
ABSTRACT 

DUCHARME, DIANE THERESA.  Incidence and Persistence of Salmonella and Escherichia 
coli in Environmental Samples from North Carolina Tomato Production Systems.  (Under the 
direction of Drs. Christopher C. Gunter and Penelope Perkins-Veazie). 
 
 Salmonella has repeatedly been associated with fresh produce; it is increasingly 

recognized as a microbial hazard and major source of outbreaks associated with tomatoes 

(Solanum lycopersicum).  Given the widespread and multiple year occurrences, inferences lean 

toward contamination events that occurred in the tomato production environment.  The 

objectives of this 3-year environmental research study were to determine the geospatial 

prevalence, origin(s), and serotypes for S. enterica; perform a comparative analysis of recovery 

methods of Salmonella spp.; and provide baseline microbial water quality data using microbial 

indicators and comparing of the levels of microbial indicators to the presence of Salmonella 

observed in agricultural waters from three biodiverse tomato production farms in North Carolina.  

Production samples were analyzed for Salmonella spp. after enrichment using a modified FDA- 

Bacteriological Analytical Manual (BAM) method and pre-screening analysis by real-time 

qPCR.  Presumptive positives were confirmed by biochemical profiling, characterized and 

subtyped by molecular serotyping, pulsed-field gel electrophoresis (PFGE) patterns were 

compared to PulseNet, and Whole Genome Sequencing (WGS).  The prevalence of Salmonella 

spp. from unique samples collected were 3.7% (57/1548) of the production samples.  Salmonella 

spp. were recovered from tomato fruit, farm soil between rows, surface source water, sediment 

under the stream water source, and irrigation water within the distribution system.  Recurring 

geospatial reservoirs for Salmonella were identified from surface source water (P=0.0001), 

sediment under the water sources (P=0.0001), and irrigation water (P=0.01).  From the 



recovered environmental isolates (n=172), 71% (122/172) were identified to Salmonella 

serotypes using PFGE PulseNet predictions; 53% (92/172) matched clinically relevant patterns.    

 For 93.5% (1163/1243) of the 3-year period, Salmonella contamination status were in 

alignment between BAM-cultured and real-time polymerase chain reaction (qPCR); 1.8% of the 

time the qPCR method failed to detect culture-positives.  Comparison between enrichment broths 

and selective media indicated Rappaport-Vassiliadis (RV) performed superiorly to tetrathionate 

(TT) broth in selecting for Salmonella growth and isolation.  Three different methods were used 

to predict Salmonella serotypes, with Bioplex predicting 86% (148/172); PFGE- PulseNet 

predicting 71% (122/172); WGS predicting 98% (168/172).  Comparing all three, using WGS as 

the ‘gold standard’, predicted 98.8% (170/172) of the isolates.  The final serotypes of the isolates 

were Give (8%), Farmingdale (1%), Redlands IIIb (4%), Rubislaw (8%), Type IV or IIIa (1%), 

Newport (13%), Typhimurium (8%), Paratyphi B monophasic (24%), Javiana (7%), Subspecies 

IV (12%), Montevideo (3%), Agona (3%), Hartford (6%), and Berta (1%).  S. Newport had two 

PFGE patterns identified from production waters; the recurring tomato outbreak pattern 

(JJX01.0061) were not identified in this study.  

 While no significant association were found between the physiochemical characteristics, 

generic E. coli provided the strongest prediction of Salmonella presence but lacks the sensitivity 

to be predictive by itself.  Given the Produce Safety Rule (PSR) provisions for development of a 

Microbial Water Quality Profile (MWQP) using geometric mean (GM) and Statistical Threshold 

Values (STV) for generic E. coli, three years of data indicate that 67% (2/3) of the farms 

exceeded these water quality criteria.  Using 410 MPN/100 ml as the upper level, generic E. coli 

predicted or over-predicted the presence of Salmonella 93% of the time.  When Bacteroidales 

markers were used as an alternate microbial indicator for water samples, 35% (25/72) of samples 



tested positive for fecal contamination (AllBac) and 42% (26/63) tested positive for human fecal 

contamination (BFD).  The dominant source of fecal contamination based on AllBac positives 

were surface waters, with mean concentrations of 4.94 – 4.98 Log10 GEC/100ml, and as 

measured by BFD were predominately water recovered after filtration units, with mean 

concentrations 5.83 – 6.63 Log10 GEC/100ml.   

 This study establishes three years of correlation between NC tomato field production 

environments and the occurrence of clinically significant Salmonella serotypes. 
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CHAPTER 1 

INTRODUCTION 

Introduction 

 Fresh-market tomatoes (Solanum lycopersicum) have been linked to recurrent, large, 

multistate food-borne outbreaks of Salmonella infections since 2000 (4).  Every year, Salmonella 

is estimated to cause one million foodborne illnesses in the United States, with 19,000 

hospitalizations and 380 deaths (3).  Based on data released through CDC’s FoodNet comparing 

2017 with 2014-2016, the incidence of foodborne infections per 100,000 people were highest 

for Salmonella (5).  Salmonella, as a microbial hazard to produce, is identified as a significant 

and reoccurring risk with expectations for continuing concern (7).  Raw tomatoes are one of the 

leading commodities associated with produce-linked foodborne outbreaks.     

 Current emphasis from the Food Safety Modernization Act (FSMA) is on preventing 

pathogen contamination early in the pre-harvest and pack house environment rather than 

corrective actions once contamination occurs.  Ecological conditions are complex and can affect 

the survival, growth, and virulence of enteric pathogens (1).  There is evidence that Salmonella 

can survive in non-host environments, perhaps with greater persistence than that of other 

bacterial pathogens (8).  Certain Salmonella serovars undergo adaptation that may contribute to 

their persistence within food systems (2).  Despite recurring human disease outbreaks, current 

knowledge of reservoirs within the agricultural ecosystem for Salmonella and the routes of 

contamination in the fresh tomato production environment remain poorly understood.  Limited 

microbial data on these reservoirs hinder application of effective management schemes.   

 The quality of water used during production is one factor that determines the potential for 

pathogen contamination in fruit. Although generic E. coli is an indicator of fecal contamination 



2 
 

in water, there are significant data suggesting that elevated E. coli levels do not always correlate 

with the presence of specific human enteric pathogens (6).  In order to gain tailored risk 

management decisions that can lead to effective remediation strategies, this three-year 

environmental research study sought to determine the geospatial prevalence of Salmonella in 

environmental reservoirs on farms, potential routes of contamination, prevalence of Salmonella 

serotypes, and the correlation of Salmonella with water quality indicators from three biodiverse 

tomato farms in North Carolina.  

Research Objectives 

1. Determine the geospatial prevalence, origin and serotypes by PFGE PulseNet pattern 

predictions of foodborne significance of S. enterica, specifically serotype Newport, in tomato 

production environments in North Carolina.   

2. Compare culture-based methods (FDA-BAM) for affinity between selective media and with 

nucleic-acid based assay (Real-Time qPCR) for identification of Salmonella (+/-).  

Secondarily, establish and compare Whole Genome Sequencing (WGS) to the gold standard 

of PFGE and Bioplex for final serotype predictions. 

3. Detect and establish relationships between water quality indicator species (generic E. coli) and 

physiochemical water quality indicators with the presence of S. enterica in tomato production 

waters and distribution systems. 

4. Determine if microbial source tracking (MST) method is effective in identifying sources of S. 

enterica in NC tomato production waters.  Compare generic E. coli and Bacteroidales (AllBac 

and BFD) microbial indicators effectiveness in predicting Salmonella species presence. 
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Approach 

 With a focus on NC fresh-market tomato production, the objectives of this research were 

met using field and production practices typical of commercial production of many fruits and 

vegetables, including tomatoes.  The approach to address each of the objectives is outlined 

below: 

Objective 1: Determine the geospatial prevalence, origin and serotypes by PFGE PulseNet 

pattern predictions of foodborne significance of S. enterica, specifically serotype Newport, in 

tomato production environments in North Carolina.   

Perform a 3-year longitudinal study on three biodiverse NC tomato farms to collect 

produce and environmental samples from production fields and associated water to detect 

Salmonella spp. using two culture-dependent methods of FDA – BAM and qPCR.  

Logistic regression analyzed associations between Salmonella [Salmonella spp. (+/-)] and 

sample type (n=7 of N=1548), sample site (n=3) and time (sampling month/year).  

Presumptive positives for Salmonella were confirmed through biochemical profiling 

(Vitek), molecular serotyping (BioPlex), and PFGE with PulseNet comparisons for 

serotypes determination (Chapter 4).  

Objective 2: Compare culture-based methods (FDA-BAM) for affinity between selective media 

and with nucleic-acid based assay (Real-Time qPCR) for identification of Salmonella (+/-).  

Secondarily, establish and compare Whole Genome Sequencing (WGS) to the gold standard of 

PFGE and Bioplex for final serotype predictions. 

 Using results from Salmonella isolations in NC tomato production from 2012-2014, 

determine the effectiveness for proof of concept qPCR using MicroSEQ method against 

gold method of FDA modified BAM.  Both observational and Pearson’s Chi-Square 
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analysis were used to determine effectiveness.  Logistical regression was used to 

determine the affinity of particular BAM selective medias for Salmonella isolation.  

Salmonella isolates (n=172) were submitted for whole genome sequencing (WGS) and 

compared by equal weighting of Bioplex, PFGE-PulseNet, and WGS serotype predictions 

using WGS for final serotype determination if no agreement between predictions. 

(Chapter 5). 

Objective 3 Detect and establish relationships between water quality indicator species (generic E. 

coli) and physiochemical water quality indicators with the presence of S. enterica in tomato 

production waters and distribution systems. 

Samples of production waters from the 3-farm locations were collected during the 2012-

2014 production years and generic E. coli were determined and enumerated using the 

IDEXX Colilert and Quanti-Tray 2000 system.  Physiochemical water quality indicators 

(fecal coliform, pH, temperature, specific conductivity and total dissolved solids) were 

examined and logistical regression were used between sample types, fecal coliform and 

Salmonella (+/-).  Geometric means (GM) and statistical threshold values (STV) were 

measured for generic E. coli determination of compliance with the Food Safety 

Modernization Act (FSMA)- Produce Safety Rule (PSR) levels in Subpart E.  Using 

Pearson’s Chi-Square test analysis, Salmonella (+/-) were analyzed against generic E. 

coli presence/absence determined by FSMA- PSR action levels for remediation.  Provide 

an assessment of the sanitary quality of pre-harvest production water and compare results 

with the occurrence of pathogenic Salmonella to determine if the indicator organisms 

could be used as index organisms (Chapter 6, objective i, ii). 
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Objective 4: Determine if microbial source tracking (MST) method is effective in identifying 

sources of S. enterica in NC tomato production waters.  Compare generic E. coli and 

Bacteroidales (AllBac and BFD) microbial indicators effectiveness in predicting Salmonella 

species presence. 

