
ABSTRACT 

GLAIZE, AYANNA G. Molecular Characterization and Transmission Dynamics of 

Antimicrobial-Resistant Pathogenic Escherichia coli and Salmonella at the Interface of Food 

Animals and Fresh Produce (Under the direction of Drs. Siddhartha Thakur and Maria Correa). 

 

There has been a rise in sustainable farms over the past twenty years due to the general 

public’s increased interest in eating fresh produce. Integrated sustainable farms operate under 

two premises: 1) maximizing resource utilization and 2) rearing livestock and growing fresh 

produce within the same area. However, this practice could potentially increase the risk of 

produce contamination and foodborne illnesses. To address this, a distance of 1,200 ft. between 

livestock and the edge of a crop has been recommended. The transmission dynamics of enteric 

bacterial pathogens between livestock and fresh produce on concentrated animal feeding 

operations have been well documented. However, these dynamics have not been well 

documented in sustainable or small-scale farms.  

To ascertain this knowledge, we collected fresh produce, raw and composted manure, and 

environmental samples (flies, soil, and irrigation water) from five sustainable commercial farms 

in Tennessee (n=3) and North Carolina (n=2) for two years. A total of 1,659 produce, manure, 

and environmental samples were collected. Raw manure (46%), poultry litter (24%), and insect 

(12%) samples were the main sources of E. coli. The overall prevalence of E. coli was 15.4%. 

The majority of E. coli isolates (62.4%) were multidrug-resistant (MDR; resistant to three drug 

classes or more. The bulk of E. coli isolates from TN produce samples came from cucumbers 

(n=6) and snap beans (n=3) and were located between 10,567 ft. to 31,6780 ft. away from 

poultry houses and dairy pastures. 

After finding evidence of pathogen transmission on sustainable commercial farms beyond 

1,200 ft., our second objective was to reduce the transmission of pathogenic enterica bacteria on 



small-scale sustainable farms. We constructed a vegetative buffer zone (VBZ) between livestock 

and the crop edge on two small-scale sustainable dairy and poultry research station farms in NC. 

A 5-layer VBZ was established, and environmental samples were collected from fresh produce, 

raw feces, and environmental (air, soil, and barrier) samples for 15 months. Air, soil, and fresh 

produce samples were taken from three plots located 32 ft., 200 ft., and 400 ft. away from the 

VBZ. A control air sample station was placed upwind of both the dairy and poultry livestock. A 

total of 1,133 samples were collected. Salmonella and E. coli had a prevalence of 0.44% 

(n=5/1,133) and 4.6% (n=52/1,133), respectively. At the end of the study, 15 Salmonella and 128 

E. coli isolates were recovered from control air, fresh produce (poultry=1, dairy=6), fecal 

(poultry=1, dairy=5), and environmental (poultry=9, dairy=29) samples. Four Salmonella 

enterica serovars were characterized Agona (n=6), Typhimurium (n=3), Give (n=3), and 

Newport (n=3). The top three E. coli serotypes identified were O8 (n=15), O45 (n=11), and O69 

(n=10). Of the 143 E. coli and Salmonella isolates recovered, 11 were commonly resistant to 

tetracycline (n=5), ampicillin (n=5), and nalidixic acid (n=3). One E. coli isolate was discovered 

to be MDR and harbored the blaTEM-150 resistance gene. 

The dairy and poultry VBZs were challenged with a log 7 CFU/g of E. coli O157:H7 or 

S. Typhimurium, respectively. After 21 days, one E. coli O157:H7 recovered from soil located 

200 ft. away from the dairy VBZ. Whole-genome sequencing was used to identify similar E. coli 

strains using single nucleotide polymorphism (SNP) across sample sources. The core genome 

SNP-based phylogenetic tree highlighted nine E. coli strains found among multiple sample 

sources. None of the strains were recovered from air samples. Our study shows that the VBZ is 

an effective tool to stop the transmission of E. coli and Salmonella. Overall, these studies 

demonstrate the prevalence of AMR on small-scale sustainable farms and highlight the 



importance of reevaluating standard agricultural practices to mitigate the transmission of 

foodborne pathogens. 
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CHAPTER 1: Literature Review 

The Global and Local Impact of Foodborne Illnesses 

The incidence of foodborne illnesses is increasing. According to the World Health 

Organization (WHO), 600 million cases of illnesses and 420,000 deaths around the world each 

year can be attributed to contaminated food (WHO, 2015). Unfortunately, children under the age 

of 5 account for 40% of the disease burden from these illnesses. In the United States, the Centers 

for Disease Control and Prevention (CDC) estimate that foodborne illnesses are responsible for 

128,000 hospitalizations and 3,000 deaths each year (CDC, 2020a). There are 31 pathogens 

known to cause foodborne illnesses in humans, making up about 20% of known cases in the 

United States (Scallan et al., 2011). Pathogens like the Norovirus, Salmonella (nontyphoidal), 

Clostridium perfringens, Campylobacter spp., and Staphylococcus aureus are considered to be 

the top five known pathogens that cause foodborne illnesses in humans. These pathogens have 

been reported to cause 91% of domestically acquired foodborne illness cases in the United States 

each year. Interestingly, this top 5 list changes when studying the cases that result in 

hospitalizations. In fact, 88% of cases that result in hospitalizations are from infections with 

Salmonella (nontyphoidal), Norovirus, Campylobacter spp., Toxoplasma gondii, and Shiga-toxin 

producing Escherichia coli (STEC) O157. Of these domestically acquired cases, Salmonella and 

STEC account for 39% of hospitalization cases, with Salmonella responsible for 28% of deaths. 

This trend can be seen on a global scale as well. Infections caused by Salmonella, 

enteropathogenic E. coli (EPEC), and enterotoxigenic E. coli (ETEC) make up 29% (n = 

122,000/420,000) deaths worldwide due to diarrhea (WHO, 2015). 

The annual cost of treating these foodborne illnesses can be staggering. The World Bank 

estimates that 15 billion dollars are spent on foodborne disease treatment in low- to middle-



2 

 

 

income countries each year (Preneuf and Morales, 2018). In 2015, the United States Department 

of Agriculture’s (USDA) economic research service agency estimated that foodborne illnesses 

cost the USDA more than 15.5 billion dollars each year in medical costs (i.e., medications, 

hospitalizations, productivity loss, and premature death) (Hoffmann et al., 2015). In fact, 90% of 

the economic burden (an estimate of the cost of medical treatment, worker productivity loss, and 

cost to prevent premature death) is caused by Salmonella, Toxoplasma gondii, Listeria 

monocytogenes, Norovirus, and Campylobacter infections. Nontyphoidal Salmonella infections 

alone cost the United States 3.7 billion dollars in medical costs, the largest share of the economic 

burden. Infections with non-O157:H7 and O157:H7 STEC cost 27.4 and 271.4 million dollars 

respectively, in 2013. 

From 2019 to 2020, there have been 27 outbreaks of foodborne illnesses in the United 

States (CDC, 2021). E. coli (n=10) and Salmonella (n=10) were associated with 20 (74%; n = 

20/27) of those outbreaks, 13 of which involved contaminated fresh produce and ready-to-eat 

items. These outbreaks spanned across multiple states, median = 11, and were responsible for 

1,979 reported cases of foodborne illnesses and 461 hospitalizations (n = 23.29%). Markedly, an 

outbreak of Salmonella enterica ser. Newport linked to onions was responsible for 1,127 

reported cases of foodborne illnesses from June to September of 2020 (CDC, 2020b). The 

outbreak affected 48 states, with most cases clustered in western and mid-western states (CDC, 

2020c). Similarly, an E. coli O157:H7 outbreak was associated with contaminated romaine 

lettuce from September to December of 2019 (CDC, 2020d). This phenomenon caused a surge of 

167 foodborne illness cases that resulted in 85 hospitalizations, of which 15 people developed 

hemolytic uremic syndrome (i.e., kidney failure). Interestingly, the E. coli O157:H7 strain 

identified in this outbreak was responsible for similar outbreaks in leafy greens and romaine 
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lettuce in 2017 and 2018, respectively (CDC, 2018; CDC, 2019a). Although this outbreak 

occurred in 27 states, Wisconsin (n = 35 cases) and Pennsylvania (n = 21 cases) were affected 

the most (CDC, 2020e).  

General Overview of Salmonella 

Salmonella has been studied extensively by scientists since the 19th century, starting with 

Theobald Smith and Elmer Salmon. Salmonella is part of the family Enterobacteriaceae and is a 

genus of gram-negative bacillus bacteria. The taxonomy of Salmonella has changed over time, 

and the current classification system was established in 2005 by the Judicial Commission of the 

International Committee for Systematics of Prokaryotes (Ryan et al., 2017). As it stands, there 

are two known Salmonella species: Salmonella enterica and Salmonella bongori. Salmonella 

enterica encompasses six subspecies: Salmonella enterica subsp. arizonae, Salmonella enterica 

subsp. diarizonae, Salmonella enterica subsp. enterica, Salmonella enterica subsp. houtenae, 

Salmonella enterica subsp. indica, and Salmonella enterica subsp. salamae. As of 2014, there 

are 2,659 serovars. Of which, 20 belong to Salmonella bongori, and the other 2,639 are sorted 

into Salmonella enterica. The subspecies Salmonella enterica subsp. enterica is considered to 

house the majority of pathogenic Salmonella that cause infections in humans and other animals 

(Jajere, 2019).  

Salmonella enterica subsp. enterica can further be divided into typhoidal and non-

typhoidal Salmonella. Typhoidal Salmonella (i.e., S. Typhi, S. Sendai, and S. Paratyphi A, B, and 

C) have adapted to use humans as hosts and are the cause of enteric fever, like typhoid and 

paratyphoid fever, in humans (Gal-Mor et al., 2014). Contamination food and water act as 

vehicles of transmission for typhoidal Salmonella and mainly impact regions in the world that 

lack access to clean water and sanitation. Conversely, infections from non-typhoidal Salmonella, 
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which cause salmonellosis in humans, are relatively common worldwide. The possible 

transmission routes of non-typhoidal Salmonella are extensive. Person to person, animal contact 

(wildlife and companion animals), and food contamination (produce and animal-derived 

products) are all viable avenues. 

Salmonella is commonly found in the gastrointestinal tract of animals and humans. In 

order to invade the immune system of its chosen host and cause disease, Salmonella has acquired 

many virulence and pathogenicity factors. Components like adhesion systems, plasmids, toxins, 

flagella, capsules, and type III secretion systems are routinely found in Salmonella isolates 

(Jajere, 2019). Multiple pathogenicity islands have been identified and can be located in 

chromosomal DNA or plasmids. Salmonella pathogenicity isolates (SPI) -1 and -2 typically 

harbor the genes to the type III secretion systems. They also are essential to induce macrophage 

apoptosis and intracellular replication within macrophages. SPI-3 and -4 are needed to grow in 

low-magnesium environments and secret toxins. Although salmonellosis is usually self-limiting, 

antimicrobials are used to treat systemic infection cases or treat immunocompromised 

individuals. However, antimicrobial resistance (AMR) to medically important antimicrobials is 

becoming increasingly frequent (Balasubramanian et al., 2018). 

General Overview of Escherichia coli 

Another member of the Enterobacteriaceae family, Escherichia coli is a gram-negative 

bacillus bacterium species of genus Escherichia. E. coli is a fast-growing microorganism that can 

be recovered from the gastrointestinal tract of animals and humans but can also be found 

distributed widely in the environment (Blount, 2015). There are two primary ways to categorize 

E. coli isolates: serotypes and phylogroups. E. coli serotypes are based on the O 

(lipopolysaccharide layer), H (flagellin), and K (capsule) antigens. Depending on how many 
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antigens are included, there are between 200 and 700 E. coli serotypes (Bai et al., 2016; Jang et 

al., 2017; Amezquita-Lopez et al., 2018). In contrast, phylogroups are based on the presence or 

absence of 4 housekeeping genes: arpA, chuA, yjaA, and tspE4 (Clermont et al., 2013; Clermont 

et al., 2019). Different serotypes and phylogroups are associated with distinct hosts and 

environments. For example, E. coli isolates in phylogroups B2 and D are associated with 

intestinal infections in humans, phylogroups A and B1 are found in the environment (Hutton et 

al., 2017; Corzo-Ariyama et al., 2018; Touchon et al., 2020).  

Commensal and pathogenic strains E. coli can be found within and outside of a host. 

Food animal ruminants like cattle, sheep, and goats act as natural reservoirs of E. coli 

(Amezquita-Lopez et al., 2018). However, pathogenic E. coli have been isolated from other 

animals like insects, birds, and fish. Pathogenic E. coli can be categorized into eight primary 

pathotypes: shiga-toxin producing E. coli (STEC), enterotoxigenic E. coli (ETEC), 

enteropathogenic E. coli (EPEC), enteroaggregative E. coli (EAEC), enteroinvasive E. coli 

(EIEC), diffusely adherent E. coli (DAEC), uropathogenic E. coli (UPEC), and neonatal 

meningitis-associated E. coli (NMEC) (Palaniappan et al., 2006). The first six pathotypes are 

known to cause diarrhea, while the last two associated it with urinary tract infections and 

meningitis, respectively. Severe infections of STEC can also result in hemolytic uremic 

syndrome (HUS), which can lead to kidney failure and death (Bruyand et al., 2018). E. coli 

serotype O157:H7 is linked to many foodborne illnesses in the United States. Since 2018, eight 

multistate outbreaks have been caused by E. coli O157:H7. These outbreaks have resulted in 561 

illnesses, 262 hospitalizations, 53 cases of HUS, and 7 deaths (CDC, 2021). Similar to 

Salmonella, both commensal and pathogenic E. coli have virulence factors like adhesion 

systems, plasmids, toxins, flagella, capsules, and type III secretion systems (Touchon et al., 
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2020). It has also been discovered that bacteriophages can carry the genes (i.e., stx1, stx2, and 

stx2f) necessary to cause pathogenesis in new hosts (Rodriguez-Rubio et al., 2021). 

Antimicrobials are not given as treatment for E. coli infections because of their high risk of 

causing systemic bacteremia and HUS. However, the increased prevalence of AMR in E. coli is 

concerning. Due to its ubiquity, AMR E. coli can act as a reservoir of AMR genes in the 

environment (Jang et al., 2017). 

Antimicrobial Resistance in Foodborne Outbreaks in the United States 

AMR pathogens cause more foodborne outbreaks in the United States than before. Each 

year in the United States, more than 2.8 million people are inflicted with antibiotic-resistant 

infections (CDC, 2019b). In fact, cases that involved extended-spectrum beta-lactamase (ESBL) 

Enterobacteriaceae had increased from 131,900 incidents in 2012 to 197,400 in 2017. Similarly, 

AMR non-typhoidal Salmonella has been linked to 212,500 infections and 70 deaths annually. 

The CDC estimates that 16% of nontyphoidal Salmonella infections are caused by Salmonella 

resistant to at least one essential antibiotic, and 2% that are multidrug-resistant (MDR; resistant 

to three or more antibiotic drug classes). Resistance to antibiotics like ciprofloxacin (drug class - 

quinolone), ceftriaxone (drug class - 3rd generation cephalosporin), and azithromycin (drug class 

- macrolide) have risen steadily since 2011. These antibiotics are commonly used to treat serious 

medical conditions like pneumonia, sexually transmitted infections, and meningitis, to name a 

few.  

It has been established that AMR genes can spread quickly throughout the food-

production system. In 2014, the National Antimicrobial Resistance Monitoring System 

(NARMS) identified a novel strain of MDR nontyphoidal Salmonella enterica ser. Infactis in a 

chicken breast sample (CDC, 2019b). By 2018, this S. Infantis strain was responsible for 25% of 
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S. Infantis infections in the United States and was associated with illnesses caused by 

contaminated pork, turkey, and beef. Ten of the twenty E. coli and Salmonella identified 

foodborne outbreaks were linked to AMR E. coli and Salmonella (CDC, 2019c; CDC, 2019d; 

CDC, 2019e; CDC, 2019f; CDC, 2020b; CDC, 2020d; CDC, 2020f; CDC, 2020g; CDC, 2020h; 

CDC, 2020i). Seven of these outbreaks were traced back to contaminated fresh produce and 

ready-to-eat items (CDC, 2019c; CDC, 2020b; CDC, 2020d; CDC, 2020f; CDC, 2020g; CDC, 

2020h; CDC, 2020i). Some isolates were resistant to antibiotics that are currently not considered 

to be medically important by the United States Food and Drug Administration (FDA) like 

amoxicillin-clavulanic acid (n=1; drug class - combination beta-lactam) and sulfisoxazole (n=4; 

drug class - sulfonamide). However, many of these AMR isolates were resistant to medically 

highly important antibiotics like streptomycin (n=5), chloramphenicol (n=2), and trimethoprim-

sulfamethoxazole (n=2). These antibiotics are considered to be important because they are used 

to treat infections in humans like tuberculosis, eye infections, and bronchitis.  

United States’ Guidelines and Policies in Antimicrobial Use and Food Production 

Historically, the importance of mitigating the spread of AMR and regulating the use of 

antimicrobials in food production was meager (Kirchhelle, 2018). As a result, the use of 

medically important antimicrobials in food-producing animals as prophylaxis and growth 

promoters was prominent in the agricultural industry (Manyi-Loh, 2018). In order to combat the 

rise of AMR of medically important antimicrobials for humans, the FDA approved the Guidance 

for Industry (GFI) #213 and GFI #263 (FDA, 2013; FDA, 2019). Both GFI #213 and #263 

recommended that licensed veterinarians be consulted when dispensing medically important 

antimicrobial drugs, as defined in GFI #152, to food-producing animals for therapeutic purposes 

(FDA, 2003). However, this list has not been updated since 2005 (FDA, 2005). It is unclear how 
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medically important antimicrobials are used in commercial food-producing animal operations in 

the United States or Internationally. The most recent FDA report stated that 54% (n = 

6,189,260/11,468,357 kg) of domestic sales of medically important antimicrobials were 

approved for use in livestock (Table 2a; FDA, 2020c). The largest drug class of medically 

important antimicrobials sold in the United States was tetracycline (66.5%; n = 

4,117,031/6,189,260 kg) followed by penicillins (11.6%; n = 716,525/6,189,260 kg) and 

macrolides (7.9%; n = 488,082/6,189,260 kg). The labels of the antimicrobials sold were 

approved for use in animal species like swine (n = 42%), cattle (n = 41%), and turkey (n = 10%), 

which made up the top three (Table 4a; FDA, 2020c). The European Medicines Agency (EMA) 

of the European Union (EU) released a report of the sales of antimicrobials for veterinary use, 

which includes both food-producing and companion animals, in 31 countries (EMA, 2019). In 

2017, a total of 6,703 tonnes of antimicrobials were sold, of which 99% (n = 6,634.4/6,703 

tonnes) were estimated to be purchased to administer to food-producing animals (Table 3; EMA, 

2019). The top three drug classes sold were tetracyclines (30.5%; n = 32.6/107 mg/PCU), 

penicillins (26.9%; n = 28.8 mg/PCU), and sulfonamides (9.2%; n = 9.8 mg/PCU), which make 

up 66.6% of total sales for food-producing animals (Table 5; EMA, 2019). Tiseo et al. projected 

that the global sales of antimicrobials for food-producing animals would increase by 11.5% in 

2030 (2020). This rise in antimicrobial sales is largely due to the rapid expansion of intensive 

farming, especially in swine operations, in developing countries. 

A survey of conventional and organic dairy farmers in New York found that most 

conventional farmers were not concerned with AMR and its possible side effects in human 

medicine (Wemettee et al., 2020). The survey also revealed that some farmers thought that the 

concerns about AMR were overstated and feared that antimicrobial use was overregulated. Most 
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of the farmers surveyed believed that they use antimicrobials judiciously and felt that herd 

management was the key to reducing their need for antimicrobials. This would involve actions 

like improving barn ventilation, increasing barn size, and adding more acres to the pasture. In 

2011 the United States passed the Food Safety Modernization Act (FSMA) to encourage the 

implementation of pathogen prevention methods to improve food safety (FDA, 2017). The act 

establishes several current good manufacturing practices (cGMP), including standards for human 

food, animal food, and produce safety (FDA, 2020a; FDA, 2020b; FDA, 2021). In particular, the 

cGMP for produce safety establishes minimum standards for several aspects that affect 

agriculture operations, including worker training, the use of biological soil amendments like raw 

and composted manure, and water quality testing. The California Leafy Green Marketing 

Agreement (CLGMA) is another organization that has initiated its own set of recommendations 

to enhance food safety. The current guidelines offer in-depth guidance on which soil 

amendments to use, irrigation water systems, hazard assessment, and land usage (CLGMA, 

2020). For example, the CLGMA recommends a minimum distance between the edge of a crop 

and grazing lands, compost areas, and concentrated animal feeding operations of 30 ft., 400 ft., 

and between 1200 ft. to 1 mile, respectively (Table 7).  

