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Abstract 

Characterizing relationships between bacterial indicators of foodborne pathogens 
on Mexican produce in the pre-harvest and post-harvest environment 

By Rachel L. Usher 

In recent decades, the United States has experienced a rise in the number of 

foodborne disease outbreaks impacting millions of Americans every year. The majority 

of these new outbreaks originate from contaminated produce. Testing for foodborne 

pathogens such as pathogenic E. coli and Salmonella in agricultural samples is expensive 

and time consuming, so indicator bacteria of fecal contamination are commonly used to 

detect poor sanitation on agricultural products. 

  There are many potential sources of produce contamination in the agricultural 

environment including irrigation water, soil, farming equipment, and farmworker hands. 

Currently, there is little understanding of the fitness and relationships between indicator 

bacteria and pathogenic enteric bacteria on these surfaces and substrates in the 

agricultural environment. This study aims to characterize the relations between different 

bacterial indicators to see if these relationships are modified by sample type at different 

processing stages from Mexican farms distributing different types of produce. 

 Between 2011 and 2012, samples were collected from 11 farms producing three 

types of produce (cantaloupe, tomato, jalapeños), on different associated sample types 

(produce, soil, irrigation water, hand-rinse), before and after harvest. Each sample was 

analyzed for the presence and concentration of three bacterial indicators: E. coli, 
coliforms, and Enterococcus. In an analysis of the principal component 1 scores we 

found significant differences in the mean score values between produce samples in the 

pre-harvest (p < 0.005) and post-harvest (p < 0.001) environment in addition to 

significant differences between hand-rinse scores (p < 0.05). In all of these comparisons, 

the cantaloupe associated scores were significantly larger than tomato and jalapeño. We 

also found significant differences in the indicator bacteria relationships in the 

discriminant analysis among cantaloupe samples compared to the other produce types. 

Overall, relationships between bacterial indicators vary significantly by associated 

sample and produce type indicating physical characteristics of produce, such as the rough 

skin of a cantaloupe, may create a more ideal habitat for colonization by indicator 

bacteria than the waxy produce surfaces of jalapeño and tomato. This study will 

contribute much needed initial research characterizing the relative abundance and 

association of indicator bacteria within the agricultural environment.
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Literature Review 
 

The number of produce-related foodborne outbreaks in the United States has risen 

steadily over the past few decades (1, 2). It is currently estimated that 9.4 million 

Americans get sick from a foodborne illness every year (3). This marks a shift from 

animal products historically associated with foodborne illness, such as eggs, dairy and 

meat, to a rise in the number of foodborne illnesses caused by produce (4). This trend is 

attributed to per capita increases in the amount of fresh produce consumed and the 

globalization of the food supply (5). The CDC reports that between 2009 and 2015, all 50 

states and Puerto Rico reported foodborne outbreaks totaling 145 deaths directly 

attributed to foodborne illness (6). In an analysis of produce-associated outbreaks 

between 1973 and 1997, salad, lettuce, juice, melon, sprouts and berries were the most 

common sources of foodborne illness (1). 

A produce-associated foodborne outbreak is defined as, “the occurrence of two or 

more cases of the same illness in which epidemiologic investigation implicates the same 

uncooked fruit, vegetable, salad or juice” (1). There are a wide variety of produce-

associated bacteria, viruses and fungi implicated in foodborne outbreaks—including 

strains of Salmonella, Escherichia coli, Listeria monoctyogenes, Vibrio, norovirus, 

Hepatitis A and Cyclospora (6). Among all foodborne pathogens in the United States, 

one study found that Salmonella outbreaks have resulted in the most hospitalizations 

(35%) and deaths (28%) (3). The remainder of this literature review will focus on 

bacterial foodborne pathogens. 

Enteric bacterial pathogens and indicator bacteria 
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Salmonella is one of the most researched and well-described bacterial species. 

Belonging to the Enterobacteriaceae family, Salmonellae bacteria are gram-negative, 

rod-shaped and motile. Historically, each serotype of this bacteria was classified as its 

own species, but now, it is widely accepted that there is a single species, Salmonella 

enterica (7). Serotypes of S. enterica are capable of infecting both humans and animals; 

the serotypes associated with disease in humans generally belong to subgroup 1 (8). 

Salmonella can cause a variety of diseases including enteric fever, bacteremia, 

enterocolitis and focal infections with enterocolitis being the most common. Symptoms 

can include diarrhea, fever, discomfort and muscle aches (7). After symptoms disappear, 

shedding in feces can continue for 8 weeks in adults and up to 20 weeks in children (9). 

While humans and wild animals can be reservoirs for Salmonella, animals, especially 

farm animals, can be chronic carriers of the bacteria (10). Salmonella is highly adaptable 

in a variety of aerobic environments once it is shed from a carrier’s feces, making it 

particularly successful as a foodborne pathogen (11). This bacteria was the second 

leading cause of foodborne disease outbreaks and resulted in the most hospitalizations 

and deaths between 2001 and 2007 compared to 31 major foodborne pathogens (3).  

Escherichia coli is a naturally occurring bacterium found in gastrointestinal tract 

of both animals and humans. It belongs to the genus Escherichia that is primarily 

composed of motile gram-negative bacilli. Specific strains of E. coli can cause 

gastrointestinal disease with different strains classified according to their virulence 

properties (12). Two groups are named according to the toxins they produce. E. coli that 

produce Shiga toxins, similar to the toxin made by Shigella dysenteriae, are called Stx-

producing E. coli (STEC). E. coli that produce verocytotoxins, that act on Vero cells, are 
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called VT-producing E. coli (VTEC) (13). Among E. coli strains, STEC and VTEC are 

the only pathogenic group with a zoonotic reservoir in cattle. Once spread to humans, 

these pathogenic E. coli strains can cause severe diarrhea, hemolytic uremic syndrome 

(HUS), and death especially among the young and immunocompromised (10). E. coli is 

an enteric pathogen, but this bacterium has been particularly successful as a foodborne 

pathogen with its ability to withstand a variety of temperatures, pH and nutrient regimes 

in environments outside the gastrointestinal tract of humans (11).  

Widespread testing for foodborne bacteria including pathogenic E. coli and 

Salmonella in environmental samples can be time consuming and challenging (14). 

Instead of testing for pathogens directly, microbial hygiene standards for agriculture and 

water have historically tested for other indicator bacterial species, such as total coliforms, 

enterococci and non-pathogenic E. coli, as indicators of fecal contamination. The idea is 

that these indicator bacteria act as index organisms to signal poor sanitary quality (15) 

and likely co-contamination with enteric pathogens. However, there is increasing 

uncertainty if these indicator species should continue to be used as a proxy for enteric 

pathogen contamination (16-20) due to variability in the sizes of microbial indicators and 

pathogens and abilities to tolerate an array of environmental stressors (14). 