 Using Bacteroidales 16S rDNA gene region for universal fecal marker (AllBac) and 

human-specific marker (BFD) with real-time PCR, water samples from the 2-year study 

were quantified to identify dominant sources of fecal contamination.  Pearson’s Chi-

Squared analysis were used to understand correlation between S. enterica and 

Bacteroidales in tomato production waters (Chapter 6, iii, iv). 
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CHAPTER 2 

LITERATURE REVIEW 

THE ASSOCIATION OF SALMONELLA SPECIES AND TOMATOES 

Abstract  

 Salmonella has been identified as an international public health problem associated with 

foodborne disease outbreaks with little or no detectable change in incidences of laboratory-

confirmed illnesses since 2017 (17, 71).  Salmonella, as a microbial hazard in produce, is 

identified as a significant and recurring risk with expectations for continuing concern.  Using 

CDC’s National Outbreak Reporting System (NORS) for Salmonella outbreaks associated with 

tomatoes from 1998 to 2016, 727 outbreaks have caused 13,602 illnesses, 2,229 hospitalizations, 

and 29 deaths (22).  Over the accumulated 18 years of surveillance, this pathogen-food pairing 

were traced to various types of tomatoes, e.g., red, round; Roma; and grape (19).  Salmonella 

serovars associated with outbreaks were diverse and included Newport, Typhimurium, 

Braenderup, Enteritidis, and Javiana (22).  Given the widespread occurrences over multiple years 

s, these outbreaks implicate contamination events occurring early in the distribution chain; i.e., in 

the production environment or during harvesting (39).  CDC’s epidemiological data shows a 

history of recurring outbreaks but tracing the outbreak to sources is often quite complicated.  

Significant correlations were made between the number of Pulsed-field gel electrophoresis 

(PFGE)-PulseNet patterns and the number of outbreaks caused by particular Salmonella serovars 

(56).  Raw tomatoes associated with S. Newport have been implicated in ten multistate and 

multi-year outbreaks over the years.  There are strong commonalities between the 2002 and 2005 

outbreaks; a common serotype of S. Newport, identified as a unique PulseNet PFGE pattern of 

JJPX01.0061, and similar geographical distributions of patient cases in VA.  Three studies from 
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produce production environments provide information on the natural occurrence of Salmonella 

spp. in environmental surface waters.  This suggests that water used in the pre-harvest production 

environment may be a reservoir for this pathogen leading to the eventual contamination of the 

fruit.  The unique combination of growing practices and ecological conditions likely affect the 

natural microbiota of tomato plants as well as the survival, growth, and virulence of human 

pathogens that may be associated with them.  Inconsistency and the scarcity of data limit the 

ability to predict the prevalence, potential reservoirs and contributing factors for Salmonella 

contamination in tomatoes and hinder the development of effective management and intervention 

strategies. 

(Words: 353) 

Produce-associated Outbreaks 

 The annual disease burden using outbreak-based attribution for contaminated produce is 

estimated at 1.2 million illnesses, 7,281 hospitalizations, and 138 deaths, with costs of illness and 

loss of quality-adjusted life years (QALYs) at 7.7 billion dollars (8).  The U.S. Center for 

Disease Control and Prevention’s (CDC) trends indicate foodborne infections continue to be an 

important public health problem in the U. S.  Salmonella has been identified as an international 

public health problem of foodborne disease with incidences of laboratory-confirmed illnesses 

well above the National Healthy People 2020 goals (17).  According to the National Healthy 

People 2020 midcourse review, Salmonella has little or no detectable change from 2006–2008 to 

2013 in infection rates (71).  CDC’s Foodborne Diseases Active Surveillance Network 

(FoodNet) (17) indicates more than 1.4 million cases of salmonellosis occur annually in the U.S. 

alone.  In fact, Scallan (62) reports that non-typhodial Salmonella species is one of the leading 

causes of foodborne illnesses, causing the most hospitalizations and deaths.  Additionally, 
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heightened consumer awareness of the benefits of fresh fruits and vegetables as part of a healthy 

and nutritious diet has resulted in an increased per capita consumption of minimally processed 

produce (72).  As produce is typically prepared and consumed raw, it is recognized as an 

important source of foodborne outbreaks (17) with a considerable impact on disease incidence in 

the U.S. population (49).  

 The objective monitoring for infections caused by Salmonella species transmitted 

commonly through food indicates an increasing trend of infections from 2013 to 2015 (71).  The 

etiology of the elevated frequency of produce-associated outbreaks has identified Salmonella 

species as the most commonly responsible agent (17), from a variety of produce, including 

tomatoes (40).  While Salmonella has historically been associated with animal products (e.g. 

eggs), fresh fruits and vegetables have been a source of major outbreaks when previously 

contaminated with water, exposed to reptiles, and other sources (57).  According to the CDC, 

within the 25-year span between 1973 and 1997, outbreaks of foodborne illnesses associated 

with produce not only increased in absolute numbers but also in proportion to all other reported 

foodborne illnesses (64).  Salmonella, as a microbial hazard in produce, is identified as a 

significant and recurring risk with continuing concerns well into the future (68).  In fact, the 

etiology of the elevated frequency of produce-associated outbreaks has identified Salmonella 

spp. as the most commonly responsible agent (17,40).    

Salmonella as a species  

 Salmonella are gram-negative, motile, rod-shaped, non-spore forming bacilli.  They have 

the following biochemical and physiological features: facultative aerobe, glucose fermenting, 

oxidase negative, lactose non-fermenting, ideally growing at pH of 6.5 to 7.5 and are a member 

of the Enterobacteriaceae family.  The genus Salmonella consists of two species, Salmonella 
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enterica and Salmonella bongori.  S. enterica is further divided into six subspecies: S. enterica 

subsp. enterica, S. enterica subsp. salamae, S. enterica subsp. arizonae, S. enterica subsp. 

diarizonae, S. enterica subsp. houtenae, and S. enterica subsp. indica as shown in Table 2.1 (14).  

Of the over 2,400 Salmonella serotypes described, only100 S. enterica serovars are named, 

generally for their geographical origins and account for approximately 99.5% of human 

infections (32).  The nomenclature for Salmonella is unique in that serovar or serotype names are 

assigned only for subspecies S. enterica serovars most frequently found without taxonomic 

status.  The first letter is a capital italicized letter followed by the serovar name.  For instance, 

either S. Newport or S. enterica serovar Newport would be correct (32).   

 Salmonella is obtained and/or spread by the fecal-oral route through ingestion of 

contaminated food, fecal particles, or contaminated water (28).  The infective dose for humans 

can be as low as one cell, depending on age and health of host and there are strain differences 

among members of the genus (28).  Salmonellosis occurs when this intercellular pathogen 

multiplies in the small intestine causing an intestinal inflammation.  Acute symptoms develop 12 

to72 hours after infection and the resulting symptoms include diarrhea, fever, vomiting, 

headaches, and abdominal cramps that can last one to two days (18).  S. Typhi is the causal agent 

of typhoid fever.  S. enteritis is caused by non-typhoidal Salmonella (serotypes other than Typhi, 

Paratyphi A, Paratyphi B, and Paratyphi C).  S. Choleraesuis is the causal agent in more severe 

cases where dehydration and bacterial spread to the blood stream or lymphatic system can result 

in systemic forms of salmonellosis that can lead to  cause reactive arthritis (55).   

 The CDC’s FoodNet determines the burden of foodborne disease associated with specific 

pathogens and food types.  It does this by active surveillance of 450 laboratories that is 

complemented by cross-sectional surveys of clinical laboratories, physicians and to the general 
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public.  Data released through FoodNet comparing 2017 with 2014-2016 reveal the incidence of 

infections in the population were highest for Salmonella in foods (20).  While the incidences of 

infections for Salmonella overall did not significantly change, the makeup of serovars did change 

significantly.  Specifically, infections by Salmonella serovars Typhimurium and Heidelberg 

showed a decline of 40% for both while serovars Javiana, Thompson, and Infantis all have 

increased by more than 50% since 2006-2008 (16, 20).  The decline in Salmonella serovars 

Typhimurium and Heidelberg are attributed to prevention methods such as new regulatory 

requirements aimed at reducing contamination of poultry as well as vaccination requirements  

(16).  In 2017, the six most common Salmonella serotypes that caused most foodborne outbreaks 

were Enteritidis, Typhimurium, Newport, Javiana, I, 4[5], 12:i:-, and Muenchen (20).  

Significantly, all these serovars were repeatedly isolated, at varying levels, over the years (2009 

to 2017) in both food and from animal contact as depicted in Figure 2.1 (16).  

 Identification of Salmonella serovars can occasionally communicate the unique source of 

contamination, such as S. Heidelberg in chicken.  In other cases, serovars are found in many 

foods and environmental sources including warm-blooded animals (20).  For instance, non-

typhoidal serovars have a host range that includes domestic and wild animals, e.g., iguanas, 

turtles, dogs, cats, chicks, ducklings, cattle, poultry, swine, and rodents (29).  Further, 

distinguishing the serovar provides information on distinctive surface structures, potential 

severity of illness when ingested, and resistance to tracked antibiotic and treatment options (21).  

It is these precise details that are paramount for the development of targeted intervention for on-

farm management strategies and for physical treatment of salmonellosis that can successfully 

protect public health.   
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Salmonella and Tomato Outbreaks 

 Within FDA’s Reportable Food Register for 2009 through 2014 (69), Salmonella was 

reported in some raw agricultural commodities (RAC).  Veritably, Salmonella and vine-stalk or 

seeded-vegetables are one of the pathogen–food pairs responsible for the most illnesses and 

hospitalizations (68).  Using CDC’s National Outbreak Reporting System (NORS) for outbreaks 

associated with Salmonella and tomatoes for 1998 through2016, 727 outbreaks have caused 

13,602 illnesses, 2,229 hospitalizations, and 29 deaths (22) as shown in Table 2.2. 

 Previous studies have found characteristic seasonality for many infectious diseases; in 

this case, bacterial enteric diseases, like salmonellosis peak in summer and decrease in winter 

(46).  Using the NORS data depicted in Figure 2.2 for 1998 through2016, this same seasonality 

for the association of Salmonella with tomatoes is seen in outbreak months.  This may be 

explained in part due to the seasonal availability of tomatoes for consumption.  Consistent and 

repetitive isolation of Salmonella spp. suggests a strong and direct correlation with 

environmental influences that include temperature, precipitation, and seasonal changes (3, 37).  

In addition to illness seasonality, one region in the state of Georgia, displayed the same temporal 

patterns for Salmonella serovar diversity, indicating 9 serotypes in the month of August 

compared to only one found in April (37).  