Sources of Foodborne Pathogens in Agriculture Environments 

The emergence and growth of the “Eat Local” movement have contributed directly to the 

growth of integrated farms, which promotes rearing livestock and growing fresh produce within 

the same agricultural system. Similarly, in the effort to improve the sustainability of agricultural 

operations, more farms are adopting the premise of maximizing the utilization of natural 

resources and production byproducts. According to the USDA, these practices include rotational 

grazing, nutrient management, or limiting pesticide use (USDA, 2017). However, procedures 
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like growing fresh produce, which are usually consumed raw, in proximity with livestock, and 

the use of raw or inadequately composted manure could potentially increase the risk of produce 

contamination on these integrated sustainable farms.  

A major section of the scientific literature is dedicated to identifying the numerous 

sources of foodborne pathogens on agricultural farms and product manufacturers. It has been 

proposed that factors like geographic region and the size of the livestock can be a risk factor. 

One study of 129 dairy farms reported that farms with over 100 cows had an increased likelihood 

(OR = 2.6, 95% CI: 1.4-4.6) to have a higher prevalence of Salmonella than smaller dairy farms 

(Fossler et al., 2005). Another study found that farms with over >500 cows had a higher 

percentage of Salmonella-positive herds than smaller farms (Habing et al., 2012). Both studies 

described that farms located in the Eastern region of the United States had a higher prevalence of 

Salmonella than farms in the West. The same phenomena can be seen in pig operations (Correia-

Gomes et al., 2012). However, there have also been studies that found that farm size was not a 

factor or that small-scale farms have a higher prevalence of foodborne pathogens when 

compared to larger farms (Cobbaut et al., 2009; USDA, 2011). Andres et al. suggest that this 

discrepancy may be due to differences in farm management and biosecurity measures (2015). 

A common and well-documented cause of the transmission of foodborne pathogens is the 

use of contaminated irrigation water. Irrigation water is used as a supplement to natural rainfall 

to increase the yield of fresh produce. According to the CDC, using rainwater to irrigate fresh 

produce is the most reliable method to prevent fresh produce contamination (CDC, 2016). 

However, irrigation water is used as a reliable way to ensure adequate water distribution in times 

of drought or sporadic rainfall. Irrigation water can be collected from multiple water sources like 

harvested rainwater, groundwater, surface water, and wastewater (Iwu and Okoh, 2019). The 
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estimated use of ground, surface, and reclaimed water for irrigation in the United States in 2015 

was 57,200 million gallons, 60,900 million gallons, and 669 million gallons per day (Dieter et 

al., 2018). Groundwater is filtered naturally by soil and is typically considered to be high quality 

(Liu et al., 2018). However, groundwater can become contaminated with pathogenic bacteria and 

pollutants due to improperly managed landfills, nearby septic tanks, and the use of untreated 

wastewater (Liu et al., 2018; Iwu and Okoh, 2019). Bodies of water like dams, lakes, rivers, 

streams, and ponds are considered to be sources of surface water. They are a common source of 

irrigation water globally due to ease of access, especially rivers. However, they are highly 

vulnerable to microbial and heavy metal contamination. A high prevalence of both Salmonella 

and E. coli have been observed in rivers from the United States and South Africa (Liu et al., 

2018; Iwu and Okoh, 2019). A study of 68 streams near livestock operations in Upstate New 

York recovered Salmonella from 40% of the samples tested and STEC from 68% (Weller et al., 

2020). The use of treated municipal wastewater is a common practice and has been 

recommended as a source of sustainable irrigation water for agricultural use (Vergine et al., 

2017). A recent report, estimates that 52% of wastewater is treated before being released into the 

environment (Jones et al., 2020). However, previous research has suggested that only 10% of 

treated wastewater in developing countries is treated properly (Iwu and Okoh, 2019). It has been 

documented that bacteria like Salmonella and E. coli can survive the treatment of municipal 

wastewater (Agga et al., 2015; Jadoun et al., 2018; Tesfaye et al., 2019). Furthermore, the 

wastewater treatment plant can act as a hub for horizontal gene transfer of AMR genes (Christou 

et al., 2017; Zhang et al., 2019).  

The application of irrigation water to crop fields is also important in the spread of 

pathogens in agricultural environments. In the United States, farms are estimated to use a 
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combination of surface (39%), sprinkler (49.5%), and drip (28.2%) irrigation systems to increase 

crop yield (Table 28; USDA, 2019). Both sprinkler and drip irrigation are considered to be types 

of pressure systems. Although drip irrigation is considered to be the most efficient irrigation 

system, center-pivot irrigation is commonly used to cover large flat areas in the United States 

(CDC, 2016). However, drip irrigation systems are expensive to install. Numerous research 

studies have reported that the use of drip irrigation systems, especially subsurface drip systems, 

are associated with a decrease in the prevalence of foodborne pathogens on the surface of 

irrigated crops (Markland et al., 2012; Uyttendaele et al., 2015; Gupta and Madramootoo, 2016). 

Micheilk et al. reported that there was no difference in the prevalence of E. coli and Salmonella 

on the surface of drip-irrigated fruits using fresh or treated municipal water (2017). Another 

study using treated municipal wastewater reported that pressurized subsurface drip irrigation 

systems resulted in the lowest prevalence of E. coli on the edible areas of cauliflower and bitter 

gourd, when compared to non-pressurized subsurface or surface drip systems (Singh et al., 

2020). However, it is important that the drip irrigation systems are well maintained. Pagadala et 

al. indicated that poorly maintained drip systems may become a source of pathogenic bacteria 

due to biofilm formation or leaks in the pipes (2015).  

The type of fertilizer and soil amendment used is another potential source of foodborne 

pathogens in agricultural settings. According to a USDA report, about 5% (15.8 million acres) of 

land is mixed with livestock manure (MacDonald et al., 2009). Raw and composted livestock 

manure is added to agricultural soil in an effort to improve the soil structure, nutrients (i.e., 

nitrogen, phosphorus, potassium), pH, and increase crop yields (Zhang and Schroder, 2014). 

However, the use of raw manure is heavily regulated. The USDA’s National Organic Program 

(NOP) requires that raw manure has to be incorporated into the soil at least 90 days before 
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harvest if the edible portion of the crop does not touch the soil or 120 days if the crop does 

(USDA, 2015). The application of adequately composted manure is not regulated in the United 

States and can be applied freely. However, it can take as long as six months to sufficiently 

compost livestock manure (USDA, 2009). Many farmers prefer to use raw manure because it is 

inexpensive to use and has a large amount of available and slow-release plant nutrients (USDA, 

2015). Nonetheless, the use of raw manure in agricultural environments has been linked to the 

survival and transmission of foodborne pathogens to fresh produce (Sharma et al., 2016; Tran et 

al., 2020). The 120-day waiting period set by the NOP for the implementation of raw manure 

before crop harvesting, however, seems to be an adequate amount of time to allow for the die-off 

of generic E. coli. Two fields in California fertilized by grazing sheep experienced a 3.70 log10 

and 3.51 log10 mean reduction in generic E. coli and dropped below 1.0 log10 within 120 days 

(Patterson et al., 2018). However, a study by Sharma et al. found that factors like the farm 

management (i.e., conventional or organic), soil amendment type (i.e., raw poultry litter, horse 

manure, dairy manure solids, and the original inoculum level all significantly impact the survival 

of E. coli in agricultural soil (2019). In fact, raw poultry litter amended soil was found to support 

the survival of E. coli past 90 days, even when the initial concentration of E. coli was low. The 

use of raw and composted manure can lead to an accumulation of AMR genes in the 

environment (Checcucci et al., 2020). Depending on the species and drug administered, between 

20 to 90% of antibiotics are eliminated from the body in an active form (WHO and FAO, 2019). 

Tien et al. found that lettuce grown in soil amended with raw manure had a higher likelihood 

(OR = 7.20; 95% CI: 1.48-35.09) of the detection of AMR genes than lettuce grown in digested, 

dewatered, or composted manure (2017). Another study found AMR genes and integrons (i.e., 
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sul1 and intI1) on the surfaces of radishes grown in soil amended with manure from beef and 

dairy livestock administered antibiotics (Guron et al., 2021).  

Another common agricultural convention in the United States is to remove the 

surrounding natural vegetation around the animal operations and the crop beds. This practice is 

implemented to discourage wildlife and feral animals from interfering with their crops and 

livestock (Karp et al., 2015a; Weller et al., 2020). Several outbreaks of foodborne pathogens in 

the United States have been linked to wild or feral animals. A 2006 multistate (n=26) outbreak of 

E. coli O157:H7 was associated with the consumption of contaminated baby spinach (Jay et al., 

2007). The epidemiological investigation recovered the same E. coli O157:H7 strain from feces 

from the cattle livestock and a nearby feral swine population. Another investigation into an 

outbreak of Campylobacter jejuni was able to link human clinical cases to raw pea consumption 

(Kwan et al., 2014). The same C. jejuni strain was recovered from fecal samples from a nearby 

flock of sandhill cranes that frequently visited the pea farm. Insects have also been implicated in 

the dissemination of human pathogens. A study by Black et al. demonstrated transmission of E. 

coli, Salmonella, and Listeria from contaminated food sources to non-contaminated sources 

(2018). The same study reported that flies, once exposed to a contaminated food source, can 

accumulate 2.9 x 103 log CFU of E. coli per specimen within 2 hours of exposure. Another study 

identified the same E. coli O157:H7 strains in cattle manure, leafy green crops, and fly samples 

collected from a concentrated animal feeding operation (Berry et al., 2019). However, the 

removal of non-crop vegetation around integrated agricultural operations has been associated 

with an increase in the transmission of foodborne pathogens. A study by Karp et al. reported that 

when the natural vegetation within 50 m around a crop field decreased, the prevalence of 

enterohemorrhagic E. coli (EHEC) and Salmonella increased (2015b). These vegetation strips 
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have also been shown to protect crops and surface water from dust particles and herbicide 

contamination (Ucar and Hall, 2001; Borin et al., 2010; Harris et al., 2018; Zaady et al., 2018). 

Furthermore, the presence of natural vegetation around farms can have other useful effects in 

agricultural environments like odor control and ammonia absorption (Adrizal et al., 2008; Parker 

et al., 2011). These areas can also ward off soil erosion, nutrient loss, and provide a habit for 

native pollinators (Gene et al., 2019).  

Potential Applications of Next Generation Sequencing 

Since the invention of Sanger sequencing in 1977 and the completion of the human 

genome project in 2003, next-generation sequencing (NGS) has a wide range of applications in 

various fields of study. In molecular biology, NGS is used to find functional genes in bacterial 

genomes and identify point mutations (Gasperskaja and Kucinskas, 2017). NGS has been used to 

understand and map the phylogenetic relationship of commensal and pathogenic bacteria 

(Clermont et al., 2013; Clermont et al., 2019). An application of whole-genome sequencing 

(WGS) is used in epidemiological studies to link human clinical cases with pathogen 

transmission vehicles and contamination sources (Szarvas et al., 2020). In addition, great effort is 

being made to understand the connection between the minimum inhibitory concentration and the 

presence of AMR gene variants (Lauener et al., 2019). It has been suggested that WGS can be 

used to monitor untreated municipal water to preemptively detect outbreaks of enteric disease in 

the general population (Yanagimoto et al., 2019). For example, Diemert and Yan discovered an 

unknown outbreak of Salmonella enterica serovar Paratyphi B variant Java in municipal 

wastewater between 2012 and 2011 (2019). This particular outbreak was the second wave of S. 

Java in Honolulu, Hawaii, and went undetected initially due to the absence of a known human 

clinical case.  
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CHAPTER 2: Transmission of antimicrobial resistant non-O157 Escherichia coli at the 

interface of animal-fresh produce in sustainable farming environments 

Glaize, A., Gutierrez-Rodriguez, E., Hanning, I., Díaz-Sánchez, S., Gunter, C., van Vliet, 

A.H.M., Watson, W., Thakur, S., 2020. Transmission of antimicrobial resistant non-O157 

Escherichia coli at the interface of animal-fresh produce in sustainable farming environments. 

Int. J. Food Microbiol. 319, 108472. doi: https://doi.org/10.1016/j.ijfoodmicro.2019.108472. 

Abstract 

The interaction of typical host adapted enteric bacterial pathogens with fresh produce 

grown in fields is complex. These interactions can be more pronounced in co-managed or 

sustainable farms where animal operations are, by design, close to fresh produce, and growers 

frequently move between the two production environments. The primary objectives of this study 

were to 1) determine the transmission of STEC or enteric pathogens from small and large animal 

herds or operations to fresh produce on sustainable farms in TN and NC, 2) identify the possible 

sources that impact transmission of AMR E. coli, specifically STEC on these systems, and 3) 

WGS to characterize recovered E. coli from these sources. Samples were collected from raw and 

composted manure, environment, and produce sources. The serotype, virulence, and genotypic 

resistance profile were determined using the assembled genome sequences sequenced by 

Illumina technology. Broth microdilution was used to determine the antimicrobial susceptibility 

of each isolate against a panel of fourteen antimicrobials. The prevalence of E. coli increased 

during the summer season for all sources tested. ParSNP trees generated demonstrated that the 

transmission of AMR E. coli is occurring between animal feeding operations and fresh produce. 

Ten isolates were identified as serotype O45, a serotype that is associated with the “Big Six” 

group that is frequently linked with foodborne outbreaks caused by non-O157 E. coli. However, 
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these isolates did not possess the stx gene. The highest frequency of resistance was detected 

against streptomycin (n=225), ampicillin (n=190) and sulfisoxazole FIS (n=140). A total of 35 

(13.7%) isolates from two TN farms were positive for the blaCMY (n=5) and blaTEM (n=32) 

genes. The results of this study show the potential of AMR E. coli transmission between animal 

feeding operations and fresh produce, and more studies are recommended to study this 

interaction and prevent dissemination in sustainable farming systems.

Introduction 

According to the National Institute of Food and Agriculture (NIFA), sustainable farming 

systems operate under the premise of maximizing resource utilization by employing practices 

such as rotational grazing, nutrient management, or by limiting pesticide use (U.S. Department 

of Agriculture, National Institute of Food and Agriculture, 2018). As the general public becomes 

more aware of food safety, animal welfare, and farm sustainability, there has been an increase in 

the number of sustainable farms worldwide. However, practices like growing fresh produce near 

confined animal feeding operations (CAFO), applying raw and aged manure or inadequately 

composted teas or other biological soil amendments to fresh produce can increase the risk of the 

transmission of foodborne pathogens to fresh produce (Gutierrez-Rodriguez and Adhikari, 2018; 

Ingram and Millner, 2007). 

The interaction of typical host enteric-adapted bacterial pathogens with field-grown fresh 

produce is complex and can occur due to multiple pathways including 1) the application of 

inadequately composted or raw as manure (Gutierrez-Rodriguez and Adhikari, 2018; Ingram and 

Millner, 2007; Tien et al., 2017); 2) surface water contamination via run-off from nearby CAFOs 

(Abakpa et al., 2015; Decol et al., 2017; Gutierrez-Rodriguez and Adhikari, 2018); 3) use of 

contaminated irrigation water or the use overhead irrigation instead of drip irrigation (Gutierrez-
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Rodriguez and Adhikari, 2018; Holvoet et al., 2013; Markland et al., 2013), and 4) pathogen 

transmission via insects and wildlife (Alves et al., 2018; Gutierrez-Rodriguez and Adhikari, 

2018; Talley et al., 2009; Wasala et al., 2013). Foodborne pathogens like Shiga toxin producing 

Escherichia coli (STEC) O157:H7 and non-O157:H7 STEC has dominated the recent fresh 

produce-related outbreaks in the United States. In the past three years, multiple outbreaks both in 

quick service restaurants as well as grocery store products including alfalfa sprouts, leafy greens, 

and romaine lettuce have been reported in the U.S. (U.S. Department of Health & Human 

Services, Centers for Disease Control and Prevention, 2016a, 2016b, 2018a, 2018b, 2019).  

Furthermore, analysis of whole genome sequencing (WGS) data generated from the 2018 

romaine lettuce multistate outbreak ending in June 2018, identified resistance to several 

antimicrobials including ceftriaxone, a third-generation cephalosporin (U.S. Department of 

Health & Human Services, Centers for Disease Control and Prevention, 2018a). Antibiotic 

resistance (AMR) and multidrug-resistant (MDR) foodborne pathogens, which are resistant to at 

least three or more classes of antimicrobials, can also be isolated from environmental samples 

like manure (Abakpa et al., 2015; Marti et al., 2013; Tien et al., 2017), irrigation water (Abakpa 

et al., 2015; Faour-Klingbeil et al., 2016; Holvoet et al., 2013), fresh produce (Abakpa et al., 

2015; Faour-Klingbeil et al., 2016; Holvoet et al., 2013; Ranjbar et al., 2016), soil (Abakpa et al., 

2015; Holvoet et al., 2013; Tien et al., 2017), and insects (Alves et al., 2018; Mohammed et al., 

2016; Ranjbar et al., 2016). These findings accentuate the heightened risk of outbreaks of AMR 

and MDR pathogens caused by contaminated fresh produce and the need for further 

understanding of the mechanisms of contamination involved at the farm level.  

Although there have been some studies focused on identifying AMR foodborne 

pathogens isolated from fresh produce (Abakpa et al., 2015; Faour-Klingbeil et al., 2016; 
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Holvoet et al., 2013; Reuland et al., 2014), few have studied the transmission of these pathogens 

from livestock to fresh produce (Abakpa et al., 2015; Muloi et al., 2018). Furthermore, there 

have been several studies focusing on the prevalence of pathogens in organic versus commercial 

farms (Gutierrez-Rodriguez and Adhikari, 2018; Kim and Woo, 2014; Leff and Fierer, 2013). 

However, a comprehensive study examining the transfer of these pathogens from livestock to 

fresh produce on operating sustainable farms is lacking, especially with concern to sustainable 

farms where CAFOs are in very close proximity to fresh produce (Berry et al., 2015; Faour-

Klingbeil et al., 2016). It is known that cattle are asymptomatic carriers of STEC, and a recent 

study in New Zealand discovered that 20% of cows were carriers of the O157, O26, O45, O103, 

O111, O121, and O145 serotypes (Browne et al., 2018). The latter six serotypes are the most 

prevalent non-O157 serotypes among human isolates in the U.S. and are referred to as the “Big 

Six” (U.S. Department of Agriculture, Food Safety and Inspection Service, 2012). One step to 

reducing the burden of disease due to the consumption of contaminated fresh produce is to 

identify the different sources of contamination and to develop mitigation practices that can 

reduce or eliminate the transfer of AMR foodborne pathogens to fruits and vegetables.  

The main aims of this study were to determine if transmission of STEC or enteric 

pathogens from small and large animal herds or operations to fresh produce could occur in small 

sustainable farms, to identify the possible sources of AMR E. coli on these systems that rear 

livestock and grow fresh produce in proximity, and to use WGS to characterize recovered E. coli 

from these sources. Information collected from these types of studies could begin to provide 

initial insights into any potential transmission of enteric pathogens in small sustainable 

commercial farms, help identify sources and track movement, and list those conditions that favor 

pathogen transmission risk from small livestock operations to fresh produce. 
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Materials and Methods 

Experimental design 

A total of five commercial sustainable farming systems, two in North Carolina (NC; 

farms 1 and 2) and three in Tennessee (TN; farms 3-5), were sampled over two years between 

the months of May-September of 2014-2015. Farms in NC were small in scale (below 50 acres), 

with farm 1 consisting of a mobile chicken coop containing between 30-50 birds and farm 2 

rearing 5-10 dairy cattle at any one time. In comparison, TN farms 3-5 were large scale 

productions. Farm 3 (1,500+ acres) had 80,000 chickens 25 acres of fresh produce, while farm 4 

(approximately 400 acres) had 120,000 chickens and 25 beef cattle. Finally, farm 5 grew fresh 

produce and reared cattle, pigs, sheep, and goats on 300 acres of land. None of the farms in this 

study were isolated from their surrounding communities. Produce samples were collected on 

these farms depending on the availability of produce, geographic location, and season. Fresh 

fecal and manure samples from livestock (poultry, cattle, swine, and small ruminants), fresh 

produce (leafy greens, tomatoes, melons, snap beans, and cucumbers), and environmental 

samples (flies, soil, and irrigation water) were collected within a 3 to 1,200 m distance from 

CAFOs or small animal herds. All the samples were transported back to the respective lab inside 

coolers with ice keeping all samples at or below 8 oC. 

Produce Collection and Enrichment 

A total of five 150 g replicates were collected per crop. In NC, all produce samples were 

collected within 30-40 m of the small animal herd. Crop rotation varied between NC and TN and 

growing season. In TN produce samples included snap beans, corn, cucumbers, melons, 

tomatoes, red and green lettuce, turnips, and squash; while in NC produce samples were mainly 

watermelons, peppers, melons, spinach, cabbage, tomatoes, and broccoli. Each sample was 
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randomly selected and aseptically collected to avoid cross-contamination from adjacent crops or 

standing water. When harvesting tomatoes, different ripening stages (mature green [n=1], 

“turning” [n=2], and “red” [n=3]) were collected along the cropping cycle or sampling event 

looking to better represent the conditions of the plant and fruit through the growing season.  