Produce contamination in the agricultural environment 

During growth and harvest, there are a variety of sources and mechanisms that 

can contaminate produce. However, there are certain steps in the food production process 

where contamination is most likely. The locations of most frequent produce 

contamination include the growing period in the field, the harvesting and initial 

processing and in final preparation for consumption (21).  
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It is suggested that enteric pathogens can be transmitted via irrigation water, soil, 

equipment, hands, wild animals, and domestic animals (22-28) coming into contact with 

the produce surface. There are some studies that suggest that contamination of produce 

can even occur via invasion of the root system of the plant (29). In the agricultural 

environment, enteric pathogens must endure fluctuating physiochemical conditions 

before they are able to reach another host. Favoring wet conditions and limited UV 

radiation, studies have demonstrated the persistence of emteric pathogens such as E. coli 

and Salmonella in soils (30), manure (31) and water (32, 33) for extended periods of 

time.  

The harvesting process can be a major source of produce contamination because 

the product is handled by workers who can transmit pathogens on their hands (34, 35). 

One study found that the majority of farmworker hands sampled tested positive for four 

bacterial indicators including E. coli, coliforms, enterococcus, and coliphages. The origin 

of this contamination is difficult to identify. Some studies supporting hand to produce 

contaminantion and vice versa. One intervention study that supplied hand hygiene 

treatment to workers harvesting jalapeños found that there was significantly decreased 

contamination on farmworker hands after sanitation. However, after continuing to harvest 

jalapeños for 30 minutes after the hygiene treatment, the microbial contamination on the 

hands of individuals receiving the hygiene treatment was virtually indistinguishable from 

the contamination type and quantity found on harvesters who never received the hygiene 

treatment (34). 

Enteric pathogens are most successful at invading broken or weakened surfaces of 

leaves or fruiting bodies of plants where there are available nutrients and water (36). 
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These conditions occur unintentionally (via damaged produce) or intentionally (via 

preparing pre-cut produce) during the processing of produce which further supports the 

growth of pathogenic bacteria. Golden Delicious apples with broken skin inoculated 

pathogenic and non-pathogenic strains of E. coli showed exponential increase in growth 

of all strains over the 144-hour study period (37). Salmonella increased by 5 log10 over a 

week on cut honeydew surfaces held at 20-degrees Celsius (38). These studies 

demonstrate that enteropathogens are capable colonizers of favorable produce 

environments. 

Survival strategies of bacteria on the plant surface 

Bacteria have demonstrated the ability to survive by exploiting favorable niches 

of the plant environment. These niches are particularly important for microbes when the 

majority of the plant environment offers limited nutrients, scarce water and direct UV 

radiation. These unfavorable conditions, specifically limited access nutrients, have been 

shown to limit bacterial growth on surfaces of leaves in the field (39). While certain parts 

of the plants surface are nutrient poor such as the waxy top-surfaces of leaves, whole-cell 

bacterial biosensors have shown that plant sugars including sucrose, fructose and glucose 

are abundant in leaf oases, veins, and trichomes (40, 41). There is evidence that motile 

bacteria will preferably live in these areas of the plants with available nutrients while 

simultaneously avoiding areas with high UV radiation (42). To remain in favorable 

environments, pathogenic bacteria have been shown to attach to plant cells in the 

phyllosphere with the same mechanisms they use to attach to human epithelial cells in the 

gut. For example, recent studies examining virulence factors of different strains of E. coli 

and Salmonella have shown that curli, long aggregative fimbriae facilitate binding to 
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cells in alfalfa sprouts (43, 44) in addition to mouse models (45, 46). These examples 

show how bacterial enteropathogens use existing motility and attachment strategies to 

increase their fitness and survival on the surfaces of produce.  

Biofilms are a powerful medium to sustain enteric pathogens in the agricultural 

environment by providing protection and resources. Biofilms are aggregate complex 

structures that contain a matrix of bacteria and fungi (47). On the surfaces of plants, 

bacteria contained within biofilms are better able to buffer physical changes in the 

phyllosphere with the ability to withstand desiccation and nutrient poor conditions. These 

clumps of microorganisms tend to aggregate in favorable plant niches including leaf 

veins and glandular trichosomes (48). In a review examining how biofilms interact with 

the surfaces of plants, it was found that 10% to 40% of the total bacteria population was 

found within biofilms (49). With a wide variety of bacterial species clustered within 

biofilms, the exchange of genetic material among species is likely. It has been suggested 

that biofilms could serve as a medium for human enteric pathogens to increase their 

resistance by picking up favorable genes from epiphytic plant bacteria (50). Overall, the 

relationships between bacterial species within favorable ecological niches on plants are 

complex and poorly described.  

Competitive and cooperative action between bacteria on plant surfaces 

All surfaces in the agricultural environment are host to an ongoing and evolving 

interaction between a diversity of microbial species. The perpetual need for resources 

requires that bacteria use a variety of tools to optimize survival by accumulating 

nutrients, maintaining their access to favorable environments, and, in some situations, 

producing toxins with antimicrobial properties to actively inhibit the growth of other 
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species (51). In a survey of the microbiology literature, Hibbing et al. 2010 assessed the 

broad understanding of bacterial relationships gained through laboratory and theoretical 

studies (51). This review concluded that the literature lacks studies examining bacterial 

relationships in natural environments outside of tightly regulated laboratory conditions. 

In our opinion, this conclusion applies to the food safety literature with scarce 

information characterizing relationships, antagonistic or cooperative, between enteric 

pathogens and/or fecal indicator species in the agricultural environment. The literature 

most closely related to this topic highlights the relative abundance of enteropathogenic 

and epiphytic plant bacteria within favorable plant ecological niches (29, 52). 

With limitations on resources, bacteria frequently engage in competitive behavior 

to acquire nutrients and support growth in a variety of ecological niches. This type of 

behavior is demonstrated between epiphytic bacteria and enteric pathogens on an array of 

produce surfaces. In a study where lettuce was inoculated with S. Newport, E. coli 

O157:H7 and the common epiphytic bacteria Enterobacter asburiae, the growth of the 

two enteric pathogens was reduced 10-fold (52). Similarly, wounded apples inoculated 

with E. coli O157:H7, in addition to Pseudomonas syringiae, a common plant bacterium, 

reduced the growth of E. coli (37). While these two previous studies examined bacterial 

relationships during a limited window of the plant lifecycle, Cooley et al. 2003 built a 

unique study to examine the fate of both S. entericia serovar Newport and E. coli 

O157:H7, in addition to the plant bacteria Enterobacter asburiae, over the lifetime of the 

thale cress plant. This study tracked the population of each bacterial species from 

germination to plant maturity of thale cress in a hydroponic environment conventionally 

used in food production. This study saw the proliferation of both species of enteric 
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pathogens when they were introduced to the root system of the young plants eventually 

resulting in the contamination of the entire plant when grown in the sterile conditions 

with 100% humidity. While the amount of enterobacteria was reduced as the plants 

matured, both pathogens were still detected on the plant 21 days after inoculation. In 

subsequent tests, Enterobacter asburiae was introduced to the environment in addition to 

S. entericia serovar Newport and E. coli O157:H7. The growth and success of all three 

bacterial species was tracked over the growth cycle of the thale cress. In this second set 

of experiments, the growth of the two enteric species was reduced by 10-fold compared 

to the initial tests without Enterobacter asburiae present (29). Taken together, these three 

studies suggest that naturally occurring epiphytic bacteria can outcompete 

enteropathogenic bacteria in plant ecological niches acting as a potential biocontrol agent 

against enteric pathogens in the agricultural environment. 