 In fact, Table 2.3 showing NORS data, reports that over the accumulated 18 years of 

surveillance, this pathogen-food pairing were responsible for 17 multistate as well as 18 

statewide outbreaks with 14 different Salmonella serovars identified (22).  It should be noted that 

foodborne outbreaks consist of clusters of two or more illnesses resulting from ingestion of the 

same contaminated food source (27).  However, many outbreaks are never identified, not 

investigated, or outbreak investigations cannot be completed for various reasons.  Of note, repeat 
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outbreaks associated with Salmonella and tomatoes occurred in seven states (i.e., CA: 6; FL: 2; 

KS:2; MD:2; MI:3; NY:3; PA:3) during the period from1998 through 2016.  Using the CDC’s 

Foodborne Disease Outbreak Surveillance System (FDOSS) to focus on outbreaks during the 

1998 to 2008 time period, the Salmonella serovars Newport, Typhimurium, Braenderup, 

Enteritidis, and Javiana were most often found in association with tomatoes as compared with 

other fruit and vegetables (Table 2.4).  Other researchers have suggested that certain Salmonella 

serovars may be adapted to the tomato environment (63).  

 National outbreaks associated with tomatoes underscore the magnitude of foodborne 

illnesses and food safety, which pose immediate risks to public health and to tomato farmers’ 

way of life in the areas of economics, consumer demand and market access.  As a result of 

surveillance programs, outbreaks have identified locations of Salmonella contamination, with 

frequent correlation to farm-level production environments (5, 12, 24, 31, 43, 49).  Additionally, 

given the widespread and multiple year occurrences, outbreaks have implicated that 

contamination events most likely occurred early in the distribution chain; i.e., in the production 

environment or during harvesting (39).  Potential contamination reservoirs in agricultural 

production areas included soils, water, animals, human handling, and seeds; all providing initial 

contact of human pathogens with plants and showing recontamination potential (49).  Many of 

these outbreaks were associated with tomato types of red and round, Roma, and grape tomatoes 

(11).  Isolation of Salmonella serovars responsible for outbreaks has occurred in conjunction 

with epidemiological efforts.  With the introduction of PulseNet in 1996, significant correlations 

were made between the number of pulsed-field gel electrophoresis (PFGE) patterns and the 

number of outbreaks caused by particular Salmonella serovars (56).   
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 Of particular interest, raw tomatoes associated with S. Newport have been implicated in 

ten multistate and multi-year outbreaks from 1998 through2016.  There were strong 

commonalities between two outbreaks; one from 2005 that had connections to the 2002 S. 

Newport isolation from irrigation pond water.  These outbreaks shared a common serotype of S. 

Newport, identified as a unique PulseNet PFGE pattern of JJPX01.0061 and shared the same 

geographical distribution of patient cases.  Traceback identified both as being associated with 

tomatoes.  This also provided evidence to the hypothesis of Salmonella’s persistent 

contamination of water sources (75).  During 2005 and 2006, four multi-state outbreaks 

associated with consumption of east coast tomatoes resulted in 459 culture-confirmed cases of 

salmonellosis in 21 states (19).  Of these, 187 culture-confirmed S. Newport isolates were 

identified as PulseNet pattern JJPX01.0061 identical to the pattern observed in 2005 (31).  While 

S. Newport PFGE pattern JJPX01.0061 was traced to tomatoes grown in VA in 2002 and 2005, 

the source of the contaminated tomatoes was not identified in 2006.  In 1990, the first multistate 

outbreak of Salmonella were linked to contaminated tomatoes and since this time at least 12 

multistate outbreaks of salmonellosis have been traced back to various types of tomatoes, e.g., 

red, round; Roma; and grape (19).  State public health departments had approximately 1900 

culture-confirmed isolates from these 12 multistate outbreaks.  However, because an estimated 

97.5% of Salmonella infections are not confirmed by culture, these outbreaks might have 

resulted in as many as 79,600 illnesses (73).  Overall, CDC’s data on Salmonella outbreaks from 

1998 – 2016 (Table 2.3) with contaminated tomato identified as the vehicle indicate this 

pathogen-commodity pairing has been identified over the past 18 years in a multitude of states, 

months, and years.  
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 This epidemiological data shows a history of recurring outbreaks but tracing the outbreak 

to the contamination source is often quite complicated.  Widely dispersed, individual patient-

cases may be present across many states.  Low incidence rates and epidemiological studies are 

tedious, with the complexity of traceback complexity in the supply chain adding to many of these 

difficulties.  Additionally, the intermittent, low-level contamination and the unavailability of 

suspect produce from the field after outbreak identification can confound investigations.  

Bacterial populations in association with tomatoes are large and diverse (47).  Bacterial 

communities vary across tomato types and are influenced by different types of farming practices.  

There are documented synergistic interactions between Salmonella spp. and plant pathogens like 

Xanthomonas (59).  Detailed data on the correlation between Salmonella, E. coli and particular 

plant pathogens and microflora are largely unavailable.  Due to the large number of people 

affected, this widespread contamination likely occurs in the field or packinghouse (38).  Further, 

Salmonella is rarely found on tomato surfaces.  Scientific data are limited for in-field pathogens 

and locations within tomato production systems for any resulting contamination.  

 Other raw agricultural commodities have been implicated in S. Newport outbreaks 

including sprouts, cucumbers and cantaloupes, indicating a potential for adaption in the 

production environments.  Salmonella serovars of additional interest include the most common 

as mentioned previously.  Specifically, in 2008 Salmonella Saintpaul caused approximately 1442 

cases of salmonellosis in 43 states with tomatoes being a probable source.  However, Jalapeno 

and Serrano peppers were later implicated as the major contributors of the largest reported 

salmonellosis outbreak in the US since 1985 (23).    
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Tomato Production 

 Production of fresh-market tomatoes occurs in every state; commercial-scale production 

is estimated to occur in 20 states, with an increasing number of 5-acres or less farms also 

growing tomatoes for local markets (1).  In fact, tomatoes are the second most consumed 

produce item in the U.S., just behind potatoes.  In 2015, approximately 94,300 acres were 

harvested to yield 1.35 M tons of tomatoes with market value of over $1.22 billion (1).  Fresh 

market-designated tomatoes are typically hand-harvested at the mature-green stage.  Normal ripe 

tomatoes have pH ranges of 4.1 – 4.8; a pH that is lower than that of un-ripened fruit (1).  The 

ripening of tomatoes provides an increase in sugars and lycopene, and loss of plant cell wall 

integrity that can enhance the persistence and growth of Salmonella (63).  Survival of Salmonella 

in fruit is serovar dependent – the serovar must gain entry into the tomato plant’s cell and 

overcome the natural plant defense responses (5).  Additionally, a tomato provides a favorable 

environment in spite of low pH, but the interactions between the factors of pH, temperature and 

serovar become more important considerations than pH alone (4).  Examination of post-harvest 

handling practices have revealed that temperature differentials between the fruit pulp and 

submersion into postharvest water allow movement of Salmonella into the tomato (26) . 

 North Carolina constitutes one of the major fresh-market tomato producing states.  As 

tomato production is an integral part of agriculture within NC, it is important to gain a better 

understanding of current knowledge and practices from growers.  In a 2011 survey of the NC 

Fresh Market Tomato Industry (D. Ducharme unpublished data), results indicated that the 

majority of the farmers (97 percent) had their agricultural waters tested for generic E. coli; 

however, 87% of the farmers did not perform any other type of microbial testing for their 

products, water or environmental surfaces.  
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Tomato as an environment to support Salmonella presence and growth 

 While human pathogens can adapt and survive in the environment, it is generally under 

harsh conditions and populations have been shown to steadily decline over time (43, 77).  For 

example, while conditions of Salmonella survival or growth in the environment are poorly 

characterized, it has been shown to be a poor competitor on plant surfaces (13, 60).  The 

combination of the susceptibility to sunlight UV and desiccation may explain this phenomenon 

(5).  The ability of S. enterica to survive on non-hosts (plants) as part of their lifecycle (5, 67) 

suggests that some members of the species have a greater capability to colonize and maintain 

persistent populations than do others (59, 60).  Recent evidence of biofilm formation by 

Salmonella spp. in the environment may provide such a mechanism for long–term survival 

without the need for an animal reservoir (75).  There may be field interactions that contribute to 

the ability of Salmonella spp. to survive in on-farm production environments, although these are 

poorly understood (35).  Plant – human pathogen interactions can vary depending on the plant 

species, phenotype, geospatial aspect, season, and manipulation of environment due to 

agricultural activities, among others (74).  Unique differences in the phyllosphere due to 

cultivars, leaf characteristics, and physical structures such as waxes and trichomes support 

differential attraction of S. enterica  5, 6, 9).  Research efforts have also focused on the 

mechanism that allows Salmonella to persist in the packinghouse environment including packing 

line surfaces, wood, conveyor belts and other common food contact surfaces (2).   

Research on human pathogenic strains of Salmonella has primarily been conducted in 

laboratory settings due to the understandable public health risks of introducing human pathogens 

to the environment.  The use of surrogates or attenuated human pathogens as indicator organisms 

has allowed research evaluation of produce in the field to continue (70).  Ideally, surrogates 
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closely mimic the behavior and contamination mechanisms of the pathogen of concern; if these 

mechanisms are unknown surrogates are of limited use.  Also, existing microflora on the 

tomatoes/plants is not assessed before the inoculation of plants.  It is quite possible that in 

greenhouse studies, plant microflora would be different than it would be in field samples under 

natural environmental conditions.  Competition from the native microflora can affect the ability 

or fitness of these human pathogens to survive and persist in the respective environments (13).  If 

the argument that serovars have somehow evolved with the host in order to persistence and/or 

grow (13), the choice of serovars utilized in these studies, importantly internalization studies, 

should be of paramount consideration to mimic true conditions in the environment.  In controlled 

environments, evidence of internalization and endophytic growth of Salmonella spp. is plant-

specific and pathogen stain-specific, with inconsistent results across studies (76), as shown in 

summary Table 2.5.  Collectively, tomato cultivar varied by study, with serovars, either 

singularly or in a cocktail, being injected or dipped on leaves, stems or tomato surfaces in an 

effort to understand Salmonella persistence, growth or internalization.  Tomato internalization 

occurred by two main routes of entry – either through natural openings or physical damage in the 

plant surface, or by passively being pulled into internal tissues after exposure to contaminated 

water (26).  Salmonella was shown to be internalized through different tomato plant tissues; 

entry through roots (36, 41, 77) ; through leaves and petioles (33, 34); through stems (35); and 

through flower blossoms (35, 63, 77) , with subsequent entry into the fruit.  Many studies have 

found that Salmonella spp. can persist over time to provide potential inoculum for later 

contamination events (6, 50, 63) .  Passive uptake due to other handling conditions, like holding 

temperature (78) or water temperature differentials (42, 78) is prominent in several commodities 

that use dump tanks for postharvest handling, including tomato.  Several studies, however, found 
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no internalization or persistence and growth (25, 44, 54) of Salmonella, which offers 

confounding results and underscores the complexity of the problem.  A number of factors need to 

be considered; plant cultivar, Salmonella serovar, bacterial route of contamination and age of the 

plant all influence the likelihood of successful internalization of human pathogens in tomato 

plants (26).   

 In field experiments, phytopathogens and plant-feeding insects can produce ingress, 

whether direct or indirect, for human pathogens (61, 65, 67).  This highlights the need to mimic 

field interactions to completely understand Salmonella’s ability to colonize tomato plants. 