For STEC enrichment from fresh produce (tomatoes, leafy greens and (water)melon 

rinds), we followed a modified procedure from Gutierrez-Rodriguez et al. (2012, 2019). Briefly, 

a total of 300 mL of 2X Universal Pre-enrichment Broth (UPB) (Becton, Dickson and Company, 

Franklin Lakes, NJ) with 0.05% (v/v) Tween20 (Fisher Scientific, Waltham, MA) was added to 

150 g of produce. After a one-minute massage, samples were sonicated for 30 min. The 

supernatant was then transferred to a new container. Following an 18-24 hour incubation at 35 

°C, 10 mL of the pre-enrichment were transferred to 90 mL of mEHEC broth (MilliporeSigma, 

Burlington, MA) and incubated at 37 °C for 18-24 h. After enrichment, all samples were on 

CHROMagar STEC (CAS) (CHROMagar Microbiology, Paris, France) amended with 25% of 

the amount supplements instead of 100% to account for genetic variability and different resistant 

levels from naturally occurring STEC in different farming environments and environmental 

samples. Plates were incubated at 35 °C for 24-48 h. Single isolated mauve colonies from CAS 

were cleaned three times using CAS and tryptic soy agar (TSA) (Becton, Dickson and Company, 

Franklin Lakes, NJ) and was then suspended in potassium phosphate buffer and stored in 26% 

(v/v) glycerol. In some instances when dealing with fastidious environmental strains, isolated 

colonies from CAS were struck on Luria-Bertani (LB) (Becton, Dickson and Company, Franklin 

Lakes, NJ) agar and incubated at 37 °C for 18-24 h. The isolates were then stored in LB broth 

with 20% (v/v) glycerol (Becton, Dickson and Company, Franklin Lakes, NJ) at -80°C until 
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further characterization. This enrichment process was repeated for leafy greens and watermelon 

rinds. 

Manure Collection and Enrichment 

During each visit, 150 g of raw and composted manure was collected from livestock 

(dairy, poultry, and small ruminants) from each farm. Care was taken to collect from fresh 

manure piles with sterile plastic scoops and to avoid the interface with the ground. For NC farm 

1, raw chicken manure was collected from five locations within the mobile chicken coop while in 

farm 2, raw dairy manure was collected from five different locations within the pasture. Raw 

chicken manure from TN farms 3 and 4 was collected from three locations (front, middle, and 

back) within each of the four chicken houses. Raw manure from cattle, pigs, goats, and sheep 

from TN farm 5 was collected from three locations within each pen.  

During processing, 25 g of manure was combined with 225 mL of 1X UPB and massaged 

for 1 min. The supernatant was then transferred to another container and incubated at 35°C for 

18-24 h. The next day, 10 mL of the pre-enrichment was transferred to 90 mL of mEHEC broth 

and incubated at 37 °C for 18-24 h. After enrichment, all samples were struck on CAS amended 

with 25% (v/v) supplements. Plates were incubated at 35 °C for 18-24 h. Single mauve colonies 

were isolated in a similar way as described previously.  

Farm Environment Samples 

During each visit water, soil, and flies were collected in NC and TN samples. In NC 

water sampling was performed once each year and consisted of collecting three 3.8 L samples at 

the outlet of the irrigation system within farm 1 (poultry) and farm 2 (dairy) operations. In TN 

water sampling was performed monthly from July to September and consisted of collecting one 

3.8 L sample from each water source. Water was analyzed following the procedure described by 
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Sbodio et al. (2013) for generic E. coli. In brief, each one-gallon water sample was filtered 

through a modified Moore swab system, and the E. coli population was determined by plating on 

CHROMagar ECC (CHROMagar Microbiology, Paris, France) agar. 

Soil samples were collected from predetermined distances within each farm in NC and 

TN. In NC, these twenty soil collection sites on each farm were selected and marked with flags. 

Sampling was performed in a Z pattern using a sterile 113 g scoop and soil was collected from 

the top 15 cm of the soil profile. Up to 20 samples were pooled (500 g) in order to get a 

representative sample of the prevalence of STEC in soil due to the small nature of the plots (30-

40 m) within each farm (Gutierrez-Rodriguez et al., 2012). Each pooled sample was mixed with 

a sterile scoop and from the mixed sample, 150 g was used for the isolation of STEC. In brief, 

150 g of soil was combined with 300 mL of (0.02M) sodium phosphate with 0.05% (v/v) 

Tween20 and was massaged for 1 min. The supernatant was then transferred to a new sterile bag 

containing 250 mL of 2X UPB and incubated at 35 °C for 18-24 h. The next day, 10 mL of the 

pre-enrichment was transferred to 90 mL of mEHEC broth and incubated at 37 °C for 18-24 h. 

After enrichment, all samples were streaked on CAS amended with 25% supplements (Gutierrez-

Rodriguez et al., 2012). Plates were incubated at 35 °C for 18-24 h. Single mauve colonies were 

isolated in a similar way as described previously.  

A live sampling of the fly population was performed using nets at each sampling site 

(soil, livestock, irrigation water, and produce) during each farm visit of all TN farms and NC 

farm 1. Four preselected locations (manure, vegetables, fruit, and water) at every farm site was 

outfitted with five QuikStrike fly strips (Wellmark International, Schaumburg, IL) with attractant 

and insecticide that kills flies on contact. Care was taken to avoid direct sun and rainfall contact 

during placement of the fly strips. At the lab, the species of each insect was identified and 
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quantified before sorting representative flies into two groups (house flies and blowflies) of 5-10 

insects. The experimental procedure followed for E. coli was based on the procedures described 

previously by Olsen and Hammack (2000). In brief, fly samples totaling no more than 1 g were 

pre-enriched in 10 mL of 2X UPB for 18-24 h at 35 °C. The next day, 10 mL of the pre-

enrichment was transferred to 90 mL of mEHEC broth and incubated at 37 °C for 18-24 h. After 

enrichment, all samples were streaked on CAS amended with 25% supplements (Gutierrez-

Rodriguez et al., 2012). Plates were incubated at 35 °C for 18-24 h. Single mauve colonies were 

isolated in a similar way as described previously.  

Antibiotic Susceptibility Testing 

Broth microdilution was used to characterize the phenotypic AMR profile of the E.coli 

isolates from both TN and NC and to determine the minimum inhibitory concentration (MIC) as 

described by Pornsukarom, Suchawan et al. (2018; 

http://www.uniscience.co.kr/data/trds/sensi_manuals/VET_Mic_panel.pdf). The Sensititre gram-

negative National Antimicrobial Resistance Monitoring System (NARMS) CMV3AGNF plate 

(Trek Diagnostic Systems, Cleveland, OH), was used to complete this assessment. The isolates 

were exposed to a panel of fourteen preselected drugs: amoxicillin/clavulanic acid (AUG2; 

1/0.5–32/16 μg/mL), ampicillin (AMP; 1–32 μg/mL), azithromycin (AZI; 0.12–16 μg/mL), 

cefoxitin (FOX; 0.5–32 μg/mL), ceftiofur (XNL; 0.12–8 μg/mL), ceftriaxone (AXO; 0.25–64 

μg/mL), chloramphenicol (CHL; 2–32 μg/mL), ciprofloxacin (CIP; 0.015–4 μg/mL), gentamicin 

(GEN; 0.25–16 μg/mL), nalidixic acid (NAL; 0.5–32 μg/mL), streptomycin (STR; 32–64 

μg/mL), sulfisoxazole (FIS; 16–256 μg/mL), trimethoprim/sulfamethoxazole (SXT; 0.12/2.38–

4/76 μg/mL), and tetracycline (TET; 4–32 μg/mL). The breakpoints were determined by the 

standards set by the Clinical and Laboratory Standards Institute, and the National Antimicrobial 

http://www.uniscience.co.kr/data/trds/sensi_manuals/VET_Mic_panel.pdf
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Resistance Monitoring System (NARMS) was used to determine the breakpoints (Clinical and 

Laboratory Standards Institute, 2013, 2015; U.S. Food and Drug Administration, National 

antimicrobial Resistance Monitoring System, 2012). An isolate was designated as MDR if it 

exhibited resistance to three or more class of antimicrobials. 

DNA Isolation and Whole Genome Sequencing 

A modified version of the Qiagen DNeasy Blood & Tissue kit (Qiagen, Venlo, 

Netherlands) was used to isolate the DNA of the TN and NC E. coli isolates. During cell lysis, 

the samples were incubated for 3 h and vortexed every 20 min for 10 s. 4 μL of RNase A was 

added to each sample in order to remove RNA contamination. Samples were centrifuged at 

10,000 rpm during the final wash steps. A pre-warmed 10 mM Tris-HCl (pH 8.0) (Fisher 

Scientific, Waltham, MA) solution was used as the elution buffer for each DNA sample. The 

high-sensitivity assay kit for the Qubit 4.0 Fluorometer was used to verify the concentration of 

double-stranded DNA (ThermoFisher Scientific, Waltham, MA). Once quantified, DNA libraries 

of each sample were prepared for sequencing using a Nextera XT kit (Illumina, San Diego, CA). 

Multiplexed sequencing of these libraries was done with a single run on an Illumina MiSeq 

(Illumina, San Diego, CA) using 250 bp or 300 bp paired-end reads (MiSeq reagent kit, version 

3). Samples were de-multiplexed and submitted to the National Center for Biotechnology 

Information GenomeTrakr database (Accession: PRJNA293225). 

Genome Sequence Analysis 

Serotype characterization of the O- and H-antigens was performed using the 

SerotypeFinder (Joensen et al., 2015) and EcOH (Ingle et al., 2016) databases for all 255 

presumptive STEC isolates. The program ABRicate (https://github.com/tseemann/abricate) was 

then used to screen for pathotypes, extended-spectrum β-lactamases (ESBL), and AMR/virulence 

https://github.com/tseemann/abricate
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genes using the Resfinder (Zankari et al., 2012), CARD (Jia et al., 2017), ARG-ANNOT (Gupta 

et al., 2014), NCBI BioProject PRJNA313047 (https://www.ncbi.nlm.nih.gov/bioproject/), and 

VFDB for Escherichia (http://www.mgc.ac.cn/VFs/main.htm) databases. E. coli pathotype 

categories were determined using the guidelines suggested by Robins-Browne et al. (2016). E. 

coli phylogroups (A, B1, B2, C, D, E, F and G) for the TN and NC E. coli isolates were 

determined using an in silico quadruplex PCR method (Beghain et al., 2018; Clermont et al., 

2019). Isolates were classified based on the presence or absence of four housekeeping genes: 

arpA, chuA, yjaA, and TSPE4 (Beghain et al., 2018). Phylogenetic trees were generated using the 

techniques described in Pornsukarom, S. et al. (2018). In brief, the tool ParSNP from the Harvest 

suite (Treangen et al., 2014) was used to identify single-nucleotide polymorphisms (SNP) 

present in the chromosome of each isolate to determine how closely related each isolate is to one 

another. In order to get higher resolution mapping the settings were set to “-a 13” and “-x” (Van 

Vliet and Kusters, 2015). The PhiPack module was used in order to exclude SNPs located in 

known recombination regions of the genome (Pornsukarom et al., 2018). Phylogenetic trees were 

annotated and visualized using the programs Figtree (http://tree.bio.ed.ac.uk/software/figtree/) 

and Treegraph v2 (Stover and Muller, 2010). The experimental design is depicted in figure 2.1. 

Results 

Prevalence of E. coli on NC and TN Farms 

A total of 1659 samples comprised of produce (n=523), soil (n=329), raw manure 

(n=277), composted manure (n=70), poultry litter (n=178), water (n=55), and insects (n=227) 

were collected from the five farms in NC (farm 1 and 2) and TN (farms 3, 4, and 5) during the 

experiment (Table 2.1). The number collected from each source varied slightly between each 

farm and with each visit. This is partially due to the farm management and weather patterns. The 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA313047
http://www.mgc.ac.cn/VFs/main.htm
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collective prevalence of E. coli for all sources tested was 15.4% (n=255), with 216 isolates 

coming from TN farms and 39 coming from NC farms. The majority of isolates were recovered 

from TN farms 3 and 4 (Figure 2.2), while farms 2 (NC) and 5 (TN) had the least (Figure 2.2). 

Although all sources (i.e., raw and composted manure, water, produce, and fly traps) tested were 

positive for E. coli, the main sources of E. coli were raw manure (46%), litter (24%), and insect 

(12%) samples collectively. When examined individually, the main sources of E. coli were raw 

manure (8%), insect (13%), and soil (8%) samples from NC farms, while the main sources in TN 

were raw manure (40%), litter (28%), and insect (12%) samples. TN farms 3 and 4 were the only 

farms to have all sources test positive for E. coli (Figure 2.2). Raw manure was the only source 

that tested positive from samples collected from NC farm 2 (Figure 2.2).  

Of the 14 E. coli isolates that originated from fresh produce samples, the majority were 

isolated from cucumbers (n=6) sourced from TN farms 4 and 5 and snap beans (n=3) harvested 

from TN farm 3 (Figure 2.3). Interestingly, cucumbers were the only produce samples to test 

positive for E. coli in both 2014 and 2015, although these incidents occurred on different farms 

during the summer season. In contrast, snap beans (n=3) from TN farm 3 only tested positive in 

the summer of 2014 (Figure 2.3). Overall, several E. coli isolates came from sources (insect, 

water, raw chicken and cattle manure) that were located between 2655 to 3219 m away from the 

cucumber field on TN farms 3 and 4. Produce harvested from NC farms 1 and 2 never tested 

positive for E. coli.  

The prevalence of E. coli increased between June and September for all farms in TN and 

NC farm 1 (Figure 2.4). Specifically, the prevalence of E. coli recovered from raw manure, litter, 

and produce sources increased during the summer months and peaked overall in July (Figure 

2.4). This increase in prevalence in raw manure can be seen in both NC and TN farms 1, 3, 4, 
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and 5, while only TN farms experienced an increase from produce (Figure 2.4). NC farm 2 

experienced a spike in E. coli prevalence in manure samples in September and December, while 

TN farm 5 started to spike in May (Figure 2.4). No E. coli isolates were retrieved during January, 

February, April, October, and November (Figure 2.4). The month of June had the highest 

number of recovered E. coli isolates from TN farm 3 (n=53/93) followed by July (n=45/92) 

(Figure 2.4). The majority of these isolates were sourced from raw manure (June (n=17/53); July, 

(n=19/45)) and poultry litter (June (n=24/53); July (n=12/45)) samples (Figure 2.4).  

Phenotypic AMR Profile 

Based on the output from the broth microdilution testing, 159 out of the 255 presumptive 

STEC isolates were MDR and 23 were susceptible to all screened antimicrobials. Forty-two 

unique AMR resistant profiles were identified. Antibiotics STR (n=225/255), AMP (n=190/255), 

FIS (n=140/255), and TET (n=100/255) were the most prevalent phenotypic resistances in both 

states (Figure 2.5). Gen (n=98/255) was highly prevalent in TN (n=97/98) but not in NC 

(n=1/98) (Figure 2.5). The four most common AMR profiles were: AMP STR (n=48/255), AMP 

FIS GEN STR TET (n=29/255), AMP FIS STR (n=18/255), and AMP FIS STR TET 

(n=18/255). Resistance to CIP (n=1) was only found in TN and not NC (Figure 2.5). Resistance 

to AUG2, AXO, FOX, XNL, CHL, and AZL was detected in higher proportions in NC but not in 

TN.  

ParSNP tree and phylogroups 

As shown in figure 2.6, all eight E. coli phylogroups were identified using the in-silico 

PCR method (Beghain et al., 2018). Approximately, one-third of the isolates analyzed were 

determined to belong to phylogroups B2, D, E, F and G with the majority of isolates being 

classified as a member of phylogroups A and B1. A ParSNP tree was generated to compare the 
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phylogenetic relationship of the core genome of the isolates. The tree revealed that there are two 

distinct branches that separate phylogroups A, B1, C, and E from phylogroups B2, D, F and G. 

Phylogroup F, which has recently split away from phylogroup B2, was the smallest group 

(n=3/255) categorized. Twelve of the E. coli was sorted into the newly identified phylogroup G. 

Interestingly, there was a few discrepancies with the phylogroup between the PCR method and 

the ParSNP tree (Figure 2.6). For example, isolates 91 and 242 are categorized as phylogroup A 

using the PCR method, but is clustered with phylogroup B1 using genomic data due to the loss of 

TspE4. In addition isolates 87 and 120 fall outside of the genomic clusters in the ParSNP tree but 

have been categorized as phylogroup B1 by the PCR method. Raw manure had the highest 

number of isolates in phylotypes A, B1, and D (n=38/117, 46/117, and 14/117, respectively) 

(Figure 2.7). Interestingly, 33% of insect samples were identified as phylotype D (Figure 2.7). 

E. coli Serotyping 

Out of 255 isolates, 70 different O-antigen serotypes were characterized using WGS. 

None of the isolates were identified as serotype O157:H7. The three most prevalent serotypes 

were O102, On12, and O45 (Figure 2.6). Of serotypes associated with the “Big Six”, only 

serotype O45:H8 was identified in ten isolates from TN (n=9) and NC (n=1). These isolates were 

determined to be a part of phylogroup B1 and did not possess the stx gene (Figure 2.6). 

Interestingly, of the 14 positive produce samples, nine E. coli isolates from TN farm 3 and 5 

belonged to serotype O45 (n=2) and serotype O102 (n=7). Isolates serotyped as O176, O138, and 

On12 were grouped into phylogroups C, E, and A (Figure 2.6). According to the phylogenetic 

tree, serotype O15 tends to cluster with phylogroup D (Figure 2.6). Interestingly, isolates 

serotyped as O102 were determined to belong to either phylogroups B1 or D (Figure 2.6). We 
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were unable to identify the O-antigen of 25 isolates using the approach described above because 

there was not a direct match in the SerotypeFinder and EcOH databases.  

Genotypic AMR Profile 

WGS characterization of the isolates revealed that 141 isolates possessed resistance genes 

that can confer resistance to at least three classes of antimicrobials. Further characterization 

revealed the presence of 35 ESBLs blaCMY (n=6/36) and blaTEM (n=32/36), of which 82.9% were 

MDR. ESBLs were only recovered from TN farms and were recovered from all sources except 

from water and composted manure (Figure 2.8). As shown in figure 2.8, the majority of isolates 

were retrieved from raw chicken manure and litter samples. Isolates were predominantly 

recovered from farm 3. The ParSNP tree generated showed that seven isolates revived from raw 

chicken manure, produce, soil, and insect sources were closely related to each other. These 

isolates were collected from farm 3 and belonged to the phylogroup D, which is the largest 

represented phylogroup (n=14/255) detected in this subset. Interestingly, 93.4% of isolates 

possessed resistance genes to tellurite (Figure 2.6). Three different resistance profiles were 

identified: terZABCDE (n=205), terABCD (n=32), and terBCD (n=2) (Figure 2.6). Farm 5 was 

the most diverse and all three profiles were identified in isolates recovered from it. 

Virulence Typing 

Bioinformatics analysis of the MiSeq fastq sequence files of every E. coli isolate was 

performed to look for the presence of virulence genes: stx1 (n=2/255), stx2 (n=1/255), eaeA 

(n=29/255), hlyA (n=3/255), bfpA (n=0/255), ipaH (n=0/255), elt (n=0/255), est (n=0/255), ehxA 

(n=0/255), aggR (n=0/255), aatA (n=0/255), and aaiC (n=0/255). In total 31 E. coli isolates were 

able to be sorted into two pathotypes: enterohemorrhagic E. coli (EHEC, stx positive, n=3/255) 

and atypical enteropathogenic E. coli (aEPEC, eae positive and stx negative, n=28/255) as 
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defined by Robins-Browne et al. 2016 and Pearson et al. 2016. All three EHEC isolates 

possessed genes, either stx1 (n=2) or stx2 (n=1). Two of these isolates (i.e., STEC 165, STEC 

169) were collected from farm 5 in TN and were positive for stx1. Both isolates were sourced 

from raw manure either from a cattle pasture (STEC 169) or a shared sheep and goat pen (STEC 

165). Likewise, isolate STEC 212 was sourced from cattle raw manure collected from farm 2 in 

NC and was positive for stx2. Isolates STEC 165 and STEC 212 were determined to be a part of 

phylogroup B1, while isolates STEC 169 was determined to belong to phylogroup B2 (Figure 

2.6). Isolate STEC 165 was the only sample that contained all three virulence genes (stx1, eaeA, 

and hlyA). This profile is typically associated with STEC and exhibited a 100%, 89.18%, and 

100% similarity, respectively, to the reference data in the virulence factor database. Both isolate 

STEC 169 (stx1 and hlyA), and STEC 212 (stx2 and hlyA) showed 100% similarity to their 

particular virulence genes. 