With few examples in the surveyed literature, there was one study that did assess 

the relative fitness among pathogenic and indicator bacteria in the same environment. 

Barak et al. 2002 assessed the motility and propagation of S. Newport and E. coli 

O157:H7 on alfalfa sprouts when co-inoculated with other species of epiphytic bacteria. 

Barak et al. 2002 found that S. Newport attached to alfalfa sprouts as easily as a variety of 

co-inoculated epiphytic bacteria and did so significantly more than E. coli O157:H7. In a 

repeated test with other nonpathogenic E. coli serotypes isolated from cabbages, the 

nonpathogenic E. coli attached to sprouts as well as other co-inoculated epiphytic 

bacteria. It was hypothesized that the biological attachment mechanisms differences 

between E. coli serovars is responsible for the different outcomes (53). This study 
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demonstrates the variable levels of fitness among pathogenic bacteria and indicator 

bacteria compared to epiphytic bacteria in a controlled environment.  

While the ecological principle of competition is well described and researched in 

a variety of biological systems, there is an increasing interest in describing cooperative 

relationships between species. Bacterial models are particularly useful for this type of 

study due to their short generation time and abundance in a wide array of environmental 

conditions. Types of cooperative bacterial behavior could involve advanced signaling 

where bacteria interact with the environment around them via cohesive multicellular 

behaviors (51). While underlying mechanisms driving symbioses are not always 

discussed in the food safety literature, there are examples of cooperative relationships 

between bacteria in the microbiome of produce.  

 Accurately characterized by Hibbing et al. 2010 in their assessment of the 

microbial literature discussed earlier. There are scarce on examples of studies examining 

the interactions between bacteria in environments outside of the laboratory. This lack of 

in-situ research was indentified in a review of microbial ecology literature (51). However, 

a few studies have examined the interactions between enteric bacteria on plant models in 

the laboratory. In a study of the fitness of Salmonella enterica serovar Thompson on 

cilantro, the proliferation and growth of S. enterica was compared to commonly found 

plant bacteria Pantoae agglomerans and Pseudomonas chlororaphis. Visualizations of 

the bacteria using CLSM found that S. enterica and P. agglomerans were forming 

heterogenous aggregations on leaf veins suggesting commensal relationships. However, 

S. enterica was ultimately not as successful as the two native plant bacteria to survive on 

the cilantro surface (54). Another study examined the survival and growth of E. coli 
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O157:H7 on lettuce in combination with two common epiphytic bacteria Wausteria 

paucula and Enterobacter asburiae. The survival of E. coli increased six-fold in 

combination with W. paucula. The benefits of commensalism between the two bacterial 

species were only observed on lettuce foliage and not in the rhizosphere nor exudate. It is 

possible that the common epiphytic bacteria modified the environment of the plant 

surface by increasing the availability of nutrients or providing production of a 

polysaccharide matrix to prevent desiccation of the environment E. coli O157:H7 was 

also inhabiting (52). These studies provide some idea of the multifaced relationships 

between bacterial species that sometimes work together to exploit existing niches and 

potentially chemically interact with the plant surface to create favorable conditions within 

the ecology of the plant.  

There are also numerous opportunities for proliferation and symbiosis of bacterial 

species after the harvesting of produce. In an examination of the success of Salmonella in 

the post-harvest environment, produce with soft rot were twice as more likely to test 

positive for suspected Salmonella. These results were confirmed in the lab when fresh 

potato, carrot and pepper samples were inoculated with Salmonella typhimurium. Erwina 

carotovora is a bacterium that causes soft-rot disease in post-harvest produce. Samples 

co-inoculated with Salmonella and Erwina carotovora saw a 10-fold increase in 

Salmonella compared to disks with Salmonella alone (55). These examples of bacterial 

symbioses from the post-harvest environment are similar to those in the pre-harvest 

environment—bacteria on plant surfaces can benefit from the activity of other species of 

bacteria through the release of previously unavailable nutrients and creation of new 

favorable niches for growth.  
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Purpose and significance of the current study 

Currently, there is a need to understand the ecology of bacteria in the agricultural 

community that ultimately cause foodborne illness. With substantive documentation and 

understanding of the growth and proliferation of enteric pathogens within host species, 

there is less knowledge about how they persist and interact in the agricultural 

environment. Instead of testing for pathogenic enteric bacteria directly in environmental 

samples, it is standard to test for fecal indicator bacteria as a proxy for likely co-

contamination with the bacterial species that cause foodborne illness. There are a variety 

of bacterial contamination routes throughout the food production process that can 

originate from contaminated water, organisms, and farmworker hands. To survive the 

wide ranging physical and chemical conditions in the field and harvesting environments, 

enteric bacteria have employed a variety of strategies to seek out favorable conditions on 

the plant surface. The relationships between enteric pathogenic and indicator bacteria are 

poorly described. From the studies that do exist, we understand that they engage in both 

competitive and cooperative strategies with naturally occurring plant bacteria to create 

favorable ecological niches and novel sources of nutrients. 

The goal of this exploratory research is to evaluate the relationships between 

different ecological niches of foodborne bacterial indicators found on United States and 

Mexican farms that supply fresh produce to the United States. This will be accomplished 

by examining where bacterial indicators are most commonly found in the harvest and 

post-harvest environment on different sample types (produce, water, hands and soil) and 

processing stages (before and after harvest). It is currently unknown if particular 

ecological niches within the agricultural environment are favorable to co-contamination 
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by different combinations of bacterial indicators.  With a remarkable diversity of 

bacterial species engaging in complex relationships over wide ranging agricultural 

environments, it is hypothesized that environmental conditions could impact the success 

of different bacterial species. To explore these bacterial relationships, the relationships 

between bacterial indicators will be assessed by sample type and processing stage. 

Identifying clustering relationships, if any, between fecal bacterial indicators can inform 

the understanding of the ecology of bacteria within the agricultural environment. 

 The literature describes a diversity of cooperative and antagonistic relationship 

between epiphytic and enteropathogenic bacteria. However, there is a lack of studies 

examining microbial relationships in-situ in the agricultural environment. There is also 

limited information characterizing how relationships between bacterial species change on 

different surfaces such as produce, soil, water and hands. This study will contribute much 

needed initial research characterizing the relative abundance and association of indicator 

bacteria on different surfaces in the harvest and post-harvest environment. 
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Data and Methods 
Study Sites  

The data used in this analysis represents a part of a larger research study 

analyzing fecal associated pathogen contamination of produce farms in northeast Mexico 

near the U.S. border (Nueva Leon, Coahuila, and Tamaulipas) between 2011 and 2012 

(34, 56). This agricultural area of Mexico was selected due to large quantities of produce 

types of interest, ideal sampling plans, and a primary selling market in the United States. 