Clearly, the tomato plant environment plays a noteworthy role in colonization and potential 

mitigation strategies (59).  Surrogates can come in the forms of pathogenic or nonpathogenic 

organisms and innocuous particles (15).  Generally, pathogenic surrogate serovars and the ability 

to inoculate plants in on-farm environments contribute significant public health risks that many 

are not prepared to address (15).  To counter these concerns, research studies have looked at the 

natural presence of Salmonella in tomatoes and in tomato on-farm environments to understand 

the inoculum load, if any, and better understand the potential contamination sources as well as 

routes of entry.     

Research summary for occurrence of Salmonella in farm environments      

Three studies from produce production environments provide survey information on the 

natural occurrence of Salmonella spp. (10, 52, 66).  The author is not aware of other studies that 

analyze sources of Salmonella within the natural environments with data that encompass the 

whole commercial tomato field production systems on the farm, including production waters.  In 

one of the first studies, a 5-week period of June and July 2012 (66) , 600 samples along with 

corresponding risk management information were collected across NY farms from 21 
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participating produce farms (66).  Field production samples included 25-gram soil composite and 

10-minute drag swabs that were analyzed for Salmonella, with a reported prevalence of 3.4%.  

There was a higher prevalence of Salmonella in the soil samples (13/263, 4.9%) than the drag 

swabs (5/263, 1.9%).  However, there were no significant differences in Salmonella prevalence 

for these sample types by region or sampling week.  Surface water used for field irrigation and 

other water sources not used for field irrigation and within 50 meters of production fields were 

also analyzed for Salmonella.  Other water samples analyzed included ponds, ditches, rivers, 

wells, or creeks or streams.  Overall, the prevalence of Salmonella in surface water were 11%, 

with water used for irrigation at 4% and the other tested water sources at 14%.  Across the other 

waters tested, the prevalence of Salmonella was highest in field buffer ditches, followed by 

ponds, and dynamically flowing surface waters had the lowest prevalence.  Of the 26 positive 

samples, 35 isolates were serotyped; 3 samples had multiple serovars and the remaining 23 had 

singular serovars.  Multiple serovars identified from water were S. Give and S. Typhimurium; a 

drag swab had S. Agona and S. Tennessee; and a soil sample had S. Senftenberg and S. Newport.  

The remaining 23 samples had single Salmonella serovars: Newport (n=8); Cerro (n=5); 

Thompson (n=5); Agona (n=2); IV 40:z4, z32:- (n=2); and Give (n=1).  Unfortunately, sample 

types from which these identified serovars were isolated were not identified in this paper.  Lack 

of inclusion of correlation between serotypes and sample types limits the ability to surmise 

serotype specificity within production niches.  Moreover, only five weeks of samples were 

collected, without specificity of crops, limiting any connection with seasonality or host plant.  

However, this study provides data on the prevalence of Salmonella in the ecological niches of 

irrigation water and soil within natural production environments.  Additionally, it was noted that 

water sources from which Salmonella was isolated did not correlate with isolation from proximal 
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production fields.   

Micallef et al. (52) looked at the natural occurrence of Salmonella on randomly selected 

fields from 14 Mid-Atlantic tomato farms over the two-year periods of 2009 through2010.  Nine 

large-scale farms were repeat-sampled during the months of February, May, July and October in 

2009, while 5 small-scale farms were sampled during the typical tomato-growing season from 

April through October in 2009 and 2010.  Ten sample types were collected: three types of water 

sources (groundwater, irrigation pond water, and irrigation ditch water); pond sediment; two 

types of soil samples (soil under plastic); a control soil sample taken on each location; leaves and 

tomatoes; and swabs from the harvest bins and workers’ sanitary facilities.  Salmonella enterica 

were detected in 1.1% (12/1091) of the total samples with 29% (4/14) of the farms harboring 

positive niches for Salmonella.  Interestingly, all samples testing positive came from the large 

farms; none of the small farms had positives.  Ecological niches identified from positive samples 

on these farms were all three water sample types (irrigation pond water, sand filter backwash 

water, and irrigation ditch water); pond sediment; two soil sample types (soil, and irrigation ditch 

soil); and the control soil.  No Salmonella were found in groundwater, or tomato fruit, leaves, 

harvest bins, or worker sanitary facilities.  All 63 isolates recovered were serotyped with six 

Salmonella serovars identified, having some specificity by environmental location.  For the four 

soil isolates, S. Typhimurium were solely identified during the winter month of February.  In 

comparison, multiple serovars were identified from water samples during the summer and fall 

months.  Specifically, the Salmonella serovars of Javiana, Newport, Lille, Tennessee, and 

Braenderup were identified sporadically in combination and solely from pond sediment, 

irrigation ditch water, and pond waters without consistency (52).  During May in pond water 

samples, S. Javiana and S. Newport were isolated and represented the only positive samples 
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during this sampling time.  During July, S. Newport were solely isolated in pond water and filter 

backwash from one farm.  Additionally in July, S. Newport were isolated from two irrigation 

ditch water samples, in combination with an undetermined serotype; for the other sample, S. 

Lille and S. Tennessee serovars were isolated.  In October, S. Braenderup and S. Javiana were 

isolated from pond sediment.  Importantly, the diversity of serovars and their sporadic 

occurrence may be evidence of the transient nature of Salmonella colonization in the tomato 

production environment, from recurring introduction of diverse serotypes (52).  One cause may 

be due to seasonal variations that favor one serovar over the other.  It may also be feasible that 

recovered Salmonella isolates represent established environmental populations that co-persist 

and are in consistent competition with the most abundant being detected at these sporadic 

seasonal times (52).  

 Bell et al. (10) conducted a study at a research farm on the Virginia Eastern Shore (VES) 

during June through September of 2010-2011 to understand the ecological niches of Salmonella 

in tomato environments.  After repeat outbreaks associated with S. Newport, research was 

initiated to determine potential sources and reservoirs of contamination that could affect the east 

coast U.S. tomato supply.  From this 2-year study, 1570 environmental samples were collected, 

892 cultured and 75 tested positive for Salmonella.  Samples included various parts of the 

tomato, irrigation and surface waters and sediment under these waters.  Of the 75 cultured 

positive samples, 234 isolates were serotyped with the highest frequency recovered from the 

stream/pond water and sediments.  From this study, 2011 showed a higher total prevalence of 

sample positives, with both years showing greater prevalence during the month of July; a total of 

6 in 2010 and 31 in 2011.   No positives were found in any samples from other commodities, 

insects, vegetation, farm soil, and irrigation water from wells.  The most often isolated serovar of 
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the 21 serovars identified were S. Newport, followed by S. Javiana.   Of the 40 representative 

PFGE patterns submitted, PulseNet patterns were identified for 24 of them; 3 corresponded to 

JJPX01.0061 that were identified as S. Newport and linked to the recurrent tomato-associated 

outbreaks.  As seen with research studies from Strawn (66) and Micallef (52), multiple serovars 

were found in some samples.   

Conclusions 

 Salmonella-contaminated tomatoes have been implicated in a number of outbreaks, 

indicating the significance of the pathogen-commodity interaction.  Despite recurring outbreaks, 

current knowledge of reservoirs within the agricultural ecosystem and the routes of 

contamination in the fresh tomato production environment are scant and inconsistent.  

Environmental surface waters have been found to be contaminated with Salmonella and may be a 

reservoir for eventual contamination of the fruit (7, 10, 30, 37, 45, 48, 51, 52, 58, 66).  

Nevertheless, more data are needed regarding the prevalence, potential reservoirs and 

contributing factors for Salmonella contamination of tomatoes to aid in development of effective 

management and intervention schemes.  It is highly likely that each production region and farm 

represents a unique combination of practices and ecological conditions that affect the natural 

microbiota of tomato plants as well as the survival, growth, and virulence of human pathogens 

that may persist in that environment (12).  Successful human pathogen contamination in 

tomatoes requires that three items come together at the same time: a specific Salmonella serovar, 

the susceptible host cultivar, and a specific route of contamination (25).  Clearly, characterization 

of the plant – human pathogen can vary depending on the plant species, phenotype, geospatial 

aspect, season, and manipulation of environment due to agricultural activities, among other 

factors (74).  Nonetheless, the current knowledge points to specificity of the commodity-
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pathogen relationship in production environments.  In order to design tailored risk management 

strategies, research is needed to determine the geospatial prevalence and origins of Salmonella in 

environmental reservoirs on tomato farms, potential routes of contamination, and prevalence of 

Salmonella serotypes in different locations in the U.S., as well as in other countries. 
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Figures  
 

 

Figure 2.1: Relative rate of confirmed Salmonella infections with the top six Salmonella 

serotypes in 2017 compared with 2006-2008 average annual incidence, by year, FoodNet a. 

a From: CDC’s FoodNet 2017 Preliminary Data: Table and Figures 

www.cdc.gov/foodnet/reports/prelim-data-2017.html 
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Figure 2.2: Cumulative outbreaks from 1998-2016 showing seasonality of attributed Salmonella 

species and tomatoes as the vehicle using Centers for Disease Control and Prevention (CDC) 

National Outbreak Reporting System (NORS) database a. 

a Retrieved on March 13, 2018 from https://wwwn.cdc.gov/norsdashboard/ 
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Tables  

Table 2.1: Salmonella species, subspecies, and number of serotypes per habitat as defined by the 

Kauffmann-White-LeMinor scheme as amended from Brenner, F. W., and et. al 2000a.    

Salmonella species and subspecies No. of 
serotypes 

within 
subspecies 

Usual habitat 

S. enterica subsp. enterica  1,454 Warm-blooded animals 

S. enterica subsp. salamae  489 Cold-blooded animals/environment a 

S. enterica subsp. arizonae  94 Cold-blooded animals/environment 

S. enterica subsp. diarizonae  324 Cold-blooded animals/environment 

S. enterica subsp. houtenae  70 Cold-blooded animals/environment 

S. enterica subsp. indica 12 Cold-blooded animals/environment 

S. bongori  20 Cold-blooded animals/environment 

Total 2,463 
 

a Isolates of all species and subspecies have occurred in humans. 
 

  

https://jcm.asm.org/content/38/7/2465/figures-only#fn-4
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Table 2.2: Yearly outbreaks from 1998-2016 attributed to Salmonella and tomatoes based on 

U.S. Centers for Disease Control and Prevention (CDC) National Outbreak Reporting System 

(NORS) database a.  

Year Outbreaks Illnesses Hospitalizations Deaths 

1998 1 86 16 3 

1999 0 0 0 0 

2000 1 43 0 0 

2001 0 0 0 0 

2002 5 687 54 0 

2003 3 61 18 0 

2004 2 566 154 0 

2005 6 297 32 0 

2006 5 349 41 0 

2007 5 149 19 1 

2008 4 1538 313 2 

2009 71 748 111 0 

2010 62 817 65 1 

2011 76 1191 177 3 

2012 86 1294 237 4 

2013 118 1399 253 3 

2014 94 1007 171 4 

2015 95 1665 275 5 

2016 93 1705 293 3 
a Retrieved on March 13, 2018 from https://wwwn.cdc.gov/norsdashboard/ 
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Table 2.3: Salmonella outbreaks associated with tomatoes for years 1998-2016 in the United 

States a.  