All of the 28 aEPEC isolates were isolated from TN farms 3 (n=3/119) and 4 (n=25/65) 

and possessed eaeA (n=28/29) genes but did not have bfpA. The majority of aEPEC isolates that 

were MDR (n=17/28) belonged to the phylogroup E (n=12/28). However, 5 isolates from TN 

farm 4 were identified as phylogroup D. These isolates were all collected in June and July of 

2015 and sourced from raw chicken manure, litter, and insect samples. Interestingly, all of these 

five isolates were characterized as MDR with a serotype of O167. They also possessed the 

sample tellurite resistance profile terBCD. Of the three aEPEC isolates from TN farm 3, one was 

sourced from snap beans in July 2014; however, this isolate was not MDR. 

Discussion 

The primary objectives of this study were to 1) determine if the transmission of STEC or 

enteric pathogens was occurring on small and large animal herds or operations to fresh produce 
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on sustainable farms in TN and NC, 2) identify the possible sources that impact transmission of 

AMR E. coli, specifically STEC on these systems, and 3) use WGS to characterize recovered E. 

coli from these sources. In April 2019 the Leafy Green Products Handler Marketing Agreement 

(LGMA) agency released an updated recommendation on the appropriate distance between the 

edge of a crop field and from composting operations (122 m) and CAFO’s greater than 1,000 or 

80,000 heads (366 m or 1610 m, respectively) (California Leafy Green Products Handler 

Marketing Agreement, 2019). The first aim of this study was to determine if transmission of 

STEC or enteric pathogens was occurring on sustainable farms in TN and NC and to determine if 

a 122 m distance between animal operations to the edge of produce fields was adequate to 

prevent the transmission of E. coli. Due to the significant size difference between TN (large scale 

production) and NC (small scale production) farms, it is essential to evaluate this aspect 

separately. NC farms 1 and 2 had at most 50 chickens and ten cows, respectively and were 

chosen because they maintained a distance between 15 m to 61 m from the edge of the crop to 

their chicken coop and cow pasture. Interestingly, no produce from either farm tested positive for 

E. coli. This is in direct contrast to the farms in TN, of which most of the poultry houses and cow 

pastures were located between 3219 m to 9656 m away from the edge of the crop fields but had 

produce (cucumbers, snap beans, tomatoes, kohlrabi, melons, and cabbage) test positive for E. 

coli. With the above in mind, the data suggest that the transmission of E. coli on sustainable 

farms is occurring. However, the data suggest that the distance between CAFO’s and the fresh 

produce field does not contribute to the transmission of E. coli from livestock to fresh produce. It 

seems that one of the most important factors could be the overall heard size on each farm. 

The second objective was to identify the possible sources that impact the transmission of 

AMR E. coli on sustainable farms. Although there have been a few studies have attempted to 
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identify the source of AMR bacteria isolated from fresh produce (Abakpa et al., 2015; Faour-

Klingbeil et al., 2016; Holvoet et al., 2013; Marti et al., 2013), soil (Abakpa et al., 2015; Holvoet 

et al., 2013; Marti et al., 2013), manure (Abakpa et al., 2015; Marti et al., 2013; Tien et al., 

2017), and insects (Alves et al., 2018; Mohammed et al., 2016; Ranjbar et al., 2016; Talley et al., 

2009), none have investigated the interaction between all three potential sources (the 

environment, livestock, and insects) and its impact on the contamination of AMR bacteria on 

fresh produce concurrently. A few studies have focused on the role that insects, namely fruit and 

house flies, play in the transmission of foodborne pathogens onto fresh produce and fruit (Alves 

et al., 2018; Berry et al., 2015; Black et al., 2018; Sela et al., 2005; Talley et al., 2009). However, 

few have expanded that research to include AMR surveillance (Alves et al., 2018; Talley et al., 

2009). A recent study conducted in Brazil, which characterized E. coli isolated from flies using 

PFGE and disk diffusion, reported that four MDR E. coli isolates from farms showed a 100% 

similarity to each other (Alves et al., 2018). Interestingly, a study conducted in 2015 revealed 

that 15-day old fruit flies could travel on average 2 a day (Chen et al., 2015). This may explain 

why some produce samples tested positive for E. coli despite being located 1.98 miles away from 

the poultry houses on TN farms 3 and 4.  

The World Health Organization and the FDA have released new guidelines that prohibit 

the use of medically important antibiotics for humans for growth promotion or feed efficiency in 

livestock (U.S. Food and Drug Administration, 2017; World Health Organization, 2017). In 

addition, the FDA’s guidelines, Guidance for Industry (GFI) #213, required that the use of 

medically important antibiotics had to be done under the guidance of a licensed veterinarian 

(U.S. Food and Drug Administration, 2017). Currently the USDA National Organic Program 

(NOP) requires that raw manure must be applied to the soil at least 90 days from planting to 
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harvest of the crop whose edible portions do not come in close contact with soil and at least 120 

days from planting to harvest of the crop if the edible portions of the crop does come in contact 

with the soil (U.S. Department of Agriculture, National Center for Appropriate Technology, 

2011; U.S. Department of Agriculture, National Organic Program, 2018). However, it is 

unknown if the 90 to 120-day interval is long enough to reduce the pathogen load in raw manure. 

A few studies have suggested that climate and soil type may be an essential factor when 

considering the survival time of E. coli in raw manure (Gutierrez-Rodriguez and Adhikari, 2018; 

Patterson et al., 2018; Sharma et al., 2016; Sharma et al., 2019). Similarly, studies have 

demonstrated that improperly composted manure mixed with soil can be a potential source of 

AMR pathogens in other studies (Abakpa et al., 2015; Marti et al., 2013; Tien et al., 2017). In 

this study, E. coli was primarily isolated from raw chicken manure, litter, and insect samples, as 

shown in figure 2.2. The results suggest that contaminated raw chicken manure, soil, and insects 

can be potential sources of AMR E. coli on fresh produce on sustainable farms. This is based off 

of figure 2.8, which shows that isolates collected from soil (239 and 240), produce (241 and 

243), and fly traps (245) on the same farm at the same time, share the same number and 

placement of SNP’s in their core genome. This suggests that their core genome is similar to one 

another and it is probable that they come from the same source. Furthermore, on the next 

collection trip fecal samples from raw chicken manure (isolates 244 and 247) recovered E. coli 

isolates that had the same genetic fingerprint. However, it is important to note that the ParSNP 

tree is not a measure of evolutionary distance. Future experiments focused on the transmission of 

foodborne pathogens should include insect sampling into their methodology. It should also be 

noted that 16.3% of water samples (n=9/59) was positive for E. coli despite using municipal 

water for their operations. This is in agreement with a study conducted 2015 in Nigeria (Abakpa 



53 

 

et al., 2015), which found that 18% of their irrigation water samples were contaminated with 

Salmonella typhi. However, this percentage is substantially lower than the percentages reported 

by Holvoet et al. (2013) and Decol et al. (2017), who reported that 59% and 84.8%, respectively, 

of the irrigation water samples collected was contaminated with E. coli. 

The third objective of this study was to use WGS to characterize the serotype, AMR, and 

virulence profile of each isolate collected and to determine the phylogenetic relationship between 

each isolate. Of the top three serotypes identified in this study, only two were recovered in NC 

(O45, n=1/39; On12, n=11/39) from raw chicken manure. The lack of sero-diversity may be due 

to the small NC farm heard size was and the livestock diversity (dairy cattle and poultry farms) 

compared overall to the farms in TN (dairy cattle, poultry, sheep, goats, and pig farms). Based on 

WGS characterization, ten of the isolates were identified as serotype O45, which is a serotype 

that is commonly associated with the “Big Six” group and has been linked with foodborne 

illnesses in humans (U.S. Department of Agriculture, Food Safety and Inspection Service, 2012; 

U.S. Department of Health & Human Services, Centers for Disease Control and Prevention, 

2006). Although these ten isolates do not possess stx genes it is possible for them to receive the 

gene from stx-converting phages (Hooton et al. 2019). Figure 2.5, revealed that NC farms had 

higher percentages of isolates that were resistant to antibiotics like ceftriaxone (AXO), ceftiofur 

(XNL), and cefoxitin (FOX), which are extended spectrum and AmpC beta-lactams respectively, 

than the TN farms. WGS also revealed that all NC isolates possessed blaEC genes, a class C 

AmpC gene, which may explain the phenotypic resistance profile of these isolates. Only 35 

isolates carried any of the targeted virulence genes and their variants. The all of NC isolates 

(n=39/39) were positive for virulence genes eaeH and hlyE. Isolate STEC 212 was positive for 

both stx2A and stx2B variants as well as hly variants A, B, C, D, and E. The majority of TN 
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isolates were positive for virulence genes eaeH (n=179/196) and hlyE (n=196/216). Isolate 

STEC 165 was positive for both stx1A and stx1B variants as well as hly variants A, B, C, D, and 

E. Isolate STEC 169 was positive for both stx1A and stx1B variants as well as hly variants A, B, 

C, and D. 

 Isolates were also clustered into eight phylogroups (A, B1, B2, C, D, E, F, and G) based 

on their core genomes. This approach is similar to multi-locus sequence typing (MLST), and 

recent studies have revealed that certain phylogroups can be associated with different ecological 

niches and infections (Beghain et al., 2018; Clermont et al., 2015; Hutton et al., 2018). One-third 

of the isolates characterized were part of phylogroups B2 and D, which are more likely to be 

associated with extraintestinal infections in humans (Beghain et al., 2018; Van der Bij et al., 

2011). The phylogroups A and B1, on the other hand, are considered to be universal and can be 

found in non-host environments like soil and water (Corzo-Ariyama et al., 2019). Interestingly, 

five out of nine E. coli isolates from water were MDR and represented phylogroups B1 (n=3), C 

(n=1), and D (n=4). E. coli isolates from NC farms belonged to phylogroups A (n=23/39), B1 

(n=15/39), and D (n=1/39), while TN farms had isolates that belonged to all eight phylogroups 

tested (A, n=39/216; B1, n= 83/216; B2, n=5/216; C, n=10/216; D, n=46/216; E, n=14/216; F, 

n=3/216; and G, n=12/216). This suggests that the transmission of E. coli on NC farms may be 

due to the environmental transmission of E. coli through methods like wind or insect 

transmission. The high prevalence of phylogroups B2, D, and E suggest that there may be 

another source of transmission that has not been accounted for. This may be due to the farm and 

operation size of the TN farms and the diverse animal rearing occurring there. WGS also 

revealed that a large part of ESBL isolates identified as members of phylogroups B2 and D were 

MDR, which is concerning considering that they were collected from sustainable farms that do 
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not use antimicrobials. Similar observations were reported from multiple studies from the 

Netherlands (Ranjan et al., 2017; Van Hoek et al., 2015). There is also growing evidence of E. 

coli securing novel AMR and virulence genes that can be located on transposons (Chowdhury et 

al., 2019) and plasmids (Carattoli et al., 2017; Liu et al., 2016; Xavier et al., 2016), which are 

then disseminated to other bacterial lineages and environments through horizontal gene transfer 

(Begum et al., 2018; Shen et al., 2018; Xavier et al., 2019). This may be the potential explanation 

of what is occurring on sustainable farms that we have visited, and it is concerning because E. 

coli is prevalent in many different environments.  

We acknowledge that the overall number of farms involved in this study was small; TN 

(n=3/5) NC (n=2/5); however, each group represents an important section within the diversified 

farming community with small and large size operations that clearly have shown the differences 

in AMR and MDR within our analysis and within the distribution inside the farms. Further, we 

were able to show that transmission of E. coli between environmental samples (soil, raw manure, 

and insects) and fresh produce does happen on sustainable farms by demonstrating the similarity 

of SNP number and placement of several isolates from various sources. The abundance of AMR 

genes and MDR E. coli on sustainable farms that do not use antimicrobials does raise some 

questions on what environmental factors are at play to select for these phenotypes. Therefore, a 

more in-depth and controlled analysis of the interactions between the environment, livestock, and 

fresh produce is needed in order to understand this observation fully. 
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Table 2.1. The total number of environmental samples collected between 2014 and 2015. 

Farm 

Date 

Collected Trip Vegetables  Soil 

Poultry 

Litter 

Composted 

Manure 

Raw 

Manure Water Insects 

TOTAL 

Collected 

Farm 

Totals  

Farm 1 7/31/2014 1 65 15 5 20 20 0 11 136 

487 

Farm 1 8/25/2014 2 25 14 14 10 20 3 0 86 

Farm 1 10/13/2014 3 20 17 17 10 20 0 0 84 

Farm 1 3/31/2015 4 0 5 5 5 10 0 0 25 

Farm 1 6/1/2015 5 35 14 5 5 15 3 10 87 

Farm 1 8/24/2015 6 9 9 5 5 10 0 0 38 

Farm 1 9/13/2015 7 8 8 5 0 10 0 0 31 

Farm 2 12/16/2014 1 40 8 8 0 16 0 0 72 

222 
Farm 2 5/18/2015 2 25 5 10 0 10 1 5 56 

Farm 2 8/10/2015 3 12 10 12 0 10 0 10 54 

Farm 2 9/7/2015 4 10 10 10 0 10 0 0 40 

Farm 3 6/10/2014 1 40 18 0 0 2 3 2 65 

549 

Farm 3 6/25/2014 2 25 27 8 4 0 4 12 80 

Farm 3 7/14/2014 3 45 42 8 3 12 4 26 140 

Farm 3 8/1/2014 4 46 22 8 3 12 4 22 117 

Farm 3 5/31/2015 5 0 6 12 1 12 2 16 49 

Farm 3 6/3/2015 6 0 10 12 0 9 4 13 48 

Farm 3 7/27/2015 7 0 10 12 0 11 4 13 50 

Farm 4 6/23/2014 1 25 13 5 2 14 4 20 83 

250 Farm 4 7/7/2014 2 18 15 9 1 13 4 25 85 

Farm 4 8/4/2014 3 20 12 8 1 14 3 24 82 

Farm 5 5/29/2015 1 10 12 0 0 9 4 10 45 

151 Farm 5 6/15/2015 2 20 11 0 0 8 4 4 47 

Farm 5 7/13/2015 3 25 16 0 0 10 4 4 59 
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Figure 2.1. Experimental Design of the project.  



71 

 

 

 

Figure 2.2. Distribution of E. coli isolates based on source type for each farm. States represented from left to right: North 

Carolina (NC) and Tennessee (TN). Total number of isolates collected from each farm from left to right: farm 1 (n=31), farm 2 (n=8), 

farm 3 (n=120), farm 4 (n=70), farm 5 (n=26). Total number of isolates collected from each source type from top to bottom: insect 

(n=30), water (n=9), soil (n=19), produce (n=14), manure (n=123), and poultry litter (n=60).  
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Figure 2.3. Prevalence of E. coli based on produce type. Only months with positive produce samples were shown for clarity. 

Total number of isolates collected each month from left to right: June 2014 (n=4), July 2014 (n=2), June 2015 (n=1), July 2015 (n=7). 

Total number of isolates per produce type from left to right: cucumber (n=6), kohlrabi (n=1), snap bean (n=3), melon (n=1), tomato 

(n=1), and red cabbage (n=2). Source type from left to right: poultry litter, raw manure, produce, soil, water, insect, and composted 

manure. 
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Figure 2.4. Prevalence of E. coli based on collected month and source type. Total number of isolates collected each month 

from left to right: March (n=3), May (n=7), June (n=93), July (n=92), August (n=47), September (n=11), December (n=2). Total 

number of isolates collected from each source type from left to right: poultry litter (n=60), raw manure (fecal, n=117), produce (n=14), 

soil (n=19), water (n=9), insect (n=30), and composted manure (n=6). Total number of isolates collected from each farm from left to 

right: farm 1 (n=31), farm 2 (n=8), farm 3 (n=120), farm 4 (n=70), farm 5 (n=26).  
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Figure 2.5. Percentages of E. coli that were determined resistant to the antibiotics tested based on broth microdilution. 

States represented from top to bottom: Tennessee (TN, black) and North Carolina (NC, grey). Antibiotics tested from left to right: 

ampicillin (AMP), Amoxicillin/clavulanic acid (AUG2), ceftriaxone (AXO), cefoxitin (FOX), ceftiofur (XNL), gentamicin (GEN), 

streptomycin (STR), sulfisoxazole (FIS), trimethoprim/sulfamethoxazole (SXT), ciprofloxacin (CIP), nalidixic acid (NAL), 

tetracycline (TET), chloramphenicol (CHL), and azithromycin (AZI).  
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Figure 2.6. ParSNP tree of E. coli isolates. Isolates were classified into seven 

phylogroups from top to bottom: B1, C, A, E, D, B2, and F. The presence (black stripes) or 

absence (white stripes) of housekeeping genes arpA (1), chuA (2), yjaA (3), and tspE4 (4) is 

indicated in the second box. Chromosomal DNA was used to create the SNP tree. The 

visualization of the identified tellurite resistance profiles terZABCDE (n=205), terABCD (n=32), 

and terBCD (n=2) is in box three. Isolates that possessed STEC genes stx1 (blue) and stx2 (red) 

is contained in box four. Stripes in box four mark the isolates that belong the top three most 

prevalent serotypes identified in the study. From left to right: serotype O15 (n=9), On12 (n=11), 

O138 (n=8), O45 (n=10), O176 (n=8) and O102 (n=19). 
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Figure 2.7. Number of isolates sorted by phylogroup and categorized by source. Total number identified by phylogroup 

from left to right: A (n=67), B1 (n=101), B2 (n=5), C (n=10), D (n=44), E (n=13), F (n=3) and G (n=12). Total number of isolates 

collected from each source type from top to bottom: water (n=9), soil (n=19), produce (n=14), composted manure (n=6), raw manure 

(n=117), poultry litter (n=60), and insects (n=30). 
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Figure 2.8. ParSNP tree of TN E. coli. ESBL are defined as isolates that possessed the 

resistance genes blaCMY and blaTEM. ESBL isolates were classified into seven phylogroups (B1, 

C, A, E, D, B2, and F). The chromosome DNA was used in order to create the SNP tree. The 

farm ID is depicted by the shape of the symbol next to each isolate while the color of each 

symbol represents the source type. ESBLs were only retrieved from Tennessee (TN) farms. 

Source categories from left to right: raw chicken manure (RCM), chicken litter, soil, produce, 

and insect.  
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CHAPTER 3: The Effect of Vegetation Barriers at Reducing the Transmission of 

Salmonella and Escherichia coli from Animal Operations to Fresh Produce 

Glaize, A., Young, M, Harden, L, Gutierrez-Rodriguez, E., Thakur, S., 2021. The Effect of 

Vegetation Barriers at Reducing the Transmission of Salmonella and Escherichia coli from 

Animal Operations to Fresh Produce. Int. J. Food Microbiol. 347, 109196. 

doi: https://doi.org/10.1016/j.ijfoodmicro.2021.109196. 

Abstract 

Due to the recent outbreaks of Salmonella and Escherichia coli in fresh produce in the 

United States, the transfer of foodborne pathogens between animal feeding operations and fresh 

produce continues to be a considerable risk. The purpose of this study was to determine if the 

establishment of a vegetation barrier (VB) on small-scale sustainable farms could prevent the 

transmission of Salmonella and E. coli to nearby fresh produce fields. A 5-layer VB (31 X 49 m) 

was constructed between a dairy farm, a poultry farm, and a nearby produce field. Fresh produce 

(i.e., romaine lettuce and tomato), animal feces, and environmental (i.e., air, soil, and barrier) 

samples were collected for 15 months from 2018-2019. Four replicates of soil and fresh produce 

samples were taken from three plots located 10 m, 61 m, and 122 m away from the respective 

animal locations and processed for Salmonella and E. coli. Air and vegetative strip samples were 

sampled at 15-day intervals. Multiple colonies were processed from each positive sample, and a 

total of 143 positive Salmonella (n=15) and E. coli (n=128) isolates were retrieved from the soil, 

produce, air, and fecal samples. Interestingly, 18.2% of the Salmonella and E. coli isolates 

(n=26) were recovered from fresh produce (n=9) samples. Surprisingly, Salmonella isolates 

(n=9) were only found in fecal (n=3) samples collected from the dairy pasture. Data analysis 

suggests that the VB is an effective tool at reducing the transmission of E. coli and Salmonella 

https://doi.org/10.1016/j.ijfoodmicro.2021.109196
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from animal farms to fresh produce fields. However, based on phenotypic and genotypic testing, 

it is clear that fecal samples from animal farms are not the only source of pathogen 

contamination. This indicates that the environment (e.g., soil and wind), as well as the initial 

setup of the farm (e.g., proximity to service roads and produce plot placement), can contribute to 

the contamination of fresh produce. Our study recommends the need for more effective 

bioremediation and prevention control measures to use in conjunction with VBs to reduce 

pathogen transmission. 