The produce of interest in this study included tomatoes (Solanum lycopersicum), 

jalapeños (Capsicum annuum), and cantaloupes (Cucumis melo var. cantalupensis). For 

each produce type, the Mexican state produce associations and the state Secretariat for 

Agriculture selected 3 to 5 farms to be sampled. A total of 11 farms were included in this 

study. Seven farms exclusively grew one type of produce; this included one jalapeño 

farm, one tomato farm, and five cantaloupe farms. Four farms grew both jalapeños 

peppers and tomatoes. This protocol for sampling was reviewed and approved by three 

Institutional Review Boards (IRB) located at La Universidad Autónoma de Nuevo León 

(UANL), North Carolina State University (NCSU), and Emory University (Emory IRB: 

00035460, Appendix A).  

           Dr. Juan Leon at Emory University provided data access privileges. This analysis 

incorporated information from both direct rinse samples of the produce and affiliated 

samples found in the environment of the produce sample (ex. Irrigation water, soil, and 

hand-rinse). To clarify any confusion of language, this analysis will use the word 

“produce” in two ways: 1) as a general reference to farmed vegetables and fruit, and 2) 

the grouping of produce and produce associated hand, soil and irrigation samples. The 

actual names of the produce (ex. tomatoes jalapeño peppers and cantaloupes) will herein 
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be used to discuss produce itself. Specific sample types within produce categories will be 

discussed with hyphenated names (ex. cantaloupe-associated irrigation water or jalapeño 

pepper-associated soil).  

Study Design  
Sample Collection 

Samples were collected according to the methods described in Bartz et al. 2017 

(34). While the larger study gathered samples from multiple points in the production 

process, including before and after harvesting, through distribution in the packing shed, 

these analyses focused exclusively on the matched samples collected before and after 

harvest. In the “before harvest” environment, three types of samples were collected 

including produce rinse samples, irrigation water samples, and soil samples. Three 

subsamples comprised one produce rinse sample (n = 79, 1500mL) gathered in 0.1% 

peptone water from tomatoes (n = 23), jalapeño peppers (n = 19) and cantaloupes (n = 

37). After sanitizing irrigation hoses with 200-ppm hypochlorite and allowing the water 

to run for 30-seconds, irrigation water samples (n = 72, 4500 mL) were collected from 

the field. Directly before harvest, soil samples (n = 80, 255 mL) by sampled produce 

were also gathered. In the “after harvest” environment, two types of samples were 

collected including produce rinse samples and hand rinse samples. Produce rinse samples 

were collected in the same manner as described previously from tomatoes (n = 23), 

jalapeño peppers (n = 19) and cantaloupes (n = 38) in 0.1% peptone water. Hand rinse 

samples (n = 80) represented a composite of hand rinses from three workers after 

harvesting produce each in 750 mL of 0.1% peptone water. 

Microbial Indicator Testing  
           Samples were analyzed for microbial indicators using the protocols described by 

Heredia et al. 2016 (56). Within 24 hours of collection from the agricultural environment, 
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each sample type was sent to UANL for testing for three types of bacterial indicators 

including general E. coli, coliforms and Enterococcus. Individual replicate samples were 

placed in media so that the number of colony-forming units (CFU) could be counted for 

each bacterial indicator. Using the U.S. Food and Drug Administration (FDA) protocol 

(57), CFU data in combination with sample volume was used to estimate the measure of 

indicator growth. Any growth of an indicator on a plate resulted in a sample being 

marked positive for that indicator.  

Statistical Analyses 
 
           Initial data processing was completed in R Studio 8.41 (R Studio, Boston, MA) of 

the GCIIFinalIndicatorData_FixedSourceCrop.csv dataset to subset the data to only 

include observations from the pre-harvest and harvest environment, remove unnecessary 

columns for analysis and generate the arithmetic mean log10-transform indicator bacteria 

concentrations due to highly skewed distributions. A total of 391 samples were used 

comprised of sample types including irrigation water, produce washes, soil, and hand-

rinses. All further statistical analyses were completed using JMP Pro 15 (SAS Institute 

Inc., Cary, NC).  

           Descriptive statistics included the percentage of positive samples and the average 

concentration of indicators stratified by produce type (tomato, jalapeño peppers and 

cantaloupe), before and after harvest, sample type (produce wash, soil, irrigation water, 

and hand-rinse), and indicator type (E. coli, coliforms, and Enterococcus). The 

concentration of indicators by sample type was represented by a geometric mean and 95 

percent confidence interval since the concentrations of log10-transformed indicator 

bacteria were still non-normal despite the transformation. To compare indicator 
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contamination amongst similar sample types and identify the contribution of different 

indicators to the overall contamination level, a principal component analysis was used to 

generate principal component scores for each sample in the pre-harvest and post-harvest 

environment. For both time points, only the first component was significant (with an 

eigenvalue greater than 1). Thus, subsequent statistical significance tests were run only 

including component 1 scores. A Kruskal-Wallis ANOVA test was used to compare 

component 1 scores within sample types in the pre-harvest and post-harvest environment 

due to significant outliers among the component 1 scores. With the criterion for the 

Kruskal-Wallis ANOVA test met, this test was used to compare the component 1 scores 

amongst similar sample types (pre-harvest: irrigation water, produce and soil; post-

harvest: hand-rinse and produce) stratified by the associated produce (tomato, jalapeño 

pepper, and cantaloupe). Dunn’s nonparametric comparison was used as an ad hoc test to 

identify significantly different principal component 1 scores amongst the associated 

produce sample type. To determine the similarities and differences among the microbial 

ecology of different sample types stratified by the associated produce, discriminant 

analysis was used to generate score summaries and canonical plots. The score summaries 

provided information on the percent misclassification of samples; this number indicates 

how effectively the model was able to identify different sample types (e.g. irrigation 

water versus soil versus hands associated with jalapeño pepper). The canonical plots 

provided a visual explanation of the differences and similarities between sample types.
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Results 
Descriptive Statistics 

The four sample types collected were tested for three bacterial indicators that 

included coliforms (N= 391), E. coli (N=391) and Enterococcus (N=391). With a total of 

391 samples included in this analysis, the majority of the samples were collected in the 

pre-harvest environment (N=231) compared to the post-harvest environment (N=160). 

Cantaloupe-associated samples, including produce, soil, irrigation water, and hand-rinse, 

had the greatest sample size (N=189) followed by tomato-associated samples (N=113) 

and jalapeño-associated samples (N=89).  

Examining the quantity and concentration of indicators 
Before we examined the relationships between different bacterial indicators, it 

was important to assess where bacterial indicators were most commonly found in the pre-

harvest and post-harvest environment. To directly compare the presence and 

concentration of indicators between produce types, sample types, and study time periods, 

we measured the presence and absence of the three indicators to calculate a proportion of 

positive samples (Table 1). We found that the majority of all samples tested positive for 

coliforms (97%) and Enterococcus (86%) but not for E. coli (28%). This finding was true 

regardless if the data was stratified by sample type, produce type or sample collection 

time—the majority of the samples tested positive for coliforms and Enterococcus but not 

for E. coli.  In conclusion, we determined that coliforms and Enterococcus were more 

prevalent in samples than E. coli.  