Year Month b Salmonella 
Serotype 

Number 
Ill 

Number 
Hospitalized 

State 

1998 1 Baildon c 86 16 Multistate 
2000 1 Thompson 43 * Multistate 
2002 2, 7, 10 Newport 525 50 Arkansas, 

Connecticut, 
Multistate 

2002 6, 6 Javiana 162 4 Massachusetts, 
Florida 

2003 3 Virchow 11 2 California 
2003 17 Saintpaul 50 16 Multistate, California 
2004 6, 7 Braenderup,  

Multiple d 
566 154 Multistate 

2005 11 Braenderup 84 8 Multistate 
2005 6, 6 Enteritidis 105 11 Wyoming, California 
2005 6 Muenchen 9 3 Pennsylvania 
2005 7,7 Newport 99 10 Multistate, New York 
2006 1 Berta 16 4 Pennsylvania 
2006 6 Newport 115 8 Multistate 
2006 6, 9,9  Typhimurium 218 29 Maryland, Multistate, 

Maine 
2007 6 Javiana 5 3 Maryland 
2007 6, 6, 7  Newport c 121 15 Werehington DC, 

Multistate, New York 
2007 10 Typhimurium 23 1 Minnesota 
2008 7 Blockley 9 0 California 
2008 4, 7 Braenderup 29 5 Iowa, California 
2008 4 Saintpaul c 1500 308 Multistate 
2009 5 Saintpaul 21 7 Michigan 
2010 7 Javiana 30 8 Multistate 
2010 5, 7 Newport 88 * Multistate 
2011 4, 7 Newport 176 3 Multistate, New York 
2011 3 Saintpaul 14 2 Georgia 
2012 6 Newport 102 36 Pennsylvania 
2013 1, 8 Newport 23 1 Michigan, Virginia 
2013 5 Enteritidis 27 2 California 
2013 3 Saintpaul 131 23 Multistate 
2015 3, 10 Enteritidis 40 1 Arizona, Florida 
2015 8 Newport 119 17 Multistate 
2015 5 Hartford 19 4 Multistate 
2015 5 Typhimurium 10 1 Kansas 
2015 3 Braenderup 6 3 Michigan 
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Table 2.3: (continued).  
 
2016 9 Newport 10 1 Kansas 

a CDC National Outbreak Reporting System Search from wwwn.cdc.gov/norsdashboard/.  
b Months of outbreak listed separately with cumulative information listed for number ill and 
hospitalized; states listed corresponding to months respectively.  
c Number of deaths: 1998 = 3, 2007=1, 2008=2 
d Multiple includes Javiana; Typhimurium; Thompson; Muenchen; unknown; Anatum 
* Missing data from CDC NORS database. 
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Table 2.4: Attribution of Salmonella enterica outbreaks by serotype and fresh produce type 

(fruit, vine-stalk, leafy and root vegetable) based on data from the Foodborne Disease Outbreak 

Surveillance System, United States, 1998–2008 a. 

Produce  
Type 

(Number of 
Outbreaks) 

Serotype 
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Fruit (33) 12 0 18 3 0 9 3 0 15 6 3 3 6 12 3 6 

Vine–
stalk veg. 
(21) 

10 14 29 0 14 10 5 5 0 0 0 5 0 0 0 10 

Leafy 
veg. (10) 

10 10 30 0 0 20 0 10 0 0 0 0 0 0 10 10 

Root 
veg. (3) 

0 33 67 0 0 0 0 0 0 0 0 0 0 0 0 0 

a Adapted from Jackson, B. R., et.al. 2013. Outbreak-associated Salmonella enterica Serotypes 
and Food Commodities, United States, 1998–2008, Table 2 

 

 
 



40 
 

Table 2.5: Summary of on Salmonella species internalization in tomato plants, leaves and fruit 

from 1995- 2015 in controlled environments by injection, dips and plasmid incorporations.  

Host, 
Variety 

Internal, 
Persist, 
Grow, or 
None 

Summarized Results Salmonella 
serovars, Rate 

Author, 
Year 

Fruit: 
Mature, 
green cv. 
Sunny 

Internal, 
Persist, 
Grow  

Fruit dipped; persist on surface and 
core tissue; internal in fruit with 
water temperature less than 
tomatoes. 

S. Montevideo 
@ 6.08 log 
CFU/ml 

Zhuang, 
R. Y., 
1995  (78)  

 

Plants: 
purchase 
cv. Better 
boy 

Internal, 
Persist 

Inoculated stems or flowers; fruit 
positive; Surface and stem scar 
harborage sites; S. Montevideo most 
persistent  

5 Cocktail 
serovars mix @ 
109 CFU/ml 

Guo, X.; 
et. al, 
2001  (35)  

Plants: cv. 
Better boy  

Internal  Hydroponic-grown, root uptake with 
recovery from cotyledons, leaves, 
and stems; S. Montevideo and 
Michigan dominant 

5 Cocktail 
serovars mix in 
plasmid, @ 109 
CFU/ml  

Guo, X., 
et al.,  
2002  (36)  

Plant: cv. 
Cherry 
gold  

None Inoculate irrigation water; no 
recovery from leaf, stem or fruit 

S. Enteritidis in 
plasmid @ 105 
CFU/ ml 

Jablasone, 
J., et al., 
2004  (44)  

Plants: 
seed cv. 
Abigail 
VFET 

Internal, 
Persist, 
Grow  

Inoculated flowers and fruit; 
recovery of S. Montevideo majority 
of time in/on fruit; persist on surface 

10 Individual 
serovars @ 6 log 
CFU/ml 

Shi, X., et 
al., 2007  
(53, 63)  

Plants: 
seed cv. 
Trust  

Persist  Inoculated irrigation water, seeds and 
fertilizer solutions; 5 root samples 
isolated pathogen 

S. Montevideo  

@ 7 log & 8 log 
CFU/ml 

 

Miles, J. 
M., 2009  
(53)   

Plants: cv 
Solar Fire 

Internal  Inoculated irrigation water; 
consistent presence in roots  

S. Newport @ 7 
log CFU/ml 

2010.  
(41)  
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Table 2.5: (continued).  
 
Plant: seed 
cv. 
WVa700 
and 10 cv.  

Persist  Inoculated soil, water, dips for leaf; 
persist on leaves; effect of cultivars 
and stomata; plant pathogens can 
override plant defenses 

8 Cocktail 
serovars @ 108 
CFU/ml  

Barak, J. 
D., et al. 
2011 (6)  

Plant: seed 
cv. Florida 
Lanai  

Internal  Inoculated leaflets by dip, injections 
into peduncles; internal to fruit  

S. Typhimurium 
@ 109 CFU/ml 
or 104 CFU/ml  

Gu, G., et. 
al, 2011  
(34)  

Plant: seed 
cv. Micro-
Tom 

None  Inoculated soil and irrigation water  S. Enteritidis in 
plasmid @ 105 - 
109 CFU/ml 

Mishima, 
T., et al., 
2012  (54)  

Plant: seed 
cv. Micro-
Tom 

Internal, 
Persist  

Inoculations of soil, leaf, and 
blossom; from soil/ blossoms to fruit; 
persist in soil, leaflet and blossoms; 
serovar dominance  

5 cocktail 
serovar @ 109 
CFU/ml 

Zheng, J., 
et al. 
2013  (77)  

Plants: 
seed 3 cv.  

Internal, 
Persist  

Inoculation of guttation; Salmonella 
found on/in leaves; persistence 
affected by cultivar; no hormone 
(ABA) effect 

S. Typhimurium 
@ 109 or 107 
CFU/ml  

Gu, G., et 
al. 2013  
(33)  

Plants: 
seed 4 cv.  

Persist Inoculation of irrigation water and 
fruit; persist in pericarp; tomato 
maturity/genotype, serovar, and 
seasonal difference largest effects  

S. Typhimurium 
or 6 cocktail @ 
101-103 cells  

Marvasi, 
M., et al. 
2013  (50)  

Plants: 
seed 5 cv.  

 

None  Inoculation of seed, soil and leaf; no 
internalization found in fruit; 
hypersensitive response on 
plants/reduced fruit set 

Plasmid S. 
Typhimurium-
GFP @ 105 
CFU/mL 

Deering, 
A., et al. 
2015  (25)  
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CHAPTER 3 

DEFINING AGRICULTURAL WATER, GENERIC E. COLI AS MICROBIAL 

INDICATOR SPECIES FOR WATER QUALITY AND MICROBIAL SOURCE 

TRACKING AS ALTERNATIVE FOR FECAL CONTAMINATION. 

Abstract  

Contaminated water sources used to irrigate and wash produce crops have been 

implicated in a large number of outbreaks (14).  In addition to the potential for microbial 

contamination of fruits and vegetables, water often has the added potential for cross-

contamination and can serve as reservoirs for human and environmental microbial contaminants.  

A new federal rule, the Food Safety Modernization Act (FSMA) “Produce Safety Rule” (PSR), 

has established an indicator organism, generic E. coli, that would be used to assess the sanitary 

quality of agricultural water, a numerical threshold for defining microbial quality, and a 

frequency for testing.  Recent commodity-specific industry guidelines have been published that 

notes the evolution of scientific knowledge; specifically addressing practices for agricultural 

water used for growing tomatoes, the guidelines reference applicable segments of the PSR, and 

discuss accepted industry audit standards (21).  For the farm environment, fecal contaminants 

can be introduced from domesticated pets, animal operations, wildlife, birds, reptiles, houseflies 

or other insects in the form of direct contamination with manure, through sewage or sludge 

applications, through cross-contamination events, or through run-off into water sources (4).  

The sanitary quality of environmental waters can be assessed using fecal indicator 

bacteria (FIB), also called microbial indicators (23).  FIB have historically correlated with the 

presence of fecal matter and are typically easier and cheaper to detect than many of the 

pathogens of public health significance.  Disturbingly, some believe that FIB consistently predict 
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the presence and concentrations of human pathogens, human health outcomes, and disease risk to 

public health, specifically as it relates to sources of fecal contamination (16, 33).  The U. S. 