Introduction 

The current level of foodborne outbreaks of pathogens like Salmonella and Escherichia 

coli in the United States has been a topic of concern for the agricultural industry and the general 

public. In fact, 50 multistate outbreaks of foodborne pathogens have occurred since 2018 (United 

States Department of Health & Human Services, Centers for Disease Control and Prevention, 

2021). Thirty-eight (n=76%) of the fifty cases involve illnesses caused by Salmonella, E. coli, or 

Shiga toxin-producing E. coli (STEC). At least 15 of these cases can be linked to contaminated 

raw or processed fruits or vegetables. The Centers for Disease Control and Prevention (CDC) 

estimates that 9.4 million cases of foodborne illness occur in the United States each year (United 

States Department of Health & Human Services, Centers for Disease Control and Prevention, 

2018). These domestically acquired illnesses are known to be caused by 31 known pathogens, 

including Salmonella and E. coli. In particular, nontyphoidal Salmonella infections represent 

11% of domestically acquired foodborne illnesses and 35% of hospitalizations in the United 

States annually.  

The rise of foodborne outbreaks has been loosely attributed to the general public’s 

increased interest to eat fresh produce grown organically and sustainably. This has led to an 
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influx of farmers switching from traditional farming methods to more sustainable methods like 

planting cover crops, increasing crop diversity, and combining livestock and crop production on 

one farm (Brodt et al., 2011). However, the integration of livestock and crop production can lead 

to significant food safety risks by increasing the number of potential sources of foodborne 

pathogens on both small- and large-scale farms. These can be categorized into environmental 

sources (surface water contamination [Weller et al., 2020], wildlife interference [Rapp et al., 

2020], insect transmission [Glaize et al., 2020], proximity to animal operations [Theofel et al., 

2020]), human sources (poor hygiene [Carstens et al., 2019], improper food safety training 

[Carstens et al., 2019], cross-contamination [Wilson et al., 2018]), and operational sources (fan 

ventilation systems [Castañeda-Gulla et al., 2020], water irrigation systems [O’Flaherty et al., 

2019], and the use of manure-amended soil [Sharma et al., 2019]). The Food Safety 

Modernization Act (FSMA) was passed into law in 2011 to mitigate the transmission of 

foodborne pathogens and reduce the burden of foodborne illnesses (United States Department of 

Health & Human Services, Food and Drug Administration, 2021). The United States Food and 

Drug Administration (FDA) states that the purpose of FSMA is to ensure the safety of the United 

States food supply by shifting the focus from responding to contamination to actively preventing 

it. FSMA now requires farms to follow the FDA’s Produce Safety Rule (PSR), which 

implements minimum standards for water quality testing, the use of biological soil amendments, 

and employee training, among other requirements within the rule (United States Department of 

Health & Human Services, Food and Drug Administration, 2020). 

The California Leafy Greens Marketing Agreement (CLGMA) currently suggests a 

distance of 366 m or 1.6 km between the edge of an animal source and the edge of a crop 

depending on the number of animals on the farm (California Leafy Green Products Handler 
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Marketing Agreement, 2020). However, Glaize et al. found evidence of E. coli transmission on 

large-scale sustainable farms up to 9,656 m away from animal operations and the edge of a crop 

(2020). Similar observations were reported by Theofel et al. in which Staphylococcus aureus and 

E. coli populations were highest in pistachio orchards adjacent to poultry operations (2020). 

These studies suggest that the distance from potential pathogen contamination sources is not the 

only factor that affects pathogen transmission. An experiment by Jeamsripong et al. found that 

lettuce heads located downwind of fecal matter were significantly associated with an increase in 

E. coli concentration compared to lettuce heads located upwind (2019). Similarly, Hwang et al. 

reported that the prevalence of Salmonella in poultry fecal samples was higher when max wind 

gusts were greater than 10 m/s (2020). Tools need to be developed to address the wind 

transmission of pathogens. One possible way would be to use vegetation barriers (VB) alongside 

the edge of fields. This practice has been used for many years on multiple crops, with the 

primary intent to prevent dust particles from traffic or pesticide drift from adjacent fields from 

impacting crops (Ucar and Hall, 2001; Zaady et al., 2018).  

There are many positive effects that VBs can have on agricultural environments. Several 

studies have shown that VBs can absorb ammonia, minimize surface water contamination, and 

control odor (Adrizal et al., 2008; Borin et al., 2010; Parker et al., 2011). The establishment of a 

VB could also provide a natural habitat for native pollinators, prevent soil erosion, and limit 

nutrient loss (Gene et al., 2019). Nevertheless, few studies have been conducted to evaluate a 

VB’s effectiveness in mitigating human pathogen transmission on agricultural farms. Karp et al. 

evaluated the prevalence of enterohemorrhagic E. coli (EHEC) and Salmonella from the 

surrounding cropland, active grazing land, non-grazed riparian land, and other natural vegetation 

areas of 567 farms (2015). The study reported that the prevalence of EHEC and Salmonella 

https://www.tandfonline.com/doi/full/10.1080/03601230701735078
https://www.tandfonline.com/doi/full/10.1080/03601230701735078
https://www.sciencedirect.com/science/article/pii/S1161030109000422
https://www.sciencedirect.com/science/article/pii/S1161030109000422
https://www.sciencedirect.com/science/article/pii/S0301479719306012
https://www.sciencedirect.com/science/article/pii/S0301479719306012
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increased when the surrounding riparian land and natural vegetation around the farm decreased 

within 50 m of agricultural fields. This negative correlation suggests that natural vegetation areas 

may be a barrier to stop transmission potentially associated with wind transfer. However, this 

study was limited to sampling the produce post-harvest and did not sample livestock feces or the 

surrounding environment.  

This study was carried out on dairy and poultry farms with known transmission of enteric 

pathogens from livestock to fresh produce. The main objectives of this study were to 1) 

demonstrate the effectiveness of VB zones in reducing the transmission of E. coli and 

Salmonella between small-scale sustainable farms and fresh produce fields, 2) establish a fast-

growing (< two years) VB zone around dairy and poultry farms, 3) evaluate the VB zones ability 

to serve as barriers of dust particles contaminated with enteric pathogens coming from poultry 

and dairy farms, 4) ascertain the risk of VB zones becoming a sink/source for human pathogens 

over time from constant wind/dust blockage, and 5) determine whether these barriers could 

prevent significant transmission of enteric pathogens under an atypical and extreme wind event 

carrying a high inoculum/dust dose of E. coli or Salmonella. These objectives were 

accomplished by directly sampling fresh produce, animal feces, and environmental samples from 

the farms participating in the study over a span of two years. The information collected from 

field studies using natural barrier methods could provide additional methods that farmers can 

implement on their small-scale sustainable farms to reduce the risk of produce cross-

contamination from wind events carrying enteric pathogens from animal operations located in 

proximity to fresh produce. 
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Materials and Methods 

VB Establishment and Operation Setup 

Two operations (poultry and dairy) within the Piedmont Research Station in North 

Carolina were sampled over two years between April-July of 2018-2019. The selected 

diversified landscape on a university-owned research station allowed us to assess the risks 

related to multiple features relevant to proximity to and management of small- to medium-scale 

domestic animal production. The research farm includes animal facilities on separate locations 

with 150 milking cow herds, housing for over 15,000 commercial layers, 8,000 broiler breeders 

and egg incubation facilities able to hatch up to 52,000 eggs at one time. The station comprised 

of field crops and horticulture crops units focusing on crop rotation, forage production, vegetable 

and fruit production research. In April 2016, a VB was established at each farm between the 

animal units and produce fields. Each VB was 31 m long and 49 m wide (Figure 3.1). The VB 

was divided into three sections: 1) one row of rapidly growing Poplar hardwood trees, 2) two 

rows of green giant arborvitae evergreen trees and shrubs, and 3) a non-manicured ryegrass strip 

and pollinator plants (Figure 3.2). The plant material was selected based on growth rate and 

availability. The barrier was designed to grow rapidly and use native plant species available in 

the region to make it sustainable. The dairy farm had two pasture fields that wrapped around the 

outside sections of the VB. The poultry unit had five chicken houses in a row, each with eight 

rows and six ventilation fans that blew directly onto the VB (Figure 3.1). The VB was placed 

next to the last poultry house in the row. Three fresh produce fields were located 10 m, 61 m, and 

122 m away from the VB. Each plot was used to grow romaine lettuce and tomatoes throughout 

the experiment. The samples were transported back to the respective lab inside coolers with ice, 

keeping all samples at or below 4o C. 
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Produce, Fecal, and Environmental Sample Collection 

In total, 14 collection trips were made between 2018 (n=8) and 2019 (n=6). Each 

collection trip consisted of collecting samples from three source types: environmental (i.e., air, 

barrier, and soil), fecal matter, and fresh produce from each operation (Figure 3.1). A total of 

seven air samples (control [n=1], dairy [n=3], poultry [n=3]) were collected each trip. Air 

samples were collected at 10 m, 61 m, and 122 m away from the VB. The control air samples 

were collected upwind of the dairy and poultry operations to avoid any potential cross-

contamination events that would skew background interpretation and provide a clear estimation 

of the daily risk of farmland simply exposed to wind conditions without being in proximity to the 

animal farms. Seven MAS-100 Eco (MBV AG, Stäfa, Switzerland) impactors with membrane 

filters were used to collect bio-aerosol samples and filtered air at a rate of 10 L/min. Particles 

larger than 1 μm were captured in the glass-based filter for up to two weeks, and the dust 

particles were then used to determine the presence or absence of Salmonella and E. coli. Barrier 

samples (dairy [n=6] and poultry [n=6]) were collected from each section of the barrier from 

every side. A garden shear was used to cut small branches from each plant from the VB and 

sanitized with 70% ethanol between each sample collected. Fecal samples from dairy (n=6) and 

poultry (n=6) operations were collected during each trip. However, the poultry house was 

depopulated in August 2018, and fecal samples from the poultry unit were no longer collected. 

Fresh produce and soil samples were collected at 10 m, 61 m, and 122 m away from the VB at 

each farm location. A total of eight samples (produce [n=4] and soil [n=4]) were collected from 

each plot. Depending on the growing season, each row had either 40 romaine lettuce or 40 

tomato plants. Produce samples were collected from the plant’s side that faced the VB using a 

garden shear sanitized between each sample collected. Three romaine lettuce leaves and three 
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tomatoes were picked from each plant. Tomatoes were collected at different ripening stages 

(mature green, “turning,” and “red”) to represent the conditions of the plant and fruit through the 

growing season. Soil samples were collected from the top 15 cm of the soil using a sterile 113 g 

plastic scoop on each side of the row. At the end of each row, the collection bag weighed 

approximately 1.36 kg.  

Isolation of E. coli and STEC from Produce, Fecal, and Environmental Sources 

A detailed explanation of the four-day enrichment process of E. coli from fresh produce 

(romaine lettuce and tomatoes), soil, and fecal samples can be found in Glaize et al. and Theofel 

et al. (2020, 2020). In brief, on day one, 150 g of fresh produce was mixed with 300 mL of 2X 

Universal Pre-enrichment Broth (UPB) (Becton, Dickson and Company, Franklin Lakes, NJ) 

with 0.05% (v/v) Tween20 (Fisher Scientific, Waltham, MA), massaged for one minute, and 

sonicated for 30 min. The sample was then transferred to a sterile bag. Fecal samples were 

measured to 20 g and mixed with 180 mL of 1X UPB. Soil samples were added to 150 mL of 

0.02M Sodium Phosphate with 0.05% (v/v) Tween20, massaged for one minute, and transferred 

to a sterile bag containing 150 mL of 2X UPB. All three sample types were then incubated 

overnight at 35 oC. On day two, 10 mL of the produce, fecal, or soil enrichment was added to 90 

mL of mEHEC (MilliporeSigma, Burlington, MA) broth and incubated overnight at 35 oC. The 

next day, the enrichment was transferred to a CHROMagar STEC (CAS) (CHROMagar 

Microbiology, Paris, France) plate amended with 25% of the suggested supplement amount using 

a 10 μl inoculation loop. This was done to account for the genetic variability and different 

resistant levels from naturally occurring STEC in different source types. Multiple blue and 

mauve colonies present on CAS were further isolated, transferred into 20% glycerol stock, and 

frozen at -80 oC until PCR confirmation. Environmental soil samples were struck on CAS 
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supplemented with 0.5% pentachloronitrobenzene (PCNB) (MP Biomedicals, Irvine, CA) to 

reduce fungal contamination. 

The five-day E. coli and STEC enrichment protocol for bio-aerosol samples was 

performed following the modified procedure described by Theofel et al. (2020). In brief, the air 

filter was cut in half using a sterile razor blade. One half was then mixed with 7 mL of 1/2X 

buffered peptone water (BPW) (Remel INC, San Diego, CA) with sodium pyruvate (1 mL/L), 

massaged, incubated at 25 oC for 24 H, and incubated again at 30 oC for another 24 H. After 

incubation, 7 mL of 1X UPB was added to the enrichment and incubated for 24 H at 35 oC. On 

the fourth day, one-quarter of the filter and 6 mL of UPB enrichment were transferred into 14 

mL of mEHEC broth and incubated at 35 oC for 24 H. After incubation, 100 μL of enrichment 

was plated onto CAS media and incubated overnight at 35 oC. Multiple blue and mauve colonies 

present on CAS were further isolated, transferred into 20% glycerol stock, and frozen at -80 oC 

until PCR confirmation. 

The total weight of each VB sample was recorded, and potassium phosphate (KPO4; 2:1 

ratio) was added to each bag. After sonication for 30 min, 90 mL of solution was split evenly 

between two 50 mL conical tubes. Both tubes were spun at 2,000 rpm for 10 min at 4 oC. After 

supernatant disposal, the pellet in one tube was resuspended with 10 mL of KPO4, and the other 

was frozen at -20 oC. Next, 10 mL of the KPO4 solution was added to 90 mL of 2X UPB and 

incubated overnight at 35 oC. After incubation, 10 mL of UPB enrichment was added to 90 mL 

of mEHEC broth and incubated at 35 oC overnight. Next, 10 μL of mEHEC enrichment was 

plated onto CAS and incubated overnight at 35 oC. Multiple blue and mauve colonies present on 

CAS were further isolated, transferred into 20% glycerol stock, and frozen at -80 oC until PCR 

confirmation. 
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Isolation of Salmonella from Produce, Fecal, and Environmental Sources 

A detailed explanation of the four-day enrichment process of Salmonella from fresh 

produce (romaine lettuce and tomatoes), soil, and fecal samples can be found in Theofel et al. 

(2020). On day one of the enrichment protocol, 150 g of fresh produce (romaine lettuce and 

tomatoes) or soil was placed into filter Whirl-Pak (Nasco Sampling, Madison, WI) bags. Each 

produce sample was mixed with 300 mL of 2X UPB with 0.05% (v/v) Tween20, massaged for 

one minute, and sonicated for 30 min. The sample was then transferred to a sterile bag. Soil 

samples were added to 150 mL of 0.02M Sodium Phosphate with 0.05% (v/v) Tween20, 

massaged for one minute, and transferred to a sterile bag containing 150 mL of 2X UPB. Both 

sample types were then incubated overnight at 35 oC. Next, 10 mL of each enriched sample was 

mixed with 90 mL of Tetrathionate Broth Base (TTB) (Becton, Dickson and Company, Franklin 

Lakes, NJ) and incubated for 6 H at 42 oC. Next, 20 mL from the enrichment was added to 180 

mL of mBroth (Becton, Dickson and Company, Franklin Lakes, NJ) and then incubated 

overnight at 35 oC. Lastly, the samples were struck onto XLT4 (Becton, Dickson and Company, 

Franklin Lakes, NJ) agar. The XLT4 agar was supplemented with 0.5% PCNB to reduce fungal 

contamination. The plates were incubated for 36 H at 35 oC then examined for colonies. Three 

black colonies present on XLT4 were further isolated, transferred into 20% glycerol stock, and 

frozen at -80 oC until PCR confirmation. 

On day one of enrichment, fecal samples were measured to 10 g and mixed with 90 mL 

of BPW. After overnight incubation at 35 oC, 100 μL of BPW enrichment was transferred into 

9.9 mL of Rappaport-Vassiliadis R10 broth (RV-10) (Becton, Dickson and Company, Franklin 

Lakes, NJ) and incubated at 42 oC overnight. A 10 μL loop was used to streak the RV-10 

enrichment onto XLT4 media and incubated overnight. Salmonella enrichment from bio-aerosol 
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and VB samples used the same protocol as the E. coli and STEC enrichment until the fourth day 

of bio-aerosol enrichment when one-quarter of the filter and 6 mL of UPB enrichment were 

transferred into 14 mL of RV-10 and incubated at 35 oC for 24 H. After incubation, 100 μL of 

enrichment was plated onto XLT4 media and incubated overnight at 35 oC. On the second day of 

VB enrichment, 5 mL of UPB enrichment was added to 45 mL of TTB broth and incubated at 42 

oC for 6 H. Next, 10 mL from the TTB enrichment was added to 90 mL of mBroth and then 

incubated overnight at 35 oC. After incubation, 10 μL of mBroth enrichment was plated onto 

XLT4 and incubated overnight at 35 oC. Three black colonies from each plate were then further 

isolated, transferred into 20% glycerol stock, and frozen at -80 oC until PCR confirmation. 

VB Inoculation Event 

Two trials of the VB challenge were completed between October and November of 2019 

once the VB reached full maturity. Lab avirulent strains of E. coli O157:H7 (ATCC 700728TM) 

and Salmonella enterica ser. Typhimurium with resistance to rifampicin, up to 80 ppm, were 

used to inoculate 100 lb of chalk at Log 7 CFU/g of chalk (Islam et al., 2004; López-Velasco et 

al., 2015; Erickson et al., 2019). The chalk was divided into six bins and allowed to dry naturally 

for three weeks in preparation for the first trial. For the second trial, the inoculum was split into 

six bins, and two large fans were used to help dry the inoculum for approximately two weeks. On 

the day of inoculation (Day 0), environmental (i.e., air, soil, and barrier) and fresh produce 

samples were collected before and one hour after VB inoculation. The poultry VB was 

challenged with the avirulent S. Typhimurium strain and the dairy VB was challenged with the 

avirulent E. coli O157:H7 strain. A Stihl BG 86 leaf blower (Waiblingen, Germany) and ramp 

were used to transfer the chalk onto the dairy and poultry VB (Figure 3.3). The average air 

velocity of the leaf blower was 63 m/s and the chalk ascended approximal 2.4 m in height 
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alongside the VB. Samples were collected on Day 0, Day 7, and Day 14 at 10 m, 61 m, and 122 

m away from the VB. Recovery of the inoculated avirulent E. coli O157:H7 and S. Typhimurium 

strains from the VB, soil, and produce was performed following the same procedures described 

above. It is important to note that rifampicin was added to all media except for TBB to select for 

the lab strains. 

DNA Isolation and PCR analysis of Salmonella, E. coli, and STEC 

A modified version of the Qiagen DNeasy PowerLyzer Microbial Kit (Qiagen, Venlo, 

Netherlands) was used to isolate the DNA from E. coli, STEC, and Salmonella isolates from the 

dairy and poultry operations. The FastPrep-24 Classic bead beating grinder and lysis system (MP 

Biomedicals, Irvine, CA) was used to shear the DNA in each sample at 4.0 m/s for 40 s. E. coli 

and STEC isolates were washed twice with Solution CB to ensure the DNA was clean. The 

NanoDrop 2000c Spectrophotometer (ThermoFisher Scientific, Waltham, MA) was used to 

verify the concentration of DNA. 

PCR was used to confirm the identity of Salmonella, E. coli, and STEC isolates. The 

invasion A gene (invA) was used to positively identify virulent forms of Salmonella isolates 

(Table 3.1). The 16S ribosomal gene (16S) was used to confirm the presence of E. coli. Potential 

STEC isolates were differentiated using the Shiga toxin (stx) genes, stx1 and stx2. The Bio-Rad 

T100 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA) was used to amplify the target 

genes using the following protocol: 1) 94 oC for 2 min, 2) 94 oC for 30 s, 54 oC for 30 s, 72 oC 

for 30 s, 3) repeat step 2 29X, 4) 72 oC for 7 min, and 4 oC indefinitely. The total reaction 

volume was 20 μL which contained 2 μl of 100 ng genomic DNA, 2 μl of 10 × Apex Buffer II 

(MgCl2 Free) (Genesee Scientific, San Diego, CA), 0.6 μl of 10 mM Apex Deoxynucleotide 

Triphosphate (dNTP) mix (final concentration, 0.075 mM each) and MgCl2 (final concentration, 
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1.5 mM), 0.5 U of Apex Taq DNA polymerase, and 0.5 μl IDT primers (final concentration, 0.25 

μM each) (Integrated DNA Technologies, Coralville, IA). 

Repetitive Element Sequence-based PCR (rep-PCR) was used to confirm the presence of 

the avirulent lab strains of rifampicin-resistant S. Typhimurium and E. coli O157:H7 from the 

environmental samples collected during the challenge of the VB. Primers REP1R1-I and REP2-I 

were used to complete the analysis (Table 3.1). A detailed explanation of the rep-PCR protocol 

can be found in Woods et al. and Versalovic et al. (1993; 1994). The Bio-Rad T100 Thermal 

Cycler was used to amplify the target genes using the following protocol: 1) 95 oC for 4 min, 2) 

95 oC for 1 min, 40 oC for one and a half min, 65 oC for 8 min, 3) repeat step 2 30X, 4) 65 oC 

for 16 min, and 4 oC indefinitely. The total reaction volume was 25 μL which contained 2 μl of 

100 ng genomic DNA, 5 μl of 5 × GoTaq Reaction Buffer (Promega, Madison, WI), 0.5 μl of 10 

mM dNTP mix (final concentration, 0.2 mM each), 2.5 μl of MgCl2 (final concentration, 2.5 

mM), 25 U of GoTaq DNA polymerase, and 2.5 μl IDT primers (final concentration, 1 μM 

each). 

