved to be statistically significant (P 

<.05) in recovery of Salmonella Newport in treatment water. This maintains with the 

above observations with enumeration of Salmonella Newport from the surface of both 

fruits. Since Salmonella Newport was shown to be more adherent to cantaloupe in this 

phase of experiment, less organisms were recovered from treatment tanks post-

treatment of cantaloupes. Lastly, treatment times were not statistically significant 

(P<.05) in enumeration of the treatment water. 
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VI. Conclusion 

 

The purpose of this research was to show the effects of cavitation in the removal 

and inactivation of Listeria monocytogenes and Salmonella Newport on the surface of 

fresh Roma tomatoes and cantaloupes. In the first objective of the experiment, the 

effects of solely using cavitation were tested. Both the L. monocytogenes and 

Salmonella Newport populations were decreased by approximately 1-log when using 

the highest airflow rate of 14 SLPM for 60 sec when compared to no bubble application. 

Enumeration of the remaining treatment water post-cavitation also showed a 0.5-log to 

1-log decrease in bacterial concentrations as airflow increased, proposing that 

cavitation has an effect on organisms remaining in the water, as well as on the surface 

on fruits.  

In the second objective of this project, potential cross contamination was 

observed by treating an inoculated Roma tomato simultaneously with an uninoculated 

Roma tomato, to observe any pathogenic transfer. Results showed that statistically 

significant (P<.05) transfer of both L. monocytogenes and Salmonella Newport did 

occur. However, higher airflow rates resulted in less total adherence of pathogens onto 

the uninoculated Roma tomato. In other words, after pathogens transferred from the 

inoculated Roma tomato to the uninoculated Roma tomato, cavitation at the higher 

airflow rates removed or inactivated pathogens on the surface of the uninoculated 

tomato.  

In the final objective of this experiment, cavitation as a treatment method was 

compared with an industry standard chlorine wash. In addition, additional efficacy was 
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observed when cavitation was combined with chlorine in the treatment tank. First, 

cavitation was found to be equally effective as a chlorine wash in removing or 

inactivating pathogens from the surface of fresh Roma tomatoes and cantaloupes. 

However, this was not true of the treatment water. Chlorine was more effective at 

reducing pathogenic populations in the water in the treatment tank. This is consistent 

with the use of chlorine in the food industry as a method to reduce pathogenic 

populations in wash waters (Wei et al., 1985). Second, combining cavitation and 

chlorine was found to be more effective than using either alone for removing L. 

monocytogenes and Salmonella Newport organisms from the surface of both fresh 

Roma tomatoes and cantaloupe. This remained true for reducing pathogenic loads in 

the treatment water as well.   

  Food safety can be enhanced through the use of physical processes, namely 

injected cavitation, to remove and inactivate common foodborne pathogens on the 

surface of fresh produce. This project observed efficient and effective reduction in 

pathogen populations using such non-thermal physical processes. This technology 

holds great promise in potentially providing widespread utility among a variety of food 

surfaces and applications in other antimicrobial treatments in the food industry, at low 

costs, low treatment times, and energetically sustainable manners.  

 Further research is strongly encouraged in a wide variety of areas regarding 

injected cavitation. Variegated pathogens and food types in necessary, particularly with 

fresh leafy greens, as its complicated topography may be better sanitized with injected 

cavitation bubbles. In addition, injected cavitation may hold potential in treating sprout 

seeds. Higher airflow rates are also another direction future research must tend, as this 



45 
 

project was limited to 14 SLPM via the air pump motor. Smaller bubble sizes, different 

types of gases, and industrial scales are additional pieces of data required to further 

determine the true efficacy of this method. Undoubtedly, this project only scratches the 

surface of injected cavitation as a sanitation method. Further data will allow valuable 

information on the efficacy of this treatment and will allow further exploration in the 

future for physical treatment to remove foodborne pathogens on produce surfaces. 
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VIII. Tables and Figures 

 

 Time  Airflow Rate (SLPM)  
 (sec) 0 3.5 7 10.5 14 
Tomatoes       
       
   L.  monocytogenes 30 1.56a 1.69b 1.92c 2.23d 2.57e 

 60  1.71A 1.82B 2.05C 2.34d 2.89e 

       
   Salmonella Newport 30 1.34a 1.63b 1.76c 1.88c 2.06d 

 60 1.31a 1.54B 1.73c 1.92d 2.23E 

       
Cantaloupes       
       
   L. monocytogenes 30 1.90a 2.07b 2.28c 2.39c 2.55d 

 60 1.86a 2.02b 2.19C 2.31d 2.63E 

       
   Salmonella Newport 30 2.10a 2.30b 2.43c 2.46c 2.65d 

 60 2.23A 2.30a 2.48b 2.65C 2.88D 

 

a,b,c,d,e Denotes significant differences (P<.05) from previous airflow rates 
A,B,C,D,E Denotes significant differences (P<.05) in time 