Environmental Protection Agency (EPA) recreational water quality standard (RWQC) uses 

generic E. coli as the FIB with new criteria to establish geometric means (GM) and statistical 

threshold values (STV) (41).  Factors that influence the occurrence of Salmonella in 

environmental water are not well understood, especially in natural environments where 

information remains elusive regarding specific commodity origins as well as the fate of 

microbial contaminants within fluctuating populations (2, 23, 25).  Previous studies have shown 

that pathogenic bacteria and indicator organisms can be isolated at higher concentrations from 

sediments than from their overlying waters (6).  Microbial source tracking (MST) emerged to 

help address some of the concerns with FIB by defining methods that could isolate the dominant 

nonpoint fecal contamination in environmental waters (25).  Bacteroidales have been widely 

used for MST due to their high concentrations in feces, geographic stability, co-evolution with 

hosts leading to host specificity, and limited persistence outside of the host (11, 16).  Their 

detection and quantification are typically done using PSR targeting the 16S rRNA gene.  Many 

complex factors contribute to the sanitary quality of water used for production of fruits and 

vegetables and there is considerable contention associated with defining simplified and 

accomplishable agricultural water standards under the PSR.  Management of microbiological 

contaminants in production waters used on farms is a challenge that will continue to require 

additional, research, information, and quantitative analyses.   

(Words: 490)  

Agricultural water  

 During production of raw agricultural commodities, water is needed for growing the 
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plants from seeding through harvest.  Consequently, the microbiological quality of water used in 

these production systems will directly impact and can serve as a potential route of human 

pathogen contamination.  Contaminated water sources used to irrigate and wereh produce crops 

have been implicated in a large number of outbreaks (14).  Agricultural water systems are 

complex and include pre-harvest irrigation and the associated distribution lines, fertilization, 

pesticide, and frost protection applications, as well as postharvest werehing.  Water usage in both 

the pre- and post-harvest production environment creates a quandary of potential opportunities 

for microbial contamination of fruits and vegetables, often with the potential for cross-

contamination and serving as reservoirs for human and environmental microbial contaminants.  

The sources of pre-harvest agricultural water generally fall into one of three categories: surface 

water, groundwater, or municipal treated water.  Of these sources, surface waters represent the 

highest risk for having microbial contaminants, after improperly treated or raw wastewater (23).  

According to the USDA-NASS irrigation survey (42), there has been an upward shift in farms 

using surface waters for irrigation and a downshift in farms using groundwater since 2008.  By 

definition, surface waters are any water source open to the environment, and can include both 

dynamically changing stream water as well as stationary pond waters  (40).   

 The new federally-mandated Food Safety Modernization Act (FSMA) “Produce Safety 

Rule” (PSR) has set forth provisions for microbial quality of water used on farms.  For farms 

designated as “covered farms” under the PSR, “all agricultural water must be safe and of 

adequate sanitary quality for its intended use” (38).  Under the PSR, agricultural water is defined 

as “water intended to, or is likely to, contact covered produce or food contact surfaces” during 

any growing, harvesting, packing, and/or holding activities on a “covered farm” (38).  The PSR 

further goes on to establish the indicator organism used to assess the sanitary quality of 
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agricultural water or appropriate alternatives, the numerical threshold, or action level, for 

defining microbial quality, and the frequency that agricultural water should be tested, all based 

on the current scientific information available.  Given these proposed requirements, the produce 

industry has questioned the applicability and scientific basis of these provisions, as well as the 

feasibility of implementing these standards universally on farms across the US (43).  As a result 

of the industry concerns, in September 2017 the FDA proposed extending the compliance dates 

for the water provisions, including all testing requirements for agricultural water, in order to 

address questions about the practical and feasible implementation of these requirements for the 

produce industry while still protecting public health (39).   

 Outside of the PSR, commodity-specific industry guidelines for the Fresh Tomato Supply 

Chain have recently (September 2018; 3rd Edition) been published.  These note the evolution of 

scientific knowledge and practices for agricultural water used for growing tomatoes: references 

applicable segments of the PSR; and discuss accepted industry audit standards (21).  This 

document, like other commodity-specific guidance, allows many of the interested stakeholders to 

review and set forth recommended practices that allow growers to accomplish food safety within 

a holistic view of production practices.  These industry processes also allow for discussion of 

potential production issues, like the area of agricultural water that could be further refined in 

order to provide a safe product to consumers and provide more sustainability for the industry.  

Recurrent research themes in the area of agricultural water highlight the many questions for 

which scientific answers are needed and identify this as one of the remaining areas of on-farm 

food safety where science-based knowledge continues to evolve (43).  

Pathogens of Concern 

 Classes of waterborne pathogen of public health concern include parasites 
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(Cryptosporidium, Giardia), bacteria (E. coli, Campylobacter, Salmonella) and viruses 

(rotovirus, hepatitis A virus and norovirus) (8).  To date, there is little comprehensive 

information regarding the presence and levels of microbial contamination in irrigation waters 

across the US (31).  Of the numerous research studies currently available, most are focused on 

detection and quantification of microbial contaminants in irrigation waters as part of outbreak 

investigations (14).  Although significant time and effort goes in to foodborne outbreak 

investigations that are traced back to the farm level, it is generally rare that a direct correlation 

can be made between the events connecting the foodborne pathogen, affected patient, the 

implicated produce, and the irrigation water (10).  Because of this, a cause-effect relationship, 

originally suggested by Steele and Odumeru (30) and based on circumstantial or subjective 

evidence, has generally been relied upon to gain an understanding of microbial outbreaks in the 

absence of direct confirmation (23).  Coordination between the four primary factors of 

contamination is shown in Figure 3.1 (23):  produce (A), irrigation water (B), environmental 

sources (C) and resulting clinical case(s) (D).  Often, the inability to identify environmental 

sources of microbial contamination and the lapse in time between contamination events, as well 

as the time needed for gathering information, such as field investigations and subsequent 

laboratory confirmation of microbial isolates, also adds to the complexity of these scenarios.     

 The Clean Water Act (CWA) of 1972 establishes water quality standards to reduce 

pollutant discharges into streams, rivers, lakes, wetlands and estuaries (35).  Generally, 

pollutants regulated under this Act include conventional pollutants, such as biochemical oxygen 

demand (BOD), total suspended solids (TSS), fecal coliform, oil and grease, and pH, as well as 

various toxic “priority” pollutants (35).  For the farm environment, fecal contaminants can be 

introduced from domesticated pets, animal operations, wildlife, birds, reptiles, houseflies or other 
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insects in the form of direct contamination with manure, through sewage or sludge applications, 

through cross-contamination events, or through run-off into water sources (4).  A significant 

fraction of U.S. waterways, even after more than 30 years of enforcement, continue to have high 

levels of fecal bacteria and fail to meet the standards set forth in the CWA (37).  Currently, 

specific monitoring data linked to agricultural water are limited nationally for surface water 

sources.  Thus, fecal contamination in water sources used in agricultural production systems 

remains an important and continuing challenge for the protection of public health.  

Fecal Indicator Bacteria (FIB) 

 The sanitary quality of environmental waters can be assessed using fecal indicator 

bacteria (FIB), also called microbial indicators (23).  FIB have historically correlated with the 

presence of fecal matter and are typically easier and cheaper to detect than many of the 

pathogens of public health significance.  FIB, which include fecal coliforms, Escherichia coli, 

and enterococci, are primarily associated with fecal material from humans and warm-blooded 

animals (15).  For specific situations, such as in public bathing waters, the presence and 

concentration for certain FIB species have been correlated with for the presence of human 

pathogenic bacteria (25) as well as gastrointestinal (GI) illnesses (7).  An ideal indicator 

organism will be universally present when fecal contamination is present, should have similar 

growth patterns as pathogens of public health significance, and be easy to detect and quantify 

(17).  Testing for indicator species is useful for assessing the potential presence of fecal 

contamination rather than correlating with the presence or concentration levels of specific 

pathogens.  Disturbingly, some believe that FIB consistently predicts the presence and 

concentrations of human pathogens, human health outcomes, and disease risk to public health, 

specifically as it relates to sources of fecal contamination (16, 33).  Furthermore, many 
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epidemiological studies fail to establish consistent relationships between FIB and human health 

consequences (9).  A variety of factors should be considered when comparing FIB to pathogen 

presence and fate within the environment.  For instance, in environmental waters, the pathogen 

size, the pathogen population size in originating fecal matter, the pathogen fitness, and the 

hydrological nature of the aquatic ecosystem can all influence FIB-pathogen relationships (44).  

Intermittent shedding of zoonotic pathogens in feces has been shown to contribute to seasonal 

variability in Salmonella occurrence over production seasons (13, 18), but because there is 

limited knowledge of FIB in those same environmental samples, an accurate correlation of 

pathogens with FIB could not be established (1).  Many times, source identification as well as 

microbial detection limits the use of FIB (28). Further, relating water quality data obtained from 

FIB with produce contamination has highlighted the deficiencies of this information based on 

spatial limitations, frequency, timing, and has been shown to contribute little to our estimates of 

risk or contamination sources (28).  With the variety of factors to consider, relationships between 

FIB and pathogens remain complex and challenge the functionality of using FIB to indicate 

water quality with regards to pathogens of human health consequence.    

 The U. S. Environmental Protection Agency (EPA) recreational water quality standard 

(RWQC) uses generic E. coli as the FIB.  This same FIB is the basis for Good Agricultural 

Practices (GAP) Certification and is currently proposed for use in the FSMA – PSR.  Many 

growers and commodity groups consider it a best practice to test for FIB.  Any water testing data 

obtained by growers are retained by the individual operations; voluntarily sharing data between 

operations or with regulatory agencies does not normally happen (34).  The RWQC, which 

regulates environmental surface waters with consideration of a high degree of bodily contact 

through immersion and/or ingestion, were updated by the U.S. EPA in 2012 to include the FIB, 
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enterococci and E. coli, using new criteria to establish geometric means (GM) and statistical 

threshold values (STV) (41).  For this 2012 update, the U.S. EPA performed epidemiological 

studies that showed that these FIB performed reliably as indicators of GI illness in sewage-

contaminated waters (16, 41).  However, the same did not hold true for agricultural waters that 

could have dilute sewage, other microorganisms present, limited pathogen retention, tertiary 

treated sewage, or other contributing biological factors.  The FIB failed to correlate with human 

health outcomes (16).  Research were conducted from 2005–2015 in order to better understand 

the relationships of FIB specifically to Salmonella  (3, 10, 12, 13, 19, 20, 24, 26, 44).  Data from 

20% (1/5) of these studies conclude that E. coli is a significant predictor of Salmonella in 

irrigation pond waters (Table 3.1).  In other research on surface waters, wide differences were 

observed and suggest weak correlation between FIB and pathogens, including Salmonella spp. 

(25).  

Salmonella prevalence   

 Because untreated surface and environmental waters may pose significant food safety 

risks at a multitude of places within produce production systems, the prevalence of pathogens, 

specifically Salmonella, in these particular systems is critical to ascertain (2).  In the studies 

referenced previously, differences can be seen across geographic locations during the past 10 

years (2005 -2015 – Table3.1).  For instance, surface water tested for Salmonella prevalence in 

two CA studies ranged from 6-7.1%  (3,12).  In contrast, a majority of the studies conducted in 

Southeastern states (GA, NC, FL) isolated Salmonella over 55% of the time  (10, 13, 19, 20, 24, 

26).  Collectively, from these studies, Salmonella prevalence has been shown to be higher in 

dynamically flowing surface water sources than from more static sources, like irrigation ponds  

(19).  Factors that influence the occurrence of Salmonella in environmental water are not well 
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understood, especially in natural environments where information remains vague regarding 

specific commodity origins as well as the fate of microbial contaminants within fluctuating 

populations (2, 23, 25). 