In addition to calculating the proportion of samples positive for different bacterial 

indicators, we also were interested in comparing the relative concentration of different 

indicators. To assess the concentration of indicators between produce types, sample types 

and study time periods, we calculated the arithmetic mean for the log10-transformed 
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variables (Table 1). We found that in addition to being the most commonly found 

bacterial indicator, coliforms were the most concentrated indicator overall with the 

highest concentration in post-harvest hand rinses. E. coli was the least concentrated 

indicator overall with the highest prevalence also found in prevalence in post-harvest 

hand rinses. Comparing the relative concentration of all three bacterial indicators 

amongst sample types, pre-harvest irrigation water contained the lowest concentration for 

all three indicators. The standard deviation for these arithmetic means was relatively 

small indicating sufficient accuracy in these measurements. In conclusion, coliforms and 

Enterococcus were found in higher concentrations across all sample types. 

Assessing relationships between indicators 
 Beyond examining the presentence and concentration of bacterial indicators, this 

study sought to learn more about the relationships between bacterial indicators in the 

agricultural environment. To help us identify which bacterial indicators were the most 

important in the explaining the variance in contamination in the pre and post-harvest 

environment, we conducted a principal component analysis (PCA) on the concentrations 

of the three bacterial indicators stratified by before and after harvest. The goal of the 

principal component analysis is to reduce the dimensions of correlated variables into a 

smaller set of newly created variables called principal components that explain most of 

the variation of the original variables (58). In this application of PCA, there was only one 

significant newly created variable, called principal component 1 (PC1), that was 

significant with an assigned eigenvalue greater than 1. Components 2 and 3 were not 

significant with eigenvalues less than 1 and were not included in subsequent analyses. 

PC1 could be described as a variable characterizing total contamination by including all 

three bacterial indicators. This principal component 1 (PC1) explained 75% of the total 
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variance in the mode in the pre-harvest environment (eigenvalue=2.24) and 65% of the 

variance in the post-harvest environment (eigenvalue=1.94). In other words, PC1 was 

accurately able to describe the variance of contamination 65% - 75% of the time. Each 

eigenvalue is characterized by multiple eigenvectors, ranging from -1 to 1, to determine if 

the original dimensions work in combined action or contrast to produce that principal 

component. Here, all three bacterial indicators played a relatively equal role in 

contributing to component 1 of the PCA with eigenvalues greater than or equal to 0.50 in 

the pre-harvest environment and post-harvest environment. All three bacterial indicators 

played an important role in explaining the variance of contamination among all samples 

in the pre-harvest and post-harvest environment (Table 2).  

 While the output from the PCA tests contributed to our understanding of the 

relative variance explained by different indicators overall, this analysis did not allow for 

comparisons amongst produce stratified by sample types. To identify statistically 

significantly different principal component scores amongst the same sample type (e.g. 

irrigation water, produce, soil and hand-rinse samples by jalapeño, tomato and 

cantaloupe), we conducted a Kruskal-Wallis ANOVA test that allowed for the non-

normal distributions of the principal component 1 (PC1) scores (Figure 1). Sample types 

with statistically significant Kruskal-Wallis ANOVA results were then assesed using 

non-parametric Wilcoxon comparisons for each pair to identify the pairs with 

significantly different principal component scores. We found significant differences 

between produce PC1 scores in the pre-harvest environment between cantaloupe and the 

other two produce types. Cantaloupe produce samples showed significantly higher PC1 

scores and significantly lower soil sample PC1 scores compared to jalapeño and tomato 
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(Figure 1A). There were no significant differences between PC1 scores for irrigation 

water samples (Figure 1A). We also found significant differences between produce PC1 

scores in the post-harvest environment between cantaloupe and the other two produce 

types. Both cantaloupe produce samples and hand-rinse samples demonstrated 

significantly higher PC1 scores compared to the other two produce types (Figure 1B). In 

conclusion, we showed that the contamination profile of cantaloupe is significantly 

different than jalapeño and tomato in both the pre-harvest and post-harvest environment.  

 While principal component analysis and Kruskal-Wallis ANOVA allowed 

comparison between produce categories stratified by sample type, it did not allow us to 

assess the similarities and differences in microbial ecology between sample types. To 

determine if sample types could be distinguished by their microbial ecology, we used 

discriminant analysis (DA) to generate canonical plots stratified by produce type and time 

period of the log10-transformed indicator concentrations (Figure 2). The circles displayed 

in the canonical plots represent the independent variable generated by the DA. Outer 

circles in the canonical plots represent the 95% confidence interval of the independent 

variable created by the DA. Cirlces that fail to overlap indicate statistically significant 

differences between sample types. Irrigation water and soil samples were the most similar 

in the pre-harvest environment amongst tomato, jalapeño and cantaloupe with 

overlapping circles (Figure 2A-C). Cantaloupe (Figure 2C), but not tomato and jalapeño 

(Figure 2A-2B), produce samples were significantly different than irrigation and soil 

samples. In the post-harvest environment, produce and hand-rinse samples for tomato and 

jalapeño, were significantly different (Figure 2D-E). The length and directionality of the 

bacterial indicator vectors in the canonical plots indicate the importance of these 
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indicators in defining the microbial ecology of particular samples. For tomato and 

jalapeño samples in the post-harvest environment, E. coli and Enterococcus were the 

most important in defining the microbial makeup of the hand-rinse samples (Figure 2D-

E).  This contrasts with cantaloupe samples in the post-harvest environment that are 

defined by E. coli and coliforms (Figure 2F). Similar to inconsistencies in the DA results 

from the pre-harvest environment between cantaloupe compared to tomato and jalapeño, 

there were also anomalies among cantaloupe DA results in the post-harvest environment. 

With significant overlap between produce and hand-rinse cantaloupe samples, the model 

poorly distinguished the differences between these two sample types resulting in no 

significant results (Figure 2F). Additionally, the vector patterns were different in length 

and directionality for the cantaloupe samples. In conclusion, tomato and jalapeño sample 

types showed relatively similar bacterial indicator relationships, with homologus 

canonical structure in 95% confidence intervals overlap and vector magnitude and 

directionality, in the pre-harvest and post-harvest environment. The canonical structure of 

cantaloupe samples was different than tomato and jalapeño samples in the pre-harvest 

and post-harvest environment. 