Whole-Genome Sequencing and Serotyping 

A detailed explanation of the protocol used to sequence the whole genomes of the 

recovered E. coli and Salmonella isolates can be found in Glaize et al. 2020. In brief, the Nextera 

XT kit (Illumina, San Diego, CA) was used to prepare DNA libraries using 250bp or 300 bp 

paired-end reads (MiSeq reagent kit, version 3) on an Illumina MiSeq (Illumina, San Diego, 

CA). Once sequenced, E. coli (Accession: PRJNA293225) and Salmonella (Accession: 

PRJNA293224) isolates were then submitted to the National Center for Biotechnology 

Information GenomeTrakr database. The in silico E. coli serotype characterization was 

performed using the program ABRicate and the EcOH database 
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(https://github.com/tseemann/abricate; Ingle et al., 2016). The command-line program SISTR 

version 1.1.1 was used for serotyping the Salmonella isolates (Yoshida et al., 2016).  

1.1.1 Statistical Analysis  

E. coli and Salmonella prevalence and frequency on dairy and poultry operations were 

compared using the χ2 test (RStudio, MA, USA) and Fisher’s exact test wherever applicable. A 

value of P < 0.05 was considered statistically significant. 

Results 

Overall Prevalence and VB Growth 

In total, we collected 1,536 fresh produce, animal feces, and environmental samples 

during the length of the study. Of those, 1,133 samples were collected during the longitudinal 

two-year study and include fecal (n=114; poultry=30, dairy=84), produce (n=336; romaine 

lettuce=216, tomatoes=120) samples, air (n=119), VB (n=204), and soil (n=360). Collectively, 

57 samples tested positive for either Salmonella (n=5) or E. coil (n=52) (Figure 3.4). During the 

trial, the research team recorded animal tracks and activities in both poultry and dairy farms. 

Evidence of deer, canine, and bird visits to the fresh produce fields could be seen by hoof or paw 

prints in the soil and on the beds’ plastic mulch from each plot. Toads and rats were also spotted 

when collecting soil and produce samples for processing. When bird feces were found on a 

sample, care was taken to include the section in the enrichment process. In April of 2018, when 

all produce was purchased and planted in both fields, the starting height of section 1 for the VB 

was 3 m (hardwood tree), for section 2 it was 2.4 m (evergreen trees) and 1.5 m (shrubs), and for 

section 3 it was 1 m (grass strip) and 50 cm (pollinator plants) (Figure 3.2). The final height of 

each section reached: 1) 3.7 m, 2) 2.7 (evergreen trees) and 2.1 m (shrubs), and 3) 53 cm (grass 

https://github.com/tseemann/abricate
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strip) in July of 2019. The pollinator plants were removed from the trial due to incompatibility 

with weed control treatments. 

Salmonella Prevalence and Trends 

Collectively, five (n=5/1,133, 0.44%) samples tested positive during the two-year-long 

survey. These were collected from animal feces (n=3), fresh produce (n=1), and environmental 

soil (n=1) samples. Positive Salmonella samples were mainly collected during the summer of 

2018 (August [n=1] and September [n=1]) and the spring of 2019 (April [n=1], May [n=1], and 

June [n=1]). No positive samples were found in March, July, October, or November, despite 

sampling during those months. Of the five positive samples, two (poultry=0; dairy=2) were 

collected in 2018 and three (poultry=2; dairy=1) were collected in 2019. The only samples that 

tested positive for Salmonella collected from the dairy farm were fecal samples (n=3), which 

were collected in August and September 2018 (n=2) and May 2019 (n=1). Positive Salmonella 

samples collected from the poultry operation were from produce (n=1) and environmental soil 

(n=1) sources. In April of 2019, a single romaine lettuce sample tested positive for Salmonella, 

located 10 m from the poultry farm’s VB. The one positive soil sample collected from fresh 

produce fields was recovered 10 m from the poultry unit’s VB in June of 2019. No positive 

samples for Salmonella were recovered from produce plots located at 61 or 122 m away from the 

poultry house. Salmonella was not recovered from the poultry farm’s VB during the duration of 

the two-year project. No environmental samples with signs of wildlife interference tested 

positive for Salmonella. In total, 15 Salmonella isolates were able to be recovered from the five 

positive samples. From these isolates, four serotypes were characterized, Salmonella enterica 

ser. Agona (n=6), Typhimurium (n=3), Give (n=3), and Newport (n=3). Serotypes S. Agona and 

S. Give were isolated from three fecal samples collected from the dairy farm’s pastures in 2018 
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and 2019, respectively. Serotypes S. Typhimurium and S. Newport were recovered in 2019 from 

soil (n=1) and produce (n=1) samples close to the poultry house.  

E. coli Prevalence and Trends 

A total of 52 (n=52/1,133; 4.6%) unique samples tested positive for E. coli. No samples 

tested positive for STEC during the study. E. coli were recovered from fecal (n=6; poultry=1, 

dairy=5), produce (n=8; poultry=0, dairy=8), environmental soil (n=17; poultry=6, dairy=11), 

environmental air (n=9; poultry=2, dairy=6, control=1), and environmental barrier (n=12; 

poultry=0, dairy=12) samples (Figure 3.5). The majority of these samples were collected from 

the dairy operation (n=42), with the bulk of the positive samples coming from the environmental 

VB and soil samples (Appendices 1 and 2). Interestingly, the dairy VB’s long edge had the most 

positive samples (n=8). A low number of positive E. coli samples (n=5; produce=2, soil=1, 

air=2) were collected 10 m away from the dairy’s VB (Figure 3.6). Most of the fresh produce, 

environmental soil, and environmental air samples were collected from plots located 61 m (n=8; 

produce=3, soil=3, air=2) and 122 m (n=12; produce=3, soil=7, air=2) away from the dairy 

farm’s VB, which had no cover from the VB zone (Figures 3.1 and 3.6). Collectively, five fecal 

samples from the dairy farm were positive for E. coli, which were distributed equally among 

both pastures. The poultry farm’s VB never tested positive during the study. More environmental 

soil samples (n=6) collected 10 m (n=3) and 61 m (n=3) from the poultry farm’s VB tested 

positive for E. coli than from 122 m away (n=0) (Figure 3.6; Appendices 3-6). Two positive E. 

coli samples were recovered from the air sampling stations located 61 and 122 m away from the 

poultry farm’s VB. No produce samples tested positive for E. coli from any produce plot located 

close to the poultry farm. No environmental samples with signs of wildlife interference tested 

positive for E. coli. 
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Positive E. coli samples were mainly collected during the spring (April and May) of 2019 

(Figure 3.7). No positive samples were found in March and between July-November, despite 

sampling during those months. No sampling occurred during the winter season (December-

February). Overall, of the 51 positive samples collected in 2019, 8 were collected from the 

poultry farm and 42 from the dairy farm. The control air sample station tested positive for E. coli 

once during the survey in April of 2019. Only one sample, a poultry fecal sample, tested positive 

for E. coli in June of 2018 (Figure 3.7). The majority (n=6) of the positive poultry samples (soil 

[n=4] and air [n=2]) were collected in April, while only two soil samples were recovered in May 

of 2019. This trend was also seen on the dairy farm, where 7 produce, 2 fecal, and 21 

environmental (air=6, soil=5, and barrier=10) samples were gathered in April, while 1 fecal and 

6 environmental (soil=4 and air=2) samples were collected in May of 2019 (Appendices 1-5). In 

total, 128 E. coli isolates were able to be recovered from the 52 positive samples. Most of these 

samples were from fecal (n=9), produce (n=23), and environmental (soil=18, air=22, and 

barrier=32) collected form the dairy farm (n=111). The poultry farm isolates (n=14) were from 

fecal (n=1) and environmental samples (soil=10 and air=4). Two E. coli isolates were recovered 

from the control air station. Altogether, 31 unique serotypes were characterized. The top five 

serotypes were O8 (n=15), O45 (n=11), O69 (n=10), Onovel10 (n=10), and O88 (n=9). The 

majority of the isolates with these serotypes were recovered from the air (n=22) and produce 

(n=14) samples. Most of the E. coli isolates with this profile were recovered from fecal, fresh 

produce, and environmental samples collected from the dairy operation (n=51).  

VB Challenge Study Trial 1 

During the first trial, 268 produce (n=96) and environmental samples (soil [n=96], air 

[n=28], and barrier [n=48]) were collected. A total of 15 samples tested positive for either 
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rifampicin-resistant E. coli (n=13; produce=1, soil=11, air=0, barrier=1) or Salmonella (n=2; 

produce=0, soil=2, air=0, barrier=0). On Day 0, naturally occurring rifampicin-resistant 

Salmonella was recovered from two soil samples located 61 m away from the VB near poultry 

operations. However, these two isolates’ banding patterns did not match the pattern displayed by 

the avirulent S. Typhimurium lab strain. All of the positive produce and environmental samples 

(n=13) were collected on Day 7 of the experiment and were positive for naturally occurring 

rifampicin-resistant E. coli. Many were from soil (n=11) samples located 10 m (n=4), 61 m 

(n=4), and 122 m (n=3) away from the VB near dairy operations. A barrier sample from the 

VB’s long side was also positive for naturally occurring rifampicin-resistant E. coli. Finally, a 

produce sample (romaine lettuce) collected 61 m away from the dairy VB was positive. 

However, the rep-PCR results revealed different banding patterns between the isolates retrieved 

from the field and the original rifampicin-resistant avirulent E. coli O157:H7 lab strain. On Day 

14 of the first trial, all of the produce and environmental samples collected from both operations 

were negative for naturally occurring rifampicin-resistant E. coli and Salmonella. 

VB Challenge Study Trial 2 

During the second trial, 135 produce (n=48) and environmental (soil [n =48], air [n=15], 

and barrier [n=24]) samples were collected. A total of four environmental samples (soil=3 and 

air=1) tested positive for naturally occurring rifampicin-resistant E. coli. No samples tested 

positive for naturally occurring rifampicin-resistant Salmonella during the trial. On Day 0 of the 

second trial, one air sample located 61 m away from the VB near dairy operations was positive 

for naturally occurring rifampicin-resistant E. coli. This particular sample was collected before 

the start of the second inoculation. Two isolates were recovered from this air sample. After 

inoculation, three soil samples collected 10 m (n=1) and 61 m (n=2) away from the VB near 
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dairy operations tested positive for naturally occurring rifampicin-resistant E. coli. The repetitive 

PCR results of the five rifampicin-resistant E. coli isolates showed that only one isolate had a 

similar banding pattern to the avirulent rifampicin-resistant E. coli O157:H7 lab strain. This 

isolate was collected from soil located 61 m away in the second row from the VB near dairy 

operations. None of the environmental samples collected were positive for naturally occurring 

rifampicin-resistant E. coli or Salmonella on the last day of the trial. 

Discussion 

In our previous study (Glaize et al., 2020), we reported the need to revise the buffer 

distance between animal farms and fresh produce and identify functional barriers that can reduce 

pathogen transfer without negatively impacting land availability and wildlife habitats. Overall, 

the majority of E. coli and Salmonella recovered from fecal, produce, and environmental samples 

were collected from produce plots located near dairy operations. Notably, 42 (80.77%; n= 42/52) 

of the E. coli fecal, produce, and environmental samples were collected from the dairy farm, 

while only 9 (17.3%; n= 9/52) were from the poultry farm (Figure 3.5). Likewise, the positive 

Salmonella fecal, produce, and environmental samples followed a similar pattern, where 60% of 

samples were recovered close to the dairy unit (n=3/5). Despite this, there was no statistically 

significant difference between the number of positive fecal, produce, and environmental samples 

and the type of animal operation for either E. coli or Salmonella (p value=0.2511). Furthermore, 

the data in Figure 3.6 depicts an upward trend of the number of positive produce, air, and soil 

samples increasing the further away the produce plot is from the VB. This tendency is 

particularly strong when evaluating the number of positive samples for E. coli from produce 

fields located close to dairy operations. The increasing number of positive produce and 

environmental soil samples may be due to the fact that the entire length of the VB did not 
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provide coverage for the 61 m and 122 m produce plots, which be seen in Figure 3.1. However, 

there is no difference in the frequency of E. coli positive produce and environmental (i.e., soil 

and air) samples when the distance from the VB is considered, and this trend is not statistically 

significant (p value=0.2322) according to Fisher’s exact test. Finally, there was no statistically 

significant difference between the number of positive fecal, produce, and environmental samples 

and the type of animal operation (p value=0.0773) or type of bacteria (p value=0.0864).  

Since the control air sampler was located upwind of both the dairy and poultry animal 

housing units and the produce plots, it was used as a control to determine the background 

prevalence of E. coli and Salmonella coming into the farm through the air. Throughout the 

longitudinal study and the barrier challenge event, the control air sampler only tested positive for 

E. coli once in April of 2019. The serotypes of two E. coli isolates recovered from this sample 

did not match any of the serotypes identified in other E. coli isolates recovered from the air or 

other sources. This shows that the microbial population of the air flowing into the dairy and 

poultry farms is different from the air flowing from the animal housing units to the fresh produce 

fields. The overall prevalence of E. coli (4.6%) and Salmonella (0.44%) during the longitudinal 

study was lower than what has been reported by Bell et al., Denis et al., Scheinberg et al., Decol 

et al., and Velasquez et al. (2015; 2016; 2017; and 2018). It has been reported that cattle increase 

the shedding of E. coli O157:H7 during the warmer months (Berry et al., 2015; Fonseca et al., 

2020). In fact, multiple environmental studies and reviews have reported a higher prevalence of 

E. coli during the summer, particularly in July (Ekong et al., 2015; Denis et al., 2016; 

Cernicchiaro et al., 2020). Vereen et al. in his study of the prevalence of Salmonella and 

Campylobacter in municipal and agricultural wastewater from poultry, cattle, and swine 

productions found that the prevalence and distribution of Salmonella in wastewater varied 



99 

 

throughout the year but peaked during the winter of 2008 and summer of 2009 during the two-

year period (2013). This phenomenon can also be seen in a study conducted by Bell et al., who 

found that the prevalence of Salmonella spiked in July (2015).  

In this study, the peak prevalence of E. coli occurred during spring, specifically in April 

and May of 2019 (Figure 3.7). Furthermore, the five samples that tested positive for naturally 

occurring Salmonella in the study were collected during the spring and summer months. Many 

factors could explain this variability in the seasonal prevalence of Salmonella and E. coli. This 

shift of the peak prevalence of E. coli to the spring months instead of the summer months may be 

due to the increased coverage of the VB during the summer and the significant change in 

humidity and temperature experience at the research station during summer months that can 

reach 37 oC and 95% relative humidity. A literature review about the effects of climate change 

on the prevalence of Salmonella and E. coli on leafy greens suggest a negative correlation 

between temperature and the prevalence of these pathogens in manure and soil due to an increase 

in microbial competition (Liu et al., 2013). However, an increase in relative humidity has also 

been shown to increase the prevalence of foodborne pathogens on crop surfaces (Fonseca et al., 

2020). This increase in humidity could be due to climate, rain, or different irrigation methods.  

The four Salmonella serovars that were identified were S. Agona. S. Give, S. 

Typhimurium, and S. Newport. A meta-analysis of Salmonella serovars found that S. Agona is 

prevalent in cattle and swine herds in China (Ferrari et al., 2019). Similarly, S. Give has been 

linked to swine, poultry, and cattle hosts (Donachie et al., 2018; Fashaeet et al., 2017; Ohta et al., 

2017). This information is consistent with the data generated by this study, where all S. Agona 

(n=6) and S. Give (n=3) isolates were recovered from three fecal samples from the dairy farm. 

Ferrari et al. suggest the careful monitoring of S. Agona serovars due to its global distribution 
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and ability to cause diarrheal disease in humans (2019). Similarly, serovars S. Newport and S. 

Typhimurium are of concern due to their tendency to harbor multiple antimicrobial resistance 

genes and their large prevalence in the United States and the European Union. In this study, S. 

Newport and S. Typhimurium isolates were recovered from soil and lettuce samples collected 

from the poultry operation. This is in agreement with Ferrari et al.’s analysis, which found that 

these particular serovars are known to propagate in a wide variety of hosts ranging from poultry, 

swine, and cattle (2019). Although the analysis did not include an in-depth discussion of fresh 

produce contamination, S. Newport is considered the 3rd most common serovar responsible for 

foodborne outbreaks in North America and has been associated with fresh produce (e.g., 

mangoes and tomatoes). 

The top 5 E. coli serotypes characterized during the study were O8, O45, O69, Onovel10, 

and O88. In particular, serotypes O8, O45, and O88 were mainly recovered from produce (n=14; 

O8=4, O45=2, O88=8), soil (n=8; O8=3, O45=5, O88=0), and air (n=7; O8=7, O45=0, O88=0) 

samples. Serotype O45 is a part of a group known as the “Big Six.” This group, which includes 

serotypes O26, O45, O103, O111, O121, and O145, are frequently linked to foodborne outbreaks 

and are associated with very severe symptoms in humans, according to the United States 

Department of Agriculture (United States Department of Agriculture, Food Safety and Inspection 

Service). A 2016 investigation of a local E. coli outbreak found a raw chicken sample 

contaminated with E. coli O45 (Lozinak et al., 2016). In particular, E. coli O45 is prevalent on 

cattle farms. An analysis of cattle fecal matter from 248 feedlots and 34 auction marts found an 

extremely high prevalence of serotypes O45 and O103 (Stanford et al., 2016). Although 

outbreaks of food contamination linked to E. coli serotypes O8, O69, Onovel10, and O88 are not 

common; there have been some reports. Serotype O69 has been associated with an outbreak of E. 
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coli in June 2001 at a children’s farm day camp (Luna-Gierke et al., 2014; Smith et al., 2004). In 

addition, an investigation of a foodborne outbreak linked to E. coli O121 contaminated flour 

identified serotypes O8 and O88 as contaminants as well (Morton et al., 2020). However, no 

clinical cases were associated with these serotypes.  

During the challenge study, only 19 samples were positive for naturally occurring 

rifampicin-resistant E. coli or Salmonella. Of those, only one environmental sample collected 

from soil in proximity to the dairy farm’s VB matched the rep-PCR banding pattern of the 

avirulent rifampicin-resistant E. coli O157:H7 lab strain used. This strain was recovered 61 m 

away from the origin of the inoculation event and represents an extreme contamination event that 

occurred when leaf coverage was lower than usual due to the time of the year in which 

inoculations took place. These results highlight two aspects: 1) the VB zone is able to reduce the 

transfer of Log 7 CFU/g of the inoculated pathogen to produce fields, and 2) despite reducing 

transfer, a small population made through to produce fields. This was possibly due to low leaf 

coverage of the VB at the time of inoculation and the VB zone’s potential to become a 

contamination source over time in such high-dose events. Possibly, the inconsistency between 

the recovery and survival of avirulent E. coli and avirulent Salmonella on leafy greens may be 

due to the low relative humidity of the crop bed or to the dilution of the dust over the distance 

from the event of inoculation (Fonseca et al., 2020). It is important to note that the 18 rifampicin-

resistant E. coli and Salmonella isolates that were recovered during the challenge study did not 

match the banding pattern of the lab strains used in the inoculum. This potentially represents the 

distribution of naturally occurring organisms, previously unknown before our study, already 

present in the environment.  
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We acknowledge that this study had some limitations, namely the depopulation of the 

poultry house and the timing of the challenge study. The removal of chickens from the closet 

poultry house to the VB zone limited the study’s ability to evaluate the effectiveness of the VB. 

Despite this, four other poultry houses were in operation with fans blowing air towards the 

direction of the VB zone. The poultry farm has been in operation for over five years and has 

housed various breeds of poultry. There was also an area close to the 122 m produce plot 

designated for free-range chickens. It is also important to note that a frequently used service road 

ran parallel to the produce plots. The naturally occurring E. coli and Salmonella recovered from 

the poultry farm during the study could have come from any of these potential sources. 

Similarly, the inopportune timing of the challenge study provided the study the ability to 

evaluate the effectiveness of the VB during a worst-case scenario. As stated above, the challenge 

study results demonstrate the VB’s capability to reduce pathogen transmission even when the 

VB canopy is not at full capacity. It would be important to repeat the VB challenge experiment 

during the summer when the VB is at full capacity to determine the maximum carrying capacity 

of the VB. 

Conclusion 

The VB is an effective way of reducing wind-transmission of Salmonella and E. coli. The 

establishment of a VB could be used at small-scale farms or other agricultural operations in 

proximity to animal operations to help mitigate the transmission of foodborne pathogens from 

their livestock to fresh produce fields inside and outside the United States. However, the study 

results suggest that contamination of fields once established due to years of proximity to animal 

operations must be addressed by implementing practices to remediate or eliminate the presence 

of these pathogens from contaminated soil. In all evaluations, soil contamination was a major 
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source of enteric pathogens, and despite reducing the transfer of these pathogens through the VB 

zone, contamination was still present at different distances. This project clearly indicates the 

need to develop soil remediation practices as part of the remediation tools that a grower should 

follow when growing produce on land near animal farms or exposed to these operations for an 

extended period. Overall, this tool’s use could help farmers practice sustainable farming, 

minimize surface water contamination, and support native pollinators. 
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Table 3.1. Primer Sequences for Salmonella and E. coli Confirmation. Primer sequences used for the confirmation of Salmonella 

(invasion A gene [invA]), Escherichia coli (16S ribosomal gene [16S]), and STEC (Shiga toxin (stx) genes, stx1 and stx2) isolates. 

Primers REP1R-I and REP2-I were used for both E. coli O157:H7 and Salmonella enterica ser. Typhimurium. 

 

Primer Sequences Used to Confirm Salmonella and E. coli Isolates 

Primer IDs Primer Sequences (5’-3') 

PCR Product 

Size (bp) 

References 

invA 

F - GTGAAATTATCGCCACGTTCGGGCAA 

284 Oliveira et al., 2002 

R - TCATCGCACCGTCAAAGGAACC 

16S 

F – CCTCTTGCCATCGGATGTG 

99 Fratamico et al., 2011 

R – GGCTGGTCATCCTCTCAGACC 

stx1 

F - TGTCGCATAGTGGAACCTCA 

655 Bai et al., 2010 

R - TGCGCACTGAGAAGAAGAGA 

stx2 

F - CCATGACAACGGACAGCAGTT 

477 Bai et al., 2010 

R - TGTCGCCAGTTATCTGACATTC 

REP 

1R-I - IIIICGICGICATCIGGC 

 

Tomás-Callejas et al. 

2011 2-I - ICGICTTATCIGGCCTAC 
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Figure 3.1 – Experimental design. Schematic and overall layout of the VB as established at the dairy (A) and poultry (B) 

operations located at the Piedmont Research Station. The schematic depicts the location of each animal operation in reference to the 

location of each produce field, the VB and the locations of the crops. Fecal samples from the dairy operation were collected from both 

pastures.   
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Figure 3.2 – VB Visualization. Section 1 – hardwood trees, section 2 – evergreen trees and shrubs, section 3 – grass strip, and 

pollinator plants. A) The VB located at the cattle operation in April 2018. B) The VB located at the cattle operation in April 2019.  
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Figure 3.3 – Challenge Study Inoculation. A) Ramp setup for poultry VB inoculation for the second trial. B) Dust cloud 

enveloping the dairy operation’s VB during the second trial. C) Dairy VB after inoculation for the first trial.  
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Figure 3.4 – Number of Positive Samples by Operation and Source Type. A total of 57 fecal, produce, and 

environmental samples tested positive for either Escherichia coli or Salmonella. Positive samples were recovered from 1) the dairy 

operation: feces (n=8), lettuce (n=8), soil (n=11), barrier (n=12), air (n=6) and 2) the poultry operation: feces (n=1), lettuce (n=1), 

soil (n=7), barrier (n=0), and air (n=2). One control air sample tested positive for E. coli (not depicted).  
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Figure 3.5 – Number of Positive E. coli Samples Recovered by Farm Type. Positive Escherichia coli fecal, produce, and 

environmental samples were recovered from 1) the dairy operation: feces (n=5), lettuce (n=8), soil (n=11), barrier (n=12), air (n=6) 

and 2) the poultry operation: feces (n=1), lettuce (n=0), soil (n=6), barrier (n=0), and air (n=2). 
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Figure 3.6 – Number of Positive E. coli Samples by Distance and Source Type. Positive Escherichia coli produce and 

environmental samples was recovered from 10 m (dairy: n=5; poultry: n=3), 61 m (dairy: n=8; poultry: n=4), and 122 m (dairy: n=12; 

poultry: n=1). From the dairy operation: 10 m (lettuce [n=2], soil [n=1], and air [n=2]); 61 m (lettuce [n=3], soil [n=3], and air 

[n=2]); and 122 m (lettuce [n=3], soil [n=7], and air [n=2]). From the poultry operation: 10 m (lettuce [n=0], soil [n=3], and air 

[n=0]); 61 m (lettuce [n=0], soil [n=3], and air [n=1]); and 122 m (lettuce [n=0], soil [n=0], and air [n=1]).  
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Figure 3.7 – Seasonality of E. coli Samples by Month and Year. Positive Escherichia coli fecal, produce, and 

environmental samples was recovered from poultry operation in June 2018 (n=1), April 2019 (n=6) and May 2019 (n=2). These 

samples consisted of feces (n=1), soil (n=6), and air (n=2) samples. Dairy fecal, produce, and environmental samples were only 

positive in April (n=30) and May (n=12) of 2019. These samples consisted of feces (n=5), lettuce (n=8), soil (n=11), barrier (12), and 

air (n=6) samples.
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CHAPTER 4: Tracking the Transmission of Antimicrobial-Resistant non-O157 

Escherichia coli and Salmonella Isolates at the Interface of Food Animals and Fresh 

Produce from Agriculture Operations using Whole Genome Sequencing 

Glaize, A., Hull, D., van Vliet, A.H.M., Gutierrez-Rodriguez, E., Thakur, S., 2021. Tracking the 

transmission of antimicrobial-resistant non-O157 Escherichia coli and Salmonella isolates at the 

interface of food animals and fresh produce from agriculture operations using whole genome 

sequencing.  

Abstract 

An increasing number of these outbreaks are caused by foodborne pathogens like 

Escherichia coli and Salmonella, which often harbor antimicrobial resistance (AMR) genes. We 

previously demonstrated the transmission of foodborne pathogens from animal operations to 

produce fields on sustainable farms, which illustrated an urgent need to develop and implement 

novel prevention methods and remediation practices to prevent this movement. The focus of this 

study was to use whole-genome sequencing to characterize the AMR, virulence, and single 

nucleotide polymorphism profile of 15 Salmonella and 128 Escherichia coli isolates collected 

from two small-scale dairy and poultry research station farms in North Carolina, USA. 

Phenotypically, seven E. coli and three Salmonella isolates displayed resistance to antibiotics 

like tetracycline (n=4), ampicillin (n=4), nalidixic acid (n=3), chloramphenicol (n=2), 

sulfisoxazole (n=1), and streptomycin (n=1). One E. coli isolate was found to be resistant to five 

different antibiotic class types and possessed the blaTEM-150 resistance gene. Virulence genes that 

facilitate toxin production and cell invasion were identified. All 15 Salmonella isolates possessed 

genes that belonged to pathogenicity islands 1 and 2. Mauve analysis of the E. coli isolates 

identified seven clusters indicating that transmission is occurring from animal operations to fresh 



  123 

 

produce fields and the surrounding environment when the VBZ is denudated. This suggests that 

the VBZ is a useful barrier to reduce the transmission of enteric pathogens in agricultural 

systems. This study demonstrates the prevalence of antimicrobial resistance and virulence genes 

on small-scale sustainable farms and highlights the advantage of using WGS to assess the impact 

of the VBZ to reduce the transmission of E. coli and Salmonella. 

Introduction 

The United States is home to some of the largest producers of beef, dairy, and poultry 

products. Both enterohemorrhagic Escherichia coli (EHEC) and Salmonella are major foodborne 

pathogens in these industries. In fact, Salmonella is one of the leading causes of foodborne 

illnesses, according to the National Antimicrobial Resistance Monitoring System (NARMS) 

(2020). Resistance to medically important antimicrobial drugs is on the rise. The Centers for 

Disease Control and Prevention (CDC) estimates that more than 2.8 million people in the United 

States suffer from antibiotic-resistant infections annually (CDC, 2019). Antimicrobial-resistant 

(AMR) non-typhoidal Salmonella has been linked to 212,500 infections and 70 deaths annually 

(CDC, 2019). Similarly, extended-spectrum beta-lactamase (ESBL) producing 

Enterobacteriaceae are responsible for 197,400 hospitalizations and 9,100 deaths in 2017 alone 

(CDC, 2019). The use of medically important antibiotics in food-producing animals has been 

correlated to the increased prevalence of AMR in foodborne bacterial pathogens. However, the 

use of these antimicrobials in commercial cattle and poultry productions in the United States is 

uncertain. A report released by the FDA found that 54% of the domestic sales of medically 

important antimicrobials were approved for use in treating food-producing animals in 2019 

(FDA, 2020). Half of the domestic sales of these antimicrobials were approved for use in 

livestock like cattle (n=40.7%) and poultry (n=13.5%; chicken (n=3.1%) and turkey (n=10.4%)). 

https://www.fda.gov/animal-veterinary/national-antimicrobial-resistance-monitoring-system/2018-narms-update-integrated-report-summary
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
https://www.fda.gov/media/144427/download
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A 2014 report found that 25.3% of dairy operations used medically important antimicrobials 

(USDA, 2014).   

There has been a 17% increase in the number of certified organic farms since 2016 

(USDA, 2019). These farms incorporate both organic and sustainable practices, in which the 

integration of livestock and crop production is common. However, it is known that livestock 

such as dairy and poultry can shed AMR pathogens like EHEC and Salmonella through their 

feces and urine, which can then be mixed into soil amendments or spread into the nearby surface 

and irrigation water (Iwu, Korsten, and Okoh, 2020; Glaize et al., 2020). With this in mind, it 

will become increasingly important to discover new ways to prevent the transmission of AMR 

pathogens in agricultural environments. Previously we established a vegetation barrier zone 

(VBZ) and demonstrated its impact in reducing transmission of enteric pathogens between 

animal operations and fresh produce fields (Glaize et al., 2021). The purpose of this study was to 

use whole-genome sequencing (WGS) to 1) characterize the AMR, virulence, and single 

nucleotide polymorphism (SNP) profiles of 128 Escherichia coli and 15 Salmonella isolates on 

two small-scale dairy and poultry farms in North Carolina, USA, 2) determine the source of 

AMR E. coli and Salmonella in these systems, and 3) ascertain the impact of distance on the 

transmission of AMR pathogens from animal operations to fresh produce fields.  

Materials and Methods 

Experimental Design 

An in-depth explanation of the experimental design of this study can be found in Glaize 

et al., 2021. In brief, two North Carolina small-scale sustainable poultry and dairy farms were 

sampled for two years from 2018-2019. A VBZ was grown between the animal housing units 

and the produce fields to mitigate the transmission of E. coli and Salmonella (Figure 3.1; Glaize 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7520999/
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et al., 2021). The E. coli and Salmonella isolates discussed in this paper were recovered from 

three sample types collected from five sources: fecal matter, fresh produce (tomatoes and 

romaine lettuce), and environmental (i.e., soil, barrier, and air). Each farm had three air sample 

stations and fresh produce fields located 10 m, 61 m, and 122 m away from the VBZ and 

downwind of the animal housing units (Figure 3.1; Glaize et al., 2021). A separate air sample 

station was located at the horticulture plots of the farm upwind from both the dairy and poultry 

units and served as our air control.  

Phenotypic Characterization of AMR Profile.  

The phenotypic AMR profile of E. coli (n=128) and Salmonella (n=15) isolates was 

determined using broth microdilution as described by Glaize et al. (2020). In brief, the Sensititre 

gram-negative NARMS CMV3AGNF plate (Trek Diagnostic Systems, Cleveland, OH) was used 

to determine the minimum inhibitory concentration. The isolates were exposed to a panel of 

fourteen preselected drugs: cefoxitin (FOX; 0.5–32 μg/mL), azithromycin (AZI; 0.12–

16 μg/mL), chloramphenicol (CHL; 2–32 μg/mL), tetracycline (TET; 4–32 μg/mL), ceftriaxone 

(AXO; 0.25–64 μg/mL), amoxicillin/clavulanic acid (AUG2; 1/0.5–32/16 μg/mL), ciprofloxacin 

(CIP; 0.015–4 μg/mL), gentamicin (GEN; 0.25–16 μg/mL), nalidixic acid (NAL; 0.5–32 μg/mL), 

ceftiofur (XNL; 0.12–8 μg/mL), sulfisoxazole (FIS; 16–256 μg/mL), 

trimethoprim/sulfamethoxazole (SXT; 0.12/2.38–4/76 μg/mL), ampicillin (AMP; 1–32 μg/mL), 

and streptomycin (STR; 32–64 μg/mL). The NARMS breakpoints were used to determine the 

isolates tested susceptibility and resistance status (NARMS, 2019). Isolates that are resistant to 

three or more classes of antimicrobials are considered to be MDR. 

 

 

https://doi.org/10.1016/j.ijfoodmicro.2019.108472
https://www.cdc.gov/narms/antibiotics-tested.html
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DNA Isolation and WGS.  

An in-depth explanation of the DNA isolation and WGS protocols is available in Glaize 

et al. (2020; 2021). In brief, the DNA from E. coli and Salmonella isolates from the dairy and 

poultry farms was isolated using a modified Qiagen DNeasy PowerLyzer Microbial Kit (Qiagen, 

Venlo, Netherlands). Before sequencing, the DNA concentration was quantified using the Qubit 

4.0 Fluorometer high-sensitivity assay kit (ThermoFisher Scientific, Waltham, MA). DNA 

libraries were prepared using the Nextera XT kit (Illumina, San Diego, CA). These libraries were 

then sequenced on an Illumina MiSeq (Illumina, San Diego, CA) using 250bp or 300bp paired-

end reads (MiSeq reagent kit, version 3). Sequenced isolates for E. coli (Accession: 

PRJNA293225) and Salmonella (Accession: PRJNA293224) were submitted to the National 

Center for Biotechnology Information GenomeTrakr database (Supplementary File). 

Bioinformatics Analysis.  

The bioinformatics pipeline used to analyze the E. coli and Salmonella isolates is 

described by Glaize et al. and Hull et al. (2020; 2021).  In summary, de novo genome assembly 

was completed using Shovill version 1.1.0 and SPAdes version 3.14.1 (Seemann, 2020a; 

Prjibelski et al., 2020). The QUAST program, version 5.0.2, was used to check the sequence 

quality of each isolate (Mikheenko et al., 2018). The program ABRicate version 1.0.0 (Seemann, 

2020b) was then used to screen for AMR, ESBL, and virulence genes using the CARD (Alcock 

et al., 2020), MEGARes (Doster et al., 2020), VFDB (Liu et al., 2019), and Ecoli_VF databases 

(https://github.com/phac-nml/ecoli_vf). Point mutations associated with AMR were identified 

using the NCBI AMR FinderPlus database (Feldgarden et al., 2019). The genome assembly was 

annotated using Prokka version 1.14.5 (Seemann, 2014). The multilocus sequencing typing 

(MLST) was determined using the command-line tool MLST version 2.19.0 (Seemann, 2020c; 

https://doi.org/10.1016/j.ijfoodmicro.2019.108472
https://doi.org/10.1016/j.ijfoodmicro.2019.108472
https://doi.org/10.1371/journal.pone.0246571
https://github.com/tseemann/shovill
https://currentprotocols.onlinelibrary.wiley.com/doi/abs/10.1002/cpbi.102
https://doi.org/10.1093/bioinformatics/bty266
https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
https://pubmed.ncbi.nlm.nih.gov/31665441/
https://pubmed.ncbi.nlm.nih.gov/31665441/
https://academic.oup.com/nar/article/48/D1/D561/5624973
https://academic.oup.com/nar/article/47/D1/D687/5160975
https://github.com/phac-nml/ecoli_vf
https://dx.doi.org/10.1128%2FAAC.00483-19
https://doi.org/10.1093/bioinformatics/btu153
https://github.com/tseemann/mlst
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Jolley and Maiden, 2010). E. coli pathotype categories were determined using the 

recommendations outlined by Robins-Browne et al. (Robins-Browne et al., 2016). E. coli 

phylogroups (A, B1, B2, C, D, E, F, and G) for the E. coli isolates were determined using the 

web-based tool Clermontyping version 1.4.0 (Beghain et al., 2018; Clermont et al., 2019). The 

tool ParSNP version 1.5.6 from the Harvest suite was used to create the single-nucleotide 

polymorphisms (SNP) core-genome phylogeny tree (Treangen et al., 2014). Dendroscope 

version 3.7.4 was used to visualize and edit the phylogenetic tree (Huson et al., 2007; Huson and 

Scornavacca, 2012). The multiple alignment tool Mauve, version 2.4.0, was used to assess the 

homology of genomic sequences (Darling et al., 2004). Annotations were done using the 

phytools package version 0.7-80 with R version 4.04 and Rstudio version 1.4.1106 (Revell, 

2011; R Core Team, 2021).  

Results and Discussion 

Phenotypic and Genotypic AMR Profile of Salmonella and E. coli.  

A total of 15 Salmonella and 128 E. coli isolates were recovered from 57 environmental 

samples collected from the dairy (Salmonella=9; E. coli=111) and poultry (Salmonella=6; E. 

coli=15) farms as well as the control air station (Salmonella=0; E. coli=2) (Table 4.1). Ten (7%; 

n=10/143) of these isolates (Salmonella=3; E. coli=7) were found to be resistant to antibiotics 

(Table 4.1). In total, six different AMR profiles were observed: NAL (n=3), TET (n=2), Amp 

(n=2), TET AMP (n=1), CHL (n=1), and CHL TET FIS AMP STR (n=1). The frequency of 

resistance was highest in TET (3.6%; n=4/111), AMP (3.6%; n=4/111), and NAL (50%; n=3/6) 

(Table 4.2). One E. coli isolate recovered from a VBZ sample from the dairy farm was found to 

be MDR and was resistant to chloramphenicol, tetracycline, sulfisoxazole, ampicillin, and 

streptomycin. All of the AMR E. coli were recovered from fecal (n=2) and environmental (i.e., 

https://doi.org/10.1186/1471-2105-11-595
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6113867/
https://doi.org/10.1111/1462-2920.14713
https://doi.org/10.1186/s13059-014-0524-x
https://doi.org/10.1186/1471-2105-8-460
https://doi.org/10.1093/sysbio/sys062
https://doi.org/10.1093/sysbio/sys062
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://www.r-project.org/
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barrier (n=2) and air (n=3)) samples collected from the dairy farm in April and May of 2019. E. 

coli isolates from fecal samples (n=2) were resistant to ampicillin (n=1) and chloramphenicol 

(n=1). The three AMR E. coli isolates from air samples were recovered 61 (n=2) and 122 (n=1) 

m away from the dairy VBZ. These isolates were resistant to tetracycline (n=2) and ampicillin 

(n=2). In comparison, the three AMR Salmonella enterica ser. Typhimurium isolates recovered 

from romaine lettuce samples located 10 m away from the poultry VBZ. AMR was not detected 

in E. coli isolates from the poultry farm. 

S. Agona and S. Give was retrieved from dairy fecal samples, while S. Typhimurium and 

S. Newport were recovered from poultry produce and soil samples (Figure 4.1A and 4.1B). 

Antibiotic resistance genes that confer resistance to aminoglycosides (aac(6’)-laa (n=3) and 

aac(6’)-ly (n=12)) and fosfomycin (fosA7 (n=6)) was detected in these Salmonella isolates. The 

aac(6’)-laa gene was only found in 100% (n=3/3) of S. Typhimurium isolates, while aac(6’)-ly 

was found in S. Newport, S. Agona, and S. Give isolates. The fosA7 gene was observed in 100% 

(n=6/6) of S. Agona isolates. Point mutation gyrA_D87G was detected in 100% of S. 

Typhimurium isolates. Resistance genes to phenicol (floR), sulfisoxazole (sul2), and 

aminoglycosides (aph(3”)-Ib and aph(6)-Id) were detected in the MDR E. coli isolate (Figure 

4.2). 

All E. coli and Salmonella isolates that were tested had genes that conferred resistance to 

beta-lactamases. The gene marA was detected in all 128 E. coli isolates, which encodes for MarA 

protein that acts as a global regulator of the MDR efflux pump AcrAB and reduces the 

permeability to beta-lactams. A single E. coli isolate possessed the gene blaTEM-150. This is the 

same isolate that was determined to be MDR by antimicrobial susceptibility testing. All 15 

Salmonella isolates possessed the E. coli-specific ampH gene and the marA efflux pump 
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regulator gene. A total of 12 Salmonella isolates possessed the ramA gene, which encodes the 

AcrAB efflux pump’s regulator protein.  

Virulence Profile of Salmonella and E. coli.  

According to the VFDB, all Salmonella isolates possessed the virulence genes mig-14, 

mgtC, and spvB, which confers resistance to antimicrobial peptides, aids in magnesium transport, 

and produces an intracellular toxin, respectively. The genes rck (mediates cell invasion) and 

sodCI (a stress protein) were only found in S. Typhimurium isolates from fresh produce samples 

from the poultry farm. Similarly, the three S. Give isolates from dairy fecal samples were found 

to have the cdtB gene, which produces the cytolethal distending toxin (CDT). However, the cdtA 

and cdtC genes, which help the CDT bind to target cells, were not detected. Many genes that 

encode for the type III secretion system and are associated with Salmonella pathogenicity islands 

1 and 2 were identified. Most of these genes were found in all 15 Salmonella isolates; however, 

eight (gogB, spvC, spvR, ssel/srfH, sseK1, sseK2, sspH1, and sspH2) were not. Only S. 

Typhimurium (n=3) and S. Newport (n=3) isolates were positive for gogB, ssel/srfH, sseK2, 

sspH1, and sspH2. These isolates were recovered from produce and soil samples from the crop 

bed located 10 m away from the poultry VBZ. The type III secretion effector gene sseK1 was 

detected in S. Typhimurium and S. Agona (n=6). Of the 128 E. coli isolates, two were able to be 

categorized into a pathotype group. Two isolates were determined to be atypical 

enteropathogenic E. coli (aEPEC) due to the absence of bfp and the presence of eae, paa, ler, 

east1, espA, espB, espD, espF, espG, espH, and tir. These two pathogenic isolates were 

recovered from the dairy VBZ in April of 2019. The two E. coli isolates recovered from a control 

air sample were not pathogenic. 
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Overall, both antibiotic-free farms on the research station had a low prevalence of AMR 

and virulence genes present in the Salmonella and E. coli isolates. The genotypic profiles of the 

E. coli and Salmonella isolates identify many genes that can confer resistance to different 

medically important drug classes like aminoglycosides, tetracyclines, and aminopenicillins. For 

example, a single E. coli isolate recovered from the dairy VBZ was MDR and possessed the 

blaTEM-150 resistance gene. Furthermore, most Salmonella isolates from both the dairy and 

poultry farms possessed the E. coli associated beta-lactamase gene ampH and PBP2, which 

encode for a protein that can bind to beta-lactam antibiotics and render them ineffective. It 

should be stated that the genotypic profile of isolates does not always correlate to phenotypic 

resistance or susceptibility to antibiotics (Doyle et al., 2020). However, there is an extensive 

amount of evidence that both Salmonella and E. coli can act as reservoirs of AMR and virulence 

genes and disseminate them into the environment (Iwu, Korsten, and Okoh, 2020). 

Phylogroups and Confirming the Transmission of E. coli.  

A total of five phylogroups were identified in the E. coli isolates. The majority (93.75%; 

n=120/128) of these isolates were characterized as phylogroups A (n=34) and B1 (n=86), while 

the remainder sorted into phylogroups B2 (n=1), C (n=3), and D (n=3). The two E. coli isolates 

recovered from the control air station belonged to phylogroup B1. All of the isolates retrieved 

from dairy and poultry fecal samples were a part of phylogroup B1 (n=10). The isolates 

categorized in phylogroups B2, C, and D were from produce and soil samples. The three 

phylogroup C isolates were recovered from two romaine lettuce samples located 61 m away from 

the dairy VBZ. Similarly, one phylogroup D isolate was retrieved from a romaine lettuce sample 

located 122 m away from the dairy VBZ. The other phylogroup D isolates (n=2) were retrieved 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7520999/
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from two soil samples located 122 m away from the dairy VBZ. Finally, the one phylogroup B2 

isolate was recovered from a soil sample located 10 m away from the poultry VBZ.  

A total of 7 E. coli groups (dairy =6; poultry=1) were identified based on Mauve SNP 

analysis, comprising 31 E. coli isolates. Isolates sorted into these groups belonged to 

phylogroups A and B1 and were recovered from fresh produce, fecal, and environmental (i.e., 

soil and barrier) samples in April and May 2019. The assembled E. coli poultry SNP tree 

identified an isolate recovered from a poultry fecal sample that closely matches the SNP patterns 

of two E. coli isolates collected from soil samples located 10 m away from the VBZ (group one; 

Figure 4.3A). The Mauve analysis found that the genomes of these three isolates possessed 

similar core genome and SNP alignment (Figure 4.3B). This group documents the transmission 

of E. coli between poultry feces and agricultural soil used for growing produce. The same trend 

can be found in the dairy E. coli SNP tree (Figure 4.2). In group six, two E. coli isolates from 

two dairy fecal samples have the same serotype (O168:H8), MLST (718), and phylogroup (B1) 

to six isolates recovered from one barrier (n=2) and two produce (n=4) samples. They also share 

a similar core genome and SNP pattern (Figure 4.4F). These produce samples were collected 10 

and 122 m away from the dairy VBZ. Similarly, an E. coli isolate from a barrier sample in group 

2 had the same SNP and molecular characterization profile of three isolates from a dairy fecal 

sample (Figures 4.2 and 4.4B). This group supports the possibility that the VBZ can block E. coli 

transmission between dairy fecal samples and environmental air, soil, and fresh produce samples.  

According to the dairy E. coli SNP tree, many barrier isolates are related to isolates 

retrieved from fresh produce (groups one and four) or environmental soil (groups three and five) 

samples (Figure 4.2). The produce samples from these groups were grown 61 and 122 m, and the 

positive soil samples were located 122 m from the dairy VBZ. It is important to note that the 
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dairy VBZ did not provide side coverage from the wind or dairy pasture to the 61 and 122 m 

plots (Appendix 7). As a result, the produce was not fully protected by the VBZ and was exposed 

to contaminated unfiltered air. In fact, more produce, soil, and air samples situated away 61 and 

122 m from the VBZ were positive for E. coli and Salmonella (Table 4.1). It is also important to 

note that the Mauve analysis of the two control E. coli isolates did not match the core genome or 

SNP patterns of the E. coli isolates recovered from the poultry or dairy farms. Taken together, 

these groups demonstrate that the VBZ can reduce the transmission of E. coli from dairy fecal 

and environmental air samples to fresh produce fields when adequately covered. Finally, the 

majority of recovered E. coli and Salmonella isolates were retrieved in April and May of 2019. 

During this time frame, the back row of the VBZs, composed of Poplar trees, were still in the 

process of leafing out. Once the Poplar trees were close to full capacity a month later, the 

number of isolates recovered from the dairy and poultry farms dropped. This suggests that VBZ 

cannot completely block the transmission of foodborne pathogens until the leaves have fully 

emerged. This also demonstrates how effective the VBZ is at reducing the transmission of E. coli 

and Salmonella. 

CONCLUSION 

Overall, the transmission of Salmonella and E. coli from dairy and poultry units to fresh 

produce fields is occurring. These pathogens are AMR and MDR, despite the farms’ claims of 

not using antimicrobials, and can be recovered from fresh produce, livestock fecal samples, and 

the environment. However, the VBZ, at its fullest capacity, is an effective way of reducing the 

transmission of these pathogens from animal operations to fresh produce within a distance of 125 

m from animal activities. The information generated from the study can be used to assess the 

transmission dynamics of AMR foodborne pathogens on small-scale farms and evaluate 
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prevention methods that can reduce the transmission of these pathogens on agricultural farms. 

This study highlights the need for more effective ways of decontaminating agricultural soil 

between production cycles to reduce the safety risk of AMR pathogens in our food network. 
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Table 4.1 Number of Escherichia coli and Salmonella Isolates by Distance, Source, and 

Farm Type. A total of 143 Escherichia coli (n=128) or Salmonella (n=15) isolates were 

recovered from 57 fecal, produce, and environmental samples. E. coli isolates were recovered 

from the dairy operation: 111. By source: air (n=22), soil (n=25), lettuce (n=23), feces (n=9), 

and barrier (n=32). By distance from VBZ: 10 m (n=18), 61 m (n=21), and 122 m (n=31). A total 

of 7 E. coli isolates were found to resistant to ampicillin (AMP), tetracycline (TET), 

chloramphenicol (CHL), streptomycin (STR), and sulfisoxazole (FIS). From the poultry 

operation: 15. By source: air (n=4), soil (n=10), lettuce (n=0), feces (n=1) and barrier (n=0). By 

distance from VBZ: 10 m (n=5), 61 m (n=6), and 122 m (n=3). No E. coli isolates were found to 

be resistant. From the control station: air (n=2). Salmonella isolates were recovered from the 

dairy operation: 9. By source: air (n=0), soil (n=0), lettuce (n=0), feces (n=9), and barrier 

(n=0). By distance from VBZ: 10 m (n=0), 61 m (n=0), and 122 m (n=0). No Salmonella isolates 

were found to be resistant. From the poultry operation: 6. By source: air (n=0), soil (n=3), 

lettuce (n=3), feces (n=0), and barrier (n=0). By distance from VBZ: 10 m (n=6), 61 m (n=0), 

and 122 m (n=0). A total of 3 Salmonella isolates were found to resistant to nalidixic acid 

(NAL). From the control station: air (n=0).  

 

   Species 

   E. coli Salmonella 

Farm Source Distance 
No. 
Recovered 

No. 
Resistant 

No. 
Recovered 

No. 
Resistant 

Dairy 

Air 

10 m 12 0 0 0 

61 m 5 2 0 0 

122 m 5 1 0 0 

Total 22 3 0 0 

Soil 

10 m 2 0 0 0 

61 m 5 0 0 0 

122 m 18 0 0 0 
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Table 4.1 (continued) 

 

 

 Total 25 0 0 0 

Lettuce 

10 m 4 0 0 0 

61 m 11 0 0 0 

122 m 8 0 0 0 

Total 23 0 0 0 

Feces Total 9 2 9 0 

Barrier Total 32 2 0 0 

Poultry 

Air 

10 m 0 0 0 0 

61 m 1 0 0 0 

122 m 3 0 0 0 

Total 4 0 0 0 

Soil 

10 m 5 0 3 0 

61 m 5 0 0 0 

122 m 0 0 0 0 

Total 10 0 3 0 

Lettuce 

10 m 0 0 3 3 

61 m 0 0 0 0 

122 m 0 0 0 0 

Total 0 0 3 3 

Feces Total 1 0 0 0 

Barrier Total 0 0 0 0 

Control Air Total 2 0 0 0 
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Table 4.2 - Escherichia coli and Salmonella antimicrobial resistance in Dairy and Poultry 

Farms. The two E. coli isolates from the control air station is not included in this table. 

aAntimicrobials: FOX, cefoxitin; AZI, azithromycin; CHL, chloramphenicol; TET, tetracycline; 

AXO, ceftriaxone; AUG2, amoxicillin/clavulanic acid; CIP, ciprofloxacin; GEN, gentamicin; 

NAL, nalidixic acid; XNL, ceftiofur; FIS, sulfisoxazole; SXT, trimethoprim/sulfamethoxazole; 

AMP, ampicillin; STR, streptomycin. Resistance breakpoints: FOX, ≥32 μg/mL; AZI, 

≥16 μg/mL; CHL, ≥32 μg/mL; TET, ≥32 μg/mL; AXO, ≥64 μg/mL; AUG2, ≥32/16 μg/mL; CIP, 

≥4 μg/mL; GEN, ≥16 μg/mL; NAL, ≥32 μg/mL; XNL, ≥8 μg/mL; FIS, ≥256 μg/mL; SXT, 

≥4/76 μg/mL; AMP, ≥32 μg/mL; and STR, ≥64 μg/mL. MICs are expressed as μg/mL. 

 

 E. coli (n=126)  Salmonella (n=15) 

Antimicrobial and 

parametera 
Dairy (n=111) Poultry (n=15) 

 
Dairy (n=9) 

Poultry 

(n=6) 

FOX      

MIC50 4 4  4 2 

MIC90 8 4  8 8 

R (%) 0 0  0 0 

AZI      

MIC50 4 4  8 4 

MIC90 8 8  8 8 

R (%) 0 0  0 0 

CHL      

MIC50 8 8  8 8 

MIC90 8 8  16 8 

R (%) 1.8 0  0 0 

TET      

MIC50 <4 <4  <4 <4 

MIC90 <4 <4  <4 <4 

R (%) 3.6 0  0 0 

AXO      

MIC50 <0.25 <0.25  <0.25 <0.25 

MIC90 <0.25 <0.25  <0.25 <0.25 

R (%) 0 0  0 0 

AUG2      

MIC50 4/2 4/2  <1/0.5 <1/0.5 

MIC90 8/4 4/2  2/1 2/1 
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Table 4.2 (continued) 

 

R (%) 0 0  0 0 

CIP      

MIC50 <0.015 <0.015  <0.015 0.03 

MIC90 <0.015 0.03  0.25 0.25 

R (%) 0 0  0 0 

GEN      

MIC50 0.5 0.5  0.5 0.5 

MIC90 1 1  0.5 1 

R (%) 0 0  0 0 

NAL      

MIC50 2 4  4 4 

MIC90 4 4  >32 >32 

R (%) 0 0  0 50 

XNL      

MIC50 0.5 0.5  1 1 

MIC90 0.5 0.5  1 1 

R (%) 0 0  0 0 

FIS      

MIC50 <16 <16  32 32 

MIC90 <16 <16  32 32 

R (%) 0.9 0  0 0 

SXT      

MIC50 <0.12/2.38 <0.12/2.38  <0.12/2.38 <0.12/2.38 

MIC90 <0.12/2.38 <0.12/2.38  <0.12/2.38 <0.12/2.38 

R (%) 0 0  0 0 

AMP      

MIC50 4 4  <1 <1 

MIC90 4 4  2 2 

R (%) 3.6 0  0 0 

STR      

MIC50 8 4  8 16 

MIC90 8 8  16 16 

R (%) 0.9 0  0 0 
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Figure 4.1 – SNP Trees of Salmonella Isolates from Dairy and Poultry Farms. Each tip label 

includes information about the isolate ID, farm, source type, distance from the VBZ, serovar, and 

MLST. The “Source” column is color-coded by source type: air (white), barrier (gray), soil (light 

gray), produce (dark gray), and feces (black). A) Salmonella Isolates from the Dairy Farm. The 

presence (black) or absence (white) of the AMR genes fosA7 and aac(6’)-Iy is indicated in the 

second and third columns, respectively. B) Salmonella Isolates from the Poultry Farm. Isolates 

that are either phenotypically resistant (black) or suspectable (white) to nalidixic acid (NAL) are 

shown in the column labeled “Phenotypic Resistance.” The presence (gray) or absence (white) of 

the gyrA_D87 point mutation is shown in the third column. The presence (black) or absence 

(white) of AMR genes fosA7 and aac(6’)-Iaa is indicated in the fourth and fifth columns, 

respectively. 
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Figure 4.2 – SNP Tree of E. coli Isolates from Dairy Farm. Each tip label includes 

information about the isolate ID, farm, source type, distance from the VBZ, O-antigen, H-

antigen, MLST, and phylogroup. Isolates recovered from the dairy farm were classified into four 

phylogroups from top to bottom: A, B1, C, and D. The “Source” column is color-coded by 

source type: air (white), barrier (gray), soil (light gray), produce (dark gray), and feces (black). 

Isolates that are either phenotypically resistant (black) or suspectable (white) to ampicillin 

(AMP; 1), chloramphenicol (CHL; 2), sulfisoxazole (FIS; 3), streptomycin (STR; 4), or 

tetracycline (TET; 5) are shown in the third group of columns. The presence (gray) or absence 

(white) of the point mutations uhpT_E350 (1), rpoB_V146F (2), cyaA_S352T (3), and 

parE_I355T (4) is shown in the fourth group of columns. Finally, the presence (black) or 

absence (white) of AMR genes aph(6)-Id (1), aph(3”)-Ib (2), tet (3), fosA7 (4), floR (5), and sul2 

(6) is indicated in the fifth group of columns. 
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Figure 4.3 – SNP Tree and alignment of E. coli Isolates from Poultry Farm. A) Each 

tip label includes information about the isolate ID, farm, source type, distance from the VBZ, O-

antigen, H-antigen, MLST, and phylogroup. Isolates recovered from the poultry farm were 

classified into three phylogroups from top to bottom: A, B1, and B2. The “Source” column is 

color-coded by source type: air (white), barrier (gray), soil (light gray), produce (dark gray), and 

feces (black). The presence (black) or absence (white) of the rpoB_V146F (1) and marR_S3N 

(2) point mutations is shown in the third and fourth columns, respectively. B) The Mauve 

analysis of group 1 (1: CPS-20, 2: CPS-31, 3: CPS-32). 

 

.
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Figure 4.4 - SNP alignment of E. coli Isolates from Dairy Farm. A) The Mauve 

analysis of group 1 (1: CPS-164, 2: CPS-165) as shown in Figure 3. B) The Mauve analysis of 

group 2 (1: CPS-126, 2: CPS-105; 3: CPS-106; 4: CPS-107) as shown in Figure 3. C) The 

Mauve analysis of group 3 (1: CPS-25, 2: CPS-21; 3: CPS-22) as shown in Figure 3. D) The 

Mauve analysis of group 4 (1: CPS-70, 2: CPS-90; 3: CPS-89; 4: CPS-88; 5: CPS-87; 6: CPS-55; 

7: CPS-56; 8: CPS-57) as shown in Figure 3. E) The Mauve analysis of group 5 (1: CPS-145, 2: 

CPS-85; 3: CPS-86) as shown in Figure 3. F) The Mauve analysis of group 6 (1: CPS-122, 2: 

CPS-123; 3: CPS-124; 4: CPS-125; 5: CPS-112; 6: CPS-113; 7: CPS-114; 8: CPS-131) as shown 

in Figure 3
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Appendix 1 – Prevalence of generic E. coli Isolated from Produce on Poultry Farm. 2018 time points: T1 (4/4/18), T2 

(5/22/18), T3 (6/10/18), T4 (6/26/18), T5 (7/9/18), T6 (8/14/18), T7 (8/21/18), T8 (9/10/18), T9 (9/24/18), and T10 (10/8/18). 2019 

time points: T1 (4/1/19), T2 (4/15/19), T3 (4/29/19), T4 (5/13/19), T5 (5/28/19). Generic E. coli and other indicators were evenly 

distributed across sampling locations and irrespective of distance and type of CAFO operation. 
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Appendix 2 - Prevalence of STEC Isolated from the Dairy Farm VBZ. 2018 time points: T1 (4/4/18), T2 (5/22/18), T3 

(6/10/18), T4 (6/26/18), T5 (7/9/18), T6 (8/14/18), T7 (8/21/18), T8 (9/10/18), T9 (9/24/18), and T10 (10/8/18). 2019 time points: T1 

(4/1/19), T2 (4/15/19), T3 (4/29/19), T4 (5/13/19), T5 (5/28/19). STEC was evenly distributed across the VBZ irrespective of 

sampling location. Salmonella was only recovered in random locations in 2018-2019. 
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Appendix 3 - Prevalence of STEC Isolated from Produce on Poultry Farm. 2018 time points: T1 (4/4/18), T2 (5/22/18), 

T3 (6/10/18), T4 (6/26/18), T5 (7/9/18), T6 (8/14/18), T7 (8/21/18), T8 (9/10/18), T9 (9/24/18), and T10 (10/8/18). 2019 time points: 

T1 (4/1/19), T2 (4/15/19), T3 (4/29/19), T4 (5/13/19), T5 (5/28/19). STEC was evenly distributed in produce (tomato and romaine 

lettuce) irrespective of distance and type of CAFO operation. However, seasonality impacted distribution.  
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Appendix 4 – Prevalence of STEC Isolated from Soil on Poultry Farm. 2018 time points: T1 (4/4/18), T2 (5/22/18), T3 

(6/10/18), T4 (6/26/18), T5 (7/9/18), T6 (8/14/18), T7 (8/21/18), T8 (9/10/18), T9 (9/24/18), and T10 (10/8/18). 2019 time points: T1 

(4/1/19), T2 (4/15/19), T3 (4/29/19), T4 (5/13/19), T5 (5/28/19). STEC was evenly distributed in soil irrespective of distance and type 

of CAFO operation. However, seasonality impacted distribution. 
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Appendix 5 – Prevalence of STEC and Salmonella spp. Isolated from Air Samplers on Dairy Farm 2018. 2018 time 

points: T1 (4/4/18), T2 (5/22/18), T3 (6/10/18), T4 (6/26/18), T5 (7/9/18), T6 (8/14/18), T7 (8/21/18), T8 (9/10/18), T9 (9/24/18), and 

T10 (10/8/18). Distribution of STEC and Salmonella varied with sampling event and distance from CAFO in 2018. 
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Appendix 6 – Prevalence of STEC and Salmonella spp. Isolated from Air Samplers on Dairy Farm in 2019. 2019 time 

points: T1 (4/1/19), T2 (4/15/19), T3 (4/29/19), T4 (5/13/19), T5 (5/28/19). In air, STEC was only recovered in one occasion in 2019. 

It corresponded with the spring to summer transition. Salmonella was not recovered from any air samples.  
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Appendix 7 – VBZ Visualization. The air control station was located upwind of the dairy and poultry farms. The wind blows 

form north-west to south-east. A) Poultry farm’s VBZ and 10 m plot on April 1st, 2019. The air sample station in located next to the 

produce plot. B) Poultry farm’s VBZ and produce plot on April 29th, 2019. The leaves of the Poplar tree in the back row of the VBZ 

did not emerge until the end of April. 