Salmonella in Sediments 

 Previous studies have shown that pathogenic bacteria and indicator organisms can be 

isolated at higher concentrations from sediments than from their overlying waters (6).  Studies on 

survival of enteric pathogens within sediment systems yield conflicting information due in part 

to the variety of methods used for analyses and considerable differences is the ecosystems 

studied (6).  One study where higher numbers of indicator and pathogenic bacteria were found in 

sediment compared to the overlying waters concluded that this were due to a combination of 

microbial sedimentation, protection from bacteriophage and microbial toxicants in the water, as 

well as in situ protection that facilitated extended microbial survival in sediments (6).  However, 

it is difficult to translate information between sediment studies and ones with soils or water due 

to differing ecosystem influences, analytical methods used, and conflicting study conclusions.  

From those studies included in Table 3.1, consistent observations showed higher Salmonella 

occurrence and concentrations in surface water compared to those from sediments (3, 12, 19, 22).  

Seasonality of Salmonella Occurrence  

 While there are no reports of diurnal variability of Salmonella in surface water, seasonal 

variations have been reported for both pathogens and indicator species (13).  Increases in 

concentrations of pathogens and indicator organisms have commonly been associated with 

precipitation events, attributed primarily to non-point source runoff and release of bacteria from 

sediments into surface waters (12, 19, 24, 44).  Conversely, other studies have demonstrated, that 

during high rain events, Salmonella concentrations tended to decrease due to dilution of 
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pathogen populations (12, 23, 25).  The seasonality of pathogen occurrence and concentration 

has often been correlated with land use, water management, weather patterns, specific pathogen 

properties, and environmental sources and reservoirs (23).  Currently, there is no robust model 

that can account for all of the regional variations observed for pathogen occurrence; thus site-

specific and regional practices must be considered when making practical management 

decisions.   

Microbial Source Tracking (MST)  

 Microbial source tracking (MST) emerged in the late 1990s to help address some of the 

concerns with FIB by defining methods that could isolate the dominate nonpoint fecal 

contamination in environmental waters (25).  To effectively manage fecal contamination in 

environmental waters, sources must be identified so that remediation practices can be 

implemented (36).  MST analytical methods provide a means to identify sources and determine 

the extent of fecal contamination within environmental surface waters (16, 32).  There are two 

general approaches used for MST.  Library-dependent methods (LDM) rely on culture-based 

methods to develop a genotypic and phenotypic database for bacterial strains isolated from 

specific fecal sources.  Fingerprints of unknown isolates are then compared against these 

libraries for classification.  FIB, i. e., E. coli or enterococci, are commonly used for LDM.   

Library-independent methods (LIM) are based on the assumption that all fecal contributions 

within a watershed are associated with particular hosts; LIM rely on established identifying 

attributes, or host-specific genetic markers, for source identification (16).  Detection is 

performed by amplification of these genetic markers using polymerase-chain reaction (PCR), 

without the need for isolates or library construction and can be performed relatively quickly and 

easily (36).  Both presence – absence, as well as quantitative information, can be obtained using 
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LIM, with some targeting 16S rRNA while others targeting function-specific genes that are 

associated with a particular group of bacteria (5).  The 16S rRNA gene of Bacteroidales has been 

widely used for MST, with this particular organism chosen because of its high concentration in 

feces, geographic stability, co-evolution with hosts leading to host specificity, and limited 

persistence outside of the host (11, 16).  Because Bacteroidales are anaerobic inhabitants in the 

intestines of warm-blooded animals, their presence in environmental samples indicates fecal 

contamination from general sources.  When host-specific primers are used for detection, a more 

specific  source can often be identified.  PCR assays with Bacteroidales host–specific markers 

have been used to differentiate fecal contamination from humans, dogs, cows, horse, swine, 

chicken, elk, and Canada Geese and have comparable limits of detection as cultural  methods for 

E. coli  (16, 29).  MST approaches represent a rapidly evolving area of research for determining 

water quality and subsequent source attribution when fecal contamination is detected.  However, 

at this time, no single MST method has emerged as superior to all others, thus becoming the 

“gold standard”  (27). 

Conclusions 

 Many recent produce-related outbreaks linked to pre-harvest irrigation water, such as the 

E. coli O157:H7 outbreak associated with contaminated romaine lettuce in Yuma, AZ, highlight 

the continuing need to craft agricultural water standards that can be applied across the diverse 

agricultural settings in which produce is grown, both domestically as well as internationally.  

Many complex factors contribute to the sanitary quality of water used for production of fruits 

and vegetables and there is considerable contention associated with defining simplified and 

accomplishable agricultural water standards under the PSR.  Management of microbiological 

contaminants in production waters used on farms is a challenge that will continue to require 
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additional, research, information, and quantitative analyses.  Qualitative and quantitative 

modeling systems are needed that can assess the sources, transport, and fate of microbial 

contaminants in water, that when used for fruit and vegetable production, can jeopardize the 

health and well-being of consumers of that produce.  Past studies, related specifically to 

agricultural water, have proven that indicator organisms are weak predictors, at best, of the 

potential for pre-harvest water used on farms to contribute to  gastrointestinal illness in 

consumers.  Newer, alternative molecular-based methods hold promise for microbial source 

attribution and quantification, possibly leading to targeted remediation efforts for surface waters 

used in agricultural production environments.  
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Figures 

 

Figure 3.1: Summarization of the inferred cause-effect relationship for isolation of pathogen 

from contaminated produce (A), contaminated irrigation water (B), or environmental sources of 

contamination (C) as a source of foodborne illnesses caused by consumption of fruits and 

vegetables a. 

a Summarization of Figure 1 in Pachepsky, Y., et al. 2011 (23). 
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Tables       

Table 3.1: Summary of Salmonella-based research investigating fecal indicator bacteria (FIB) correlation, seasonality, occurrence, 

and primary serotypes from 2005 – 2015.    

Research in surface 
water with 

Salmonella spp. 
recovery 

FIB (E. coli) and 
Salmonella 
relationship 

Seasonality Most Frequently 
Found Serotypes 

Location Prevalence of 
reported 

Salmonella 

Primary 
Author, 

Year 

1257 of produce and 
environment samples; 
irrigation water were 

highest frequency 

E. coli detected 
39.4% & 

Salmonella 
1.3% 

NA 7 serotypes; 
Javiana, Arizona, 

and Newport 

TX, 
produce 
farms 

1.3% Duffy, 
E. A., 
2005  
(10) 

72 water samples, 
197 isolates; multiple 

serotypes found in 
samples 

NA Diversity of serotypes 
and concentration 

(MPN) peak in 
summer 

13 serotypes; 
Muenchen, 

Rubislaw, and 
Mikawereima 

GA, 25% 
cultivated 

lands 

79.2% Haley, 
B. J., 
2009  
(13) 

Over 1600 water 
samples 

Weak, 
seasonally 

dependent, and 
site specific 

Most serovars 
detected in the fall; 
rain and discharge 

positively associated 

NA Ontario, 
Canada, 
mixed 

agricultural 
lands 

8.75% Wilkes, 
G., 2009  

(44) 
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Table 3.1: (continued)  
 

86 watershed 
samples 

NA NA 12 different; 
Muenchen, 

Newport, Bredeny, 
and Montevideo 

NC, mixed 
agricultural 

and  
residential  

54.7% Patchanee, 
P., 2010  (24) 

2401water, soil/ 
sediment, wildlife 

and cattle feces 
samples 

NA Positives increase 
during months 

with rain 

16 serovars; Give, 
Typhimurium, 

Montevideo, and 
Infantis. 

CA, 
agricultural 

lands 

7.1% (2.3% 
overall) 

Gorski, L., 
2011 

110 samples from 
surface waters, 30 

isolates 

NA NA Inverness, 
Rubislaw, 
Muenchen, 

Braenderup, and 
Newport 

FL, Suwannee 
River, 

agricultural  

96% Rajabi, M., 
2011 

202 surface water 
samples; 

Weak linear 
relationship 

between 

No significant 
difference 

between seasons; 
throughout year 

No serotypes 
identified 

FL, 
agricultural 

lands 

100% McEgan, R., 
2013 

1036 water and 
sediment samples 
for Salmonella, E. 

coli  

Not significant 
associated 

NA NA CA, produce 
farms 

6% in water 
4.3% in 
sediment 

Benjamin, 
L., 2013 

635 samples from 
10 irrigation 

ponds; 

E. coli were a 
significant 
predictor of 
Salmonella 

Seasonal peaks 
with increased 

temperatures and 
rainfall; persistent 

ponds 

Hadar, 
Montevideo, and 

Newport most 
prevalent 

GA and FL, 
agricultural 

lands 

28.2% Luo, Z., 2015 
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CHAPTER 4 

ISOLATION AND ENVIRONMENTAL RESERVOIRS OF SALMONELLA 

SEROTYPES ASSOCIATED WITH THE AGRICTURLAL BIODIVERSITY OF 

NORTH CAROLINA TOMATO PRODUCTION SYSTEMS. 

Abstract  

 Salmonella has repeatedly been associated with fresh produce; it is increasingly 

recognized as a microbial hazard and major source of outbreaks associated with tomatoes.  Given 

the widespread and multiple year occurrences, inferences lean toward contamination events that 

occurred in the tomato production environment.  The objectives of this study were to determine 

the geospatial prevalence, origin (s), and serotypes of S. enterica in North Carolina tomato 

production environment.  Three diverse agricultural research farms were chosen to grow and 

harvest large, red-round hybrid fresh market determinant tomatoes in conditions reflective of 

traditional commercial tomato production.  Production field and water samples were collected 

from during tomato production months (2012 – 2014) and analyzed for Salmonella spp. after 

enrichment using a modified FDA-BAM method and pre-screening analysis by real-time PCR.  

Presumptive positives were confirmed by biochemical profiling, characterized and subtyped by 

molecular serotyping, and PFGE patterns were compared to PulseNet for clinical significance.  

The prevalence of Salmonella spp. from unique samples collected were 3.7% (57/1548) of the 

production samples with positives highly correlated across the months of June-August.  

Salmonella spp. were recovered from tomato fruit, farm soil between rows, surface source water, 

sediment under the stream water source, and irrigation water within the distribution system.  

Flooding events in 2013 may be attributed to the isolation of Salmonella in farm soils and 

support current federal regulation providing a reasonably likely method for contamination of 
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production fields, beyond the concept of floodwaters primarily in contact with covered produce. 

Of the unique sample positives, 86% (49/57) were obtained from production water samples.  

Recurring geospatial reservoirs for Salmonella recovery were identified from surface sources 

water (P=0.0001), sediment under water sources (P=0.0001), and irrigation water (P=0.01).  