 The canonical plots visually highlighted the similarities and differences in the 

relationships between the bacterial indicators. To further investigate the accuracy of the 

discriminant analysis model in distinguishing different sample types, we also produced 

score summaries from the discriminant analyses (Table 3). In the pre-harvest 

environment, the highest percent misclassification was seen between jalapeño samples 

(37%), followed by tomato samples (24%) and cantaloupe samples (23%). Likely, the 

lower percent misclassification score with cantaloupe samples can be attributed to the 
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significant differences between produce samples versus irrigation water and soil (Figure 

2C). In the post harvest environment, the model differentiated tomato (15%) and jalapeño 

(18%) produce and hand-rinse samples with greater accuracy. The model did worst in 

accurately classifying the differences between produce and hand-rinse for cantaloupe in 

the post-harvest environment with 46% of the observations misclassified. A high percent 

misclassification score in this application suggests similarities between the microbial 

ecology of cantaloupe produce and hand-rinse samples. The score summaries further 

confirmed the similarities and differences visually assessed in the canonical plots. In 

conclusion, this output confirms that the model sometimes performed poorly by failing to 

identify sample types according to their bacterial indicators.
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Discussion 

The goal of this study was to evaluate the relationships between foodborne 

bacterial indicators. Specifically, we investigated whether these relationships were 

modified by sample type (produce, soil, hands, water) and/or processing stages (before 

and after harvest) on samples from different produce types from farms in Mexico that 

supply fresh produce to the United States. Our results showed that each of the bacterial 

indicators contributed relatively equally to explaining the variance in the PCA models. 

We also found that the contamination profile of cantaloupe is significantly different than 

different than jalapeño and tomato in both the pre-harvest and post-harvest. Lastly, the 

canonical structure of cantaloupe samples was different than tomato and jalapeño 

samples in the pre-harvest and post-harvest environment potentially indicating 

differences in bacterial indicator relationships.  

Previous studies have characterized relationships between foodborne and 

epiphytic bacteria on plant models (52, 54). However, these studies were conducted in a 

laboratory setting and used one plant model. Neither of these studies examined the 

relationships between different species of indicator bacteria. This study is unique because 

we collected samples from three produce types (tomato, jalapeño and cantaloupe), from 

four different sample types (produce, hand rinse, soil sample and irrigation water), and at 

multiple points in the agricultural process (before and after harvest) from eleven different 

farms. To summarize, the overall study design of this research is novel in comparison to 

previous research because of the large sample size and variety of samples types collected. 

Contribution of bacterial indicators to the contamination profile 
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In a principal component analysis (PCA) that included concentrations of all three 

bacterial indicators, all indicators contributed relatively equally in explaining variance of 

contamination among all samples in the pre-harvest and post-harvest environment. Each 

eigenvalue is characterized by multiple eigenvectors, ranging from -1 to 1, to determine if 

the original dimensions work in combined action or contrast to produce that principal 

component. It is possible that because all three indicators eigenvectors were positive and 

of similar magnitude (e.g. working together to produce the contamination profile of PC1) 

because E. coli, Enterococcus and coliforms can originate from the same contamination 

source in feces (59).  While similar PCA analyses of foodborne bacterial indicators were 

not available in the literature, prior analyses of surface water and irrigation water 

contaminants have found that there are positive relationships between E. coli and 

coliforms in addition to E. coli and enterococcus (17, 20, 60). Other literature suggests 

that different indicator bacteria could originate from different contamination sources (61), 

so it is also plausible that our PCA results represent equal exposure of samples to a 

variety of contaminants from a variety of sources. Ongoing research is needed to assess if 

these indicators and current detection methods are the best methods of determining 

foodborne pathogen contamination (14, 62). 

Contamination modified by sample type and associated produce type 
 

When the principal component analysis results were stratified by sample type and 

associated produce, there were significant differences between cantaloupe as compared to 

jalapeño and tomato. The biggest differences in the mean PC1 scores in the Kruskal-

Wallis test were seen between produce samples in the pre-harvest and post-harvest 

environment with significantly higher scores for cantaloupe (Figure 1). While the 
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literature does not have similar statistical analyses of bacterial indicators to compare to, it 

is possible that the differences in the contamination profile between produce types is due 

to physical differences in the produce skin surface between jalapeño and tomato as 

compared to cantaloupe. In previous studies of epiphytic bacterial species on plants, 

direct UV radiation and limited nutrients and water limited the growth of bacteria (39). It 

is possible that the produce surface of cantaloupe provides sufficient and sustainable 

access to moisture and nutirents over a period of time to support the growth of bacterial 

indicators due to the rough nature of the rind compared to the smooth surface of jalapeño 

and tomato. The first quantitative analysis to look at differences in fitness between 

bacteria compared bacteria naturally found on leaves (Pseudomonas syringae) and 

foodborne pathogens (E. coli, Salmonella) (63). This study found that foodborne bacterial 

species only performed as well as plant bacteria during wet and low-light conditions. 

Additionally, the success of bacterial growth and proliferation on leaves varied greatly 

between the different produce species included in the study. Bacterial populations were 

the greatest on uneven trichromatic leaves found on bean, tomato and cucumber plants 

while populations were the lowest on the waxy leaves of corn, oat and pea (63). This 

study did not examine the fitness of bacteria on the produce surface, but it is plausible 

that the uneven and rough surface of the cantaloupe would harbor bacteria similar to the 

trichromatic leaves included in this study.  

 Subsequent studies have examined the survival of a variety of foodborne 

pathogens on the surfaces of produce. In a laboratory-based experiment, Stine et al. 2005 

found that all bacterial and viral foodborne pathogens included in the study (except S. 

enterica) persisted the longest on the surface of cantaloupe compared to lettuce and bell 
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pepper (64). The lenticles on a cantaloupe surface, or the netting found on the rind, have 

been hypothesized to provide protection for microorganisms. These lenticles provide an 

adequate surface for microbial attachment (65) and resist disinfection from common 

antimicrobial treatments (66). In comparison, the waxy surface of vegetables like bell 

pepper can entrap bacteria due to the complex structure of cuticular wax found on many 

vegetables (67). These studies support our findings of higher bacterial loads on 

cantaloupe surfaces in the pre-harvest and post-harvest environment. In comparison, the 

waxy coating on some vegetables like jalapeños and tomatoes provided a less ideal 

colonization surface. These results in combination with prior studies suggest that rougher 

plant surfaces offer greater protection and increase the likelihood of bacterial 

contamination as compared to waxy plant surfaces.  