 
Table 1. Log reductions of pathogens on Roma tomatoes and cantaloupe for all airflow 
rates and treatment times. (n=6). 
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Figure 1. Recovery of L. monocytogenes and Salmonella Newport from the surfaces of 
Roma tomatoes and cantaloupe. (n=6) 
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Figure 2. Recovery of L. monocytogenes from the surface of Roma tomatoes and 
recovered from the water post-treatment. (n=6) 
 

  

0	

1	

2	

3	

4	

5	

6	

7	

8	

0	 0	 3.5	 3.5	 7	 7	 10.5	 10.5	 14	 14	

30	
sec		

60	
sec	

30	
sec		

60	
sec	

30	
sec		

60	
sec	

30	
sec		

60	
sec	

30	
sec		

60	
sec	

lo
g	
m
ea
n	
CF
U
/f
ru
it	
or
	ta

nk
	w
at
er
		

Airflow	Rate	(SLPM)	Per	Each	Treatment	Time	

L.	monocytogenes	
from	tomato	

L.	monocytogenes	
from	tomato	water	



58 
 

 

 
 
Figure 3. Recovery of L. monocytogenes and Salmonella Newport from tank water post-
treatment for each fruit. (n=6) 
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Figure 4. Recovery of Salmonella from the surface of cantaloupes and recovered from 
the water post-treatment, as a function of treatment time. (n=6) 
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Figure 5. Recovery of L. monocytogenes from inoculated and uninoculated Roma 
tomatoes, as a function of treatment time. (n=6). 
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Figure 6. Recovery of Salmonella Newport from inoculated and uninoculated Roma 
tomatoes, as a function of treatment time. (n=6). 
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Figure 7. Log reduction of Salmonella on Roma tomatoes as a function of airflow rate 
and chlorine concentration. (n=6) 
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Figure 8. Log reduction of Salmonella on cantaloupes as a function of airflow rate and 
chlorine concentration. (n=6) 
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IX. Appendix   

Appendix Figure A. Example of Procedure Material 
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Appendix Figure B. Salmonella Newport Recovery Post-Treatment in Water 

 

 

 

 

 

 

 

 

 

 

Figure B. Recovery of Salmonella Newport after treatment in water at three separate 
times and three separate airflow rates. (n=6) 
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Appendix C. Experimental Design Summary 

 

Objective 1: Evaluation of cavitating bubbles for detachment and inactivation of 

pathogens on produce surfaces. 

• Produce (2): Roma tomatoes and cantaloupe 

• Pathogens (2): Listeria monocytogenes and Salmonella Newport 

• Air flow for bubbles (5): 0, 3.5, 7, 10.5 and 14 SLPM. 

• Treatment times (2): 30 and 60 seconds. 

• Replicates (3): one fruit per replicate 

• Total samples (fruit) = 120 

• Analyses: quantitative recovery of pathogens from fruit and tank water 

 

Objective 2: Evaluation of cross-contamination from inoculated to uninoculated Roma 

tomatoes treated with cavitating bubbles. 

• Produce (1): Roma tomatoes 

• Pathogens (2): Listeria monocytogenes and Salmonella Newport 

• Air flow for bubbles (3): 0, 7, and 14 SLPM. 

• Treatment times (2): 30 and 60 seconds. 

• Replicates (3): two fruit per replicate (only one is inoculated) 

• Total samples = 36 

• Analyses: quantitative recovery of pathogens from each fruit separately 

(inoculated and uninoculated) per sample and from treatment chamber water 
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Objective 3: Evaluation of a chlorine sanitizer solution, with and without cavitation 

bubbles, for the removal or inactivation of Salmonella Newport from produce surfaces. 

• Produce (2): Roma tomatoes and cantaloupe 

• Pathogens (1): Salmonella Newport 

• Air flow for bubbles (2): 0, and 14 SLPM. 

• Chlorine concentration in water tank (3): 0, 100 or 200 ppm NaOCl 

• Treatment times (2): 30 and 60 seconds. 

• Replicates (3): one fruit per replicate 

• Total samples (fruit) = 72 

• Analyses: quantitative recovery of pathogens from fruit and tank water 
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Appendix Figure D. Recovery of Salmonella Newport from Roma Tomatoes 
 
 
 
 
 
 

 
 
Figure D. Recovery of Salmonella Newport from the surface of Roma tomatoes and 
recovered from the water post-treatment, as a function of time. (n=6) 
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Appendix Figure E. Recovery of L. monocytogenes from Cantaloupe 
 
 
 
 
 
 
 

 
 
Figure E. Recovery of L. monocytogenes from the surface of cantaloupe and recovered 
from the water post-treatment, as a function of time. (n=6) 
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