Two of the three farm locations were identified as significantly (P=0.005 and P=0.00007) more 

likely to harbor Salmonella spp.  From the recovered environmental isolates (n=172), 71% 

(122/172) were identified to Salmonella serotypes using PFGE-PulseNet predictions.  Of the 

PFGE patterns, 92 isolates had 16 unique PFGE patterns that matched clinically relevant 

Salmonella serotypes that have been linked to clusters of illnesses or previous outbreaks.  The 

remaining 47% (80/172) of the isolates had unique PFGE patterns not seen previously within the 

database.  Nine Salmonella serotypes identified by PFGE PulseNet predictions were identified as 

follows: Paratyphi B (21%, 36/172), Newport (12%, 21/172), Subspecies IV (12%, 20/172), 

Typhimurium (8%, 14/172), Javiana (7%, 12/172), Hartford (5%, 8/172), Montevideo (3%, 

5/172), Agona (3%, 5/172) and Berta (1%, 1/172).  S. Newport had two PFGE patterns 

JJPX01.0003 (n=9 isolates) and JJPX01.1047 (n=10 isolates), both identified from production 

waters; the recurring tomato outbreak pattern JJX01.0061 were not identified in the NC 

production environment samples.  Some unique sample positives (n=21) for Salmonella could 

not be resolved to serotypes; the resulting 50 isolates originated from a diversity of sample 

locations (n=6) across the three farm locations.  Stream sediment were the prominent 

environmental niche for identification of multiple Salmonella serovars.  A higher recovery of 

Salmonella spp. was observed from water samples taken after the use of disk as compared to 

sand filtration systems.  It is unclear whether Salmonella is introduced into the environment as a 

transient contaminant or whether it exists as a resident contaminant that persists over time.  Some 
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Salmonella serovars found in this study were associated only with certain sample types, i.e. 

Montevideo and Javiana were only found in tomato fruit and Agona and Berta only found in 

stream sediments.  With two exceptions, the serovars found within the stream surface waters 

were also found in the stream sediments. Isolates found within the irrigation systems may reflect 

a contamination continuum from between source water, sediment and irrigation distribution 

systems.  Ultimately, this study results support the capacity of Salmonella spp. to infiltrate and 

persist in tomato water systems.  Even though no foodborne outbreaks associated with 

Salmonella spp. have currently been linked to NC tomato production systems, this longitudinal 

study did indicate that this organism does exist in the production environment.  Location specific 

data is imperative; this study is one of the first environmental studies to provide quantitative data 

for NC tomato production systems.  As the U.S. federal regulations move produce growers 

towards prevention-based food safety measures, this study provides growers with the priority 

areas of water, sediment and irrigation waters to apply focused assessment and management of 

Salmonella contamination in commercial tomato production environments.    

 (Words: 708) 

Introduction 

 Every year, Salmonella is estimated to cause one million foodborne illnesses in the 

United States, with 19,000 hospitalizations and 380 deaths (16).  Scallan et al. (52) reports that 

non-typhodial Salmonella spp. (i.e., Salmonella enterica) is one of the leading contributors to 

foodborne illnesses, causing the majority of food-related hospitalizations and deaths.  Using the 

National Healthy People 2020 Salmonella reduction objectives, there were little or no detectable 

change in numbers of infections caused by Salmonella species transmitted commonly by food 

from baseline years of 2006-08 to 2013 (17).  In 2010, Scharff (53) estimated the total foodborne 
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illness cost in the U.S. attributed to Salmonella accounted for approximately $48 million a year.  

A heightened consumer awareness of the benefits of fresh fruits and vegetables as part of a 

healthy and nutritious diet has increased the demand from consumers and the per capita 

consumption for produce (62).  

 Salmonella, a gram-negative, non-spore forming, facultative aerobe, and member of the  

 Enterobacteriaceae family, is transmitted by the fecal-oral route through ingestion of 

contaminated food, water, or fecal matter(25).  Infective dose can be as low as one cell, 

depending on age and health of the host and strain differences (25). Contamination with 

Salmonella at the farm-level production environment (6, 12, 23, 26, 33, 42) arise from soils, 

water, animals, human handling and seeds, though the mechanisms for contamination are not 

clearly understood (43).  All of these provide means for initial contact of fresh produce with 

Salmonella and contribute to recontamination potential (42).  However, it should be noted that in 

only one instance  (26) has Salmonella been directly isolated from these environments in 

association with outbreaks; rather epidemiological evidence has been used for contamination 

identification in the case of outbreaks (65). 

 Salmonella has repeatedly been associated with fresh produce; it is increasingly 

recognized as a major source of outbreaks from contamination with water, exposure to reptiles 

and other sources (46).  This highlights Salmonella’s adaptability to diverse hosts and 

environments.  Salmonella, as a microbial hazard to produce, is identified as a significant and 

recurring risk with expectations for continuing concern (55,60). The Salmonella and tomatoes is 

one of the pathogen–produce pairs responsible for the most illnesses and hospitalizations (60) 

within FDA’s Reportable Food Register for 2009-14 (61). A risk-ranking tool using U.S. data 

categorized this pathogen-produce pair as having the second highest risk ranking score, 
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following leafy greens and E. coli 0157:H7, for potential risk to public health  (3).  From 1998-

2016, according to CDC (19), Salmonella and tomatoes were identified as responsible for 19 

multi-state outbreaks, and 18 individual state outbreaks, with repeat outbreaks occurring in seven 

states.  Many of these outbreaks were associated with red and round, Roma, and grape tomatoes 

(10).   

 Raw tomatoes associated with Salmonella enteria serovar Newport has been implicated 

in several multi-state and multiyear outbreaks; four multi-state outbreaks of S. Newport 

associated with consumption of East Coast tomatoes resulted in 459 culture-confirmed cases of 

salmonellosis in 21 states (21).  Strong commonalities between two outbreaks, in 2002 and 2005, 

indicate a common serotype of S. Newport by PFGE/PulseNet pattern (JJPX01.0061) for patient 

illnesses having a common exposure to tomatoes from the Eastern Shore of VA (45,26).  Using 

information from PulseNet, a national network of laboratories, an emergence of illnesses was 

observed that preceded the harvesting windows for VA.  This observation posed the question as 

to whether the distribution of S. Newport in tomatoes spanned across the US East Coast or rather 

was specific to tomatoes grown in the Eastern Shore of VA.  This question served as the impetus 

for the work reported here. 

 Given the widespread and multiple year occurrences of these outbreaks, inferences lean 

toward contamination events that occurred in the production environment or during harvesting  

(29).  The specific ability of Salmonella spp. to survive on non-hosts (plants) as part of their 

lifecycle (8, 28) suggests that this species has a greater capability for persistence than that of 

other bacterial pathogens.  In addition, Salmonella has been shown to persist in the packinghouse 

environment on packing line surfaces, wood, conveyor belts and other common food contact 

surfaces (2).  Despite these survival capabilities, limited research has identified the field niches 
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and interactions that contribute to the ability of Salmonella spp. to survive in production 

environments.  Each production region and individual farm’s unique combination of production 

practices and ecological conditions amplify challenges to study these phenomena as all of the 

factors affecting the survival, growth, and virulence of human pathogens (12,33,67).  Because 

Salmonella has been shown to be a poor competitor on plant surfaces (13, 50) other factors that 

contribute to the effectiveness of colonization and maintaining populations in the plant host 

environment could play a more noteworthy role and might be the target for mitigation strategies 

(49).  

 National outbreaks associated with tomatoes underscore the negative effects of foodborne 

illness and food safety at the production level, which tomato farmers experience as decreases in 

income consumer demand, and market access.  Production of fresh-market tomatoes occurs in 

every state with commercial-scale occurring in an estimated 20 states, and an increasing number 

of small (5-acres or less) farms growing tomatoes for local markets (1).  In fact, tomatoes are the 

second most consumed produce item in the US, just behind potatoes.  In 2015, approximately 

94,300 acres of tomatoes were harvested to yield 1.35 M tons at a market value over $1.22 

billion (1). Ranked 7th in the nation in tomato production, NC constitutes one of the major fresh-

market tomato producing states growing over 1 million pounds in 2017 with a farm gate value of 

$42 million (63). 

 With limited knowledge about diverse farming production environments that may 

provide potential reservoirs and contributing factors for contamination of tomatoes (42), there is 

a need to understand the complex system that allows Salmonella to persist in the growing, 

harvesting, packing and/or holding environment (60).  Because tomato production is an integral 

part of agriculture within NC, it is imperative to understand the ecology of this pathogen-food 
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interaction.  Based on these needs, a three-year longitudinal study was initiated.  The objective of 

this study was to determine the geospatial prevalence, origin and serotype specificity of S. 

enterica, specifically serotype Newport, as a function of the conditions in the NC tomato 

production environment.   

Materials and Methods 

Site and plant growth conditions: For this three-year (2012-14) longitudinal study, three 

farming research locations were chosen that closely reflect the diverse agricultural conditions 

within the traditional commercial tomato production areas of NC.  Each of the sites reflected the 

integrated agriculture of commercial production practices for tomato growing within that 

geographic area, including proximity of diverse livestock and forested lands to the planting field, 

and commonly used surface-water sources like streams and ponds.    

 Farm A were selected for its history of integrated agriculture production that includes 

livestock poultry, fruits, vegetables and grain horticultural crops at approximately 703 feet 

elevation on 1,044 acres.  This farm used a surface water source (pond) for irrigation with a sand 

filtration system.  Residing directly across the street from the horticulture production fields were 

an active milking dairy facility and a commercial poultry (broilers) breeding facility. 

 Historically producing fruits and vegetables, Farm B has a varied and sloping topography 

at an elevation of 2067 on 344-acres.  A surface water (stream and pond) irrigation system with 

sand filtration were utilized with an additional system to mitigate plant diseases: the Accu-Tab 

chlorination system (Axiall Corporation, Atlanta, GA) that pumped waters through slow release, 

pressed, calcium hypochlorite tablets (National Sanitation Foundation [(NSF) Standard 60 for 

drinking water] before delivery to production fields.  Surrounding lands include agriculture 

production, commercial vegetable production, horse breeding (upstream), and grain production.   
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 Farm C assimilates diversity of production at elevations of 2,600 to 3.200 on 411 acres.  

It houses an elevated livestock pasture (beef cattle and goats) and surface-source water (stream) 

with a disk filtration system, and directly next to the fields where tomatoes were grown is a 

neighboring livestock production field (within 500 feet) located downstream.  Farm C has cool 

(58°F) night and warm (98°F) day temporal changes, and a short growing season (~160 days) 

that provides highly desirable growing conditions for flavorful tomatoes.  

Plasticulture employs a system typified of most commercially- produced fruits and 

vegetables that combines raised beds, plastic mulch, drip irrigation, and fumigation; this were the 

model system used for all three farms.  Crops were grown using standard production practices as 

described in the SE Veg Production guide.  This included weed insect and disease management  

(37). For all farms, fields were fumigated with methyl bromide (60%): chloropicrin (40%) to 

control weeds, insects and disease pressures from previous years.  All farms used drip irrigation 

with Farms A and B employing sand filtration systems