Relationship between bacterial indicators  
 

Cantaloupe results suggest significantly different indicator bacteria relationships 

compared to tomato and jalapeño. While the discriminant analysis canonical structure 

was relatively similar for irrigation water, produce and soil associated with tomato and 

jalapeño  (Figure 2A, 2B), the canonical structure was different for cantaloupe (Figure 

2C). Specifically, cantaloupe produce samples DA results were statistically significantly 

different than cantaloupe associated irrigation water and soil; this result was not seen in 

jalapeño and tomato DA results. It is likely that the relationships between bacterial 

indicators were significantly different on the cantaloupe produce samples due to the 

enhanced protection and attachment sites on the cantaloupe produce surface discussed 

earlier (65, 66). Prior research on plant surface biofilm tells us that bacteria within 

biofilms can better withstand changes in the environment by maintaining a more constant 
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moisture and nutrient level in favorable plant niches (47). Our results support the idea 

that the relationships between indicator bacteria on cantaloupe could be significantly 

different due to the relative proliferation of biofilms on the surface of cantaloupe as 

compared to jalapeños and tomatoes. Due to multiple multi-state salmonella outbreaks 

connected to cantaloupe produce since the 1990’s, multiple studies have been conducted 

to learn more about the interaction between foodborne pathogens and cantaloupe 

surfaces. Many of these studies focused efficacy of different sanitation methods to kill 

foodborne pathogens on cantaloupe rinds (68-70). These studies found proliferation of 

Salmonella spp. in addition to and Listeria monocytogenes V7 and E. coli 0157:H7 in the 

biofilms of cantaloupes after lab-based inoculation. These foodborne pathogens inside 

biofilms were subsequently resistant to common agricultural antimicrobials such as 

lauroyl arginate ethyl (69) and sodium hypochlorite (70). None of these studies included 

bacterial indicators such as Enterococcus or coliforms in their methods, but it is likely 

these bacteria would find protection in the biofilms of the fibrous cantaloupe rind similar 

to previously tested foodborne pathogens. 

 Unsurprisingly, cantaloupe indicator bacteria relationships were also different in 

the post-harvest environment with great similarities between produce and hand-rinse 

samples (Figure 2F). This similarity stands in contrast to tomato and jalapeño samples 

that showed significant differences between produce and hand-rinse samples (Figure 2D, 

2E). One lab-based experiment that tracked the rate of colonization of two strains of 

Salmonella on a cantaloupe rind postinoculation. This study found that initial Salmonella 

biofilm formation occurred after two hours and Salmonella embedding in the surface 

occurred after 24 hours regardless of temperature (68). It is possible that the relationships 
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between indicator bacteria on produce and hands were similar due to rapid colonization 

and proliferation of bacterial indicators passed from hands to produce or vice versa. Prior 

experimental studies support the hypothesis that contaminants can be readily spread 

between produce and agricultural worker hands (34). Transmission to hands was more 

probable with cantaloupe samples due to bacterial biofilm proliferation resulting in 

similarities in the relationships between indicators on the produce and hands. 

Strengths and limitations 
 

This study is a novel contribution to the literature because it assessed the presence 

and concentration of three bacterial indicators including E. coli, Enterococcus, and 

coliforms: 1) at different time points in the agricultural process before and after harvest, 

2) on different sample types including irrigation water, produce, soil and hand rinse, 3) 

with different associated produce types including tomato, jalapeño, and cantaloupe. 

Unlike the vast majority of other studies, data for this study was collected at farms and 

not in a laboratory setting. With many studies characterizing the behavior and fitness of 

bacteria in controlled laboratory studies, in-field studies are a critically important for 

verifying real world application of lab-generated predictions (51). Novel statistical 

methods were used to evaluate the contamination profile and relationships between 

bacterial indicator species using principal component analysis and discriminant analysis. 

These analyses provide more nuance than tracking bacterial concentrations over time that 

is typically seen in the literature with similar studies (54). There are limitations with this 

dataset and analyses performed. Only three bacterial indicators were included due to 

sample size restrictionsions. Samples were collected between 2011 and 2012 and not 

standardized to collection in one seaon; this may have impacted study results with 
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evidence that seasonality plays an important role in bacterial indicator abundance in 

environmental samples (71) Herbs, root vegetables and berries were not included in this 

study. Thus, the external validity of our results is limited. A greater variety of produce 

types with different physical characteristics and growing environments would be 

recommended for future study. 
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Implications  

• Similarities in the physical characteristics of produce may create ecological niches 

on plant surfaces that have similar microbial ecologies. While waxy produce 

surfaces might be less ideal for colonization, fibrous and rough produce surfaces 

like cantaloupe rind create ideal conditions for microbial colonization growth in 

biofilms. Prior studies indicate that these biofilms are resistant to traditional 

sterilization methods with antimicrobials suggesting different produce types may 

require different sanitation strategies.    

• Significant cantaloupe contamination in the pre-harvest environment carried over 

to the post-harvest environment with similar contamination found on farmworker 

hands. This provides evidence that contamination of the physical produce item is 

carried through the agricultural environment as a pathway for contaminating 

farmworker hands and vice versa.  
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Figures and Tables 
 
Table 1. Summary statistics  

  Coliforms E. coli Enterococcus Mean microbial concentration (± SD)  
 

Sample unit 
No. of 
samples 

No. (%) 
positive 

No. of 
samples 

No. (%) 
positive 

No. of 
samples 

No. (%) 
positive 

Coliforms               
(log10 CFU) 

E. coli                            
(log10 CFU) 

Enterococcus         
(log10 CFU) 

Tomato before harvest            
   Irrigation Water cfu/100 mL 21 21 (100%) 21 14 (67%) 21 19 (90%) 1.57 (± 0.78) 0.24 (± 0.86) 0.41 (± 0.71) 
   Produce cfu/fruit 23 22 (96%) 23 3 (13%) 23 18 (78%) 4.97 (± 1.73) 0.14 (± 1.19) 3.35 (± 1.67) 
   Soil cfu/gram 23 21 (91%) 23 3 (13%) 23 14 (61%) 2.37 (± 0.86) 0.48 (± 0.90) 1.50 (± 0.75) 
Tomato after harvest            
   Hand-rinse cfu/hand 23 22 (96%) 23 5 (22%) 23 23 (100%) 5.69 (± 1.88) 1.70 (± 1.54) 6.29 (± 1.43) 
   Produce cfu/fruit 23 23 (100%) 23 1 (4%) 23 19 (83%) 5.06 (± 1.77) 0.07 (± 1.23) 3.79 (± 1.59) 
Jalapeño before harvest            
   Irrigation Water cfu/100 mL 13 11 (85%) 13 3 (23%) 13 12 (92%) 1.53 (± 1.34) -0.47 (± 0.55) 0.65 (± 1.07) 
   Produce cfu/fruit 19 18 (95%) 19 3 (16%) 19 14 (74%) 4.21 (± 2.45) 0.12 (± 1.18) 3.42 (± 1.83) 
   Soil cfu/gram 19 18 (95%) 19 1 (5%) 19 10 (53%) 2.73 (± 1.22) 0.13 (± 1.05) 1.39 (± 0.56) 
Jalapeño after harvest            
   Hand-rinse cfu/hand 19 18 (95%) 19 8 (42%) 19 19 (100%) 5.00 (± 2.36) 2.08 (± 1.56) 5.73 (± 1.42) 
   Produce cfu/fruit 19 18 (95%) 19 1 (5%) 19 16 (84%) 3.92 (± 2.88) 0.04 (± 0.98) 3.80 (± 2.00) 
Cantaloupe before harvest            
   Irrigation Water cfu/100 mL 38 35 (92%) 38 12 (32%) 38 29 (76%) 1.74 (± 1.51) -0.17 (± 0.93) 0.53 (± 1.49) 
   Produce cfu/fruit 37 37 (100%) 37 15 (41%) 37 37 (100%) 6.51 (± 1.01) 2.34 (± 1.86) 7.16 (± 1.53) 
   Soil cfu/gram 38 38 (100%) 38 13 (34%) 38 31 (82%) 2.51 (± 1.21) -0.58 (± 1.07) 1.30 (± 1.23) 
Cantaloupe after harvest            
   Hand-rinse cfu/hand 38 38 (100%) 38 16 (42%) 38 38 (100%) 6.46 (± 1.51) 2.66 (± 1.89) 7.04 (± 1.71) 
   Produce cfu/fruit 38 38 (100%) 38 11 (29%) 38 38 (100%) 6.18 (± 1.24) 2.23 (± 1.89) 7.11 (± 1.47) 
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Table 2. Principal component results 
 

Before harvest    

Component Eigenvalue 
Percent of 
variance 
explained 

Coliforms 
(log10) 
eigenvector 

E. coli 
(log10) 
eigenvector 

Enterococcus 
(log10) 
eigenvector 

1 2.24 74.64 0.60 0.51 0.62 
2 0.58  19.19  -0.42 0.86  -0.29 
3 0.19 6.17 0.68 0.08  -0.73 

      
After harvest    

Component Eigenvalue 
Percent of 
variance 
explained 

Coliforms 
(log10) 
eigenvector 

E. coli 
(log10) 
eigenvector 

Enterococcus 
(log10) 
eigenvector 

1 1.94 64.55 0.59 0.50 0.63 
2 0.70 23.43  -0.50 0.84  -0.20 
3 0.36 12.02 0.63 0.20  -0.75 
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Figure 1. Significantly different produce and hand-rinse cantaloupe PC1 scores 
 
This figure displays mean principal component 1 (PC1) scores and their standard error bars. These PC1 scores are stratified by 

sample types (irrigation water, produce, soil, and handrinse) and subdivided by associated produce type (jalapeño, cantalouple, 

and tomato). The significantly different pairs (inditcated by a horizontal line) are highlighted with an asterisk (*), with one 

asterick representing a p-value < 0.05, two asterisks representing a p-value < 0.005, and three asterisks representing a p-value 

< 0.001. Figure 1A represents PCA analysis in the “before harvest” environment, and Figure 1B represents PCA analysis in the 

“after harvest” environment. Note that different sample types were analyzed in the “before harvest” (irrigation water, produce, 

and soil) versus “after harvest” (hand-rinse and produce) environment. 
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Figure 2. Discriminant analysis plots by produce type and time period 
 
This figure presents the canconical plots from the discriminant analysis of the log10-transformed indicator concentrations. Plots 

are stratified by associated produce type horizontally (tomato, jalapeño, and cantaloupe) and by sampling time vertically 

(before and after harvest). These plots facilitate visualization of the differences in microbial ecology between sample types. 

Statistically significant differences in mircrobial ecology are indicated when sample type circles do not overlap (with outer 

circles representing the 95% confidence interval and inner circles representing the area where 50% of the observations are 

found). The three vectors per figure portray the dependent variables (bacterial indicator concentrations) in the model; the 

length of the vector and directionality indicated the importance of that bacterial indicator in defining the microbial ecology of 

that particular sample type. Dots represent individual sample types according to their canonical 1 and 2 scores from the 

discriminant analysis. 
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A: Tomato “before harvest” D: Tomato “after harvest” 

  
B: Jalapeño pepper “before harvest” E: Jalapeño pepper “after harvest” 

  
C: Cantaloupe “before harvest”  F: Cantaloupe “after harvest”  
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Table 3. Discriminant analysis score summaries 
 

  
Count of 
samples 

Count 
misclassified 

Percent 
misclassified 

“Before Harvest”    
   Tomato 67 16 23.88 
   Jalapeño 51 19 37.25 
   Cantaloupe 113 26 23.01 
“After Harvest”    
   Tomato 46 7 15.22 
   Jalapeño 38 7 18.42 
   Cantaloupe 76 35 46.05 

 
 
 
 
 
 

-3

-2

-1

0

1

2

3

4

C
an

on
ic

al
 2

Irr
ig

at
io

n 
w

at
er

Pr
od

uc
e

So
il

FC_EC_log

EC_log

Entero_log

-4 -3 -2 -1 0 1 2 3 4 5 6
Canonical 1

sample_type
Irrigation water
Produce
Soil

-2.0

-1.0

0.0

1.0

2.0

C
an

on
ic

al
 2

H
an

d-
rin

se
Pr

od
uc

e

FC_EC_log

EC_log

Entero_log

-3 -2 -1 0 1 2 3 4
Canonical 1

Sample Type
Hand-rinse
Produce



 55 
 

 
 
 
 
 



 56 
 

Appendix A: IRB Approval  
 

 

 

TO: Juan Leon, PhD 
Principal Investigator 
*SPH: Global Health 

    
DATE: July 10, 2018 
    
RE: Continuing Review Expedited Approval 
  CR8_IRB00035460  

  

 
IRB00035460 
Identification and Control of Microbiological Hazards in Imported 
Fresh Fruits and Vegetables: A Field Epidemiological and Intervention 
Study in Northern Mexico 

  
Thank you for submitting a renewal application for this protocol. The Emory 
IRB reviewed it by the expedited process on 07/09/2018, per 45 CFR 46.110, 
the Federal Register expeditable category [F7], and/or 21 CFR 56.110. This 
reapproval is effective from 07/09/2018 through 07/08/2019. Thereafter, 
continuation of human subjects research activities requires the submission of 
another renewal application, which must be reviewed and approved by the IRB 
prior to the expiration date noted above. Please note carefully the following 
items with respect to this reapproval: 

• Consent Documents 
o consentimiento_enjuaguemanos_11.22.2017_CLEAN.docx   
o Informacion-Encuesta Manipulador 23 MAR 2011.doc   
o Informacion-Encuesta-Productor-Manager 23 MAR 2011.docx   
o Oral Script for Written 

Consent_FarmManagerSurvey_Spanish_4.26.2011.doc   
o Oral Script for Written 

Consent_FarmManagerSurvey_ver4.26.2011_CLEAN.doc   
o OralScript_Hand Rinsing_ver11.22.2017_CLEAN.docx 

• Protocol Document 
o CGProtocol_11.22.17CLEAN.docx 
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Any reportable events (e.g., unanticipated problems involving risk to subjects 
or others, noncompliance, breaches of confidentiality, HIPAA violations, 
protocol deviations) must be reported to the IRB according to our Policies & 
Procedures at www.irb.emory.edu, immediately, promptly, or periodically. Be 
sure to check the reporting guidance and contact us if you have 
questions. Terms and conditions of sponsors, if any, also apply to reporting.  

Before implementing any change to this protocol (including but not limited to 
sample size, informed consent, and study design), you must submit an 
amendment request and secure IRB approval. 

In future correspondence about this matter, please refer to the IRB file ID, 
name of the Principal Investigator, and study title.  Thank you. 

Sincerely, 

Heather Yates 
Analyst Assistant 
This letter has been digitally signed 
  
CC: Prince-Guerra Jessica *SPH: Global Health 

  

 
 
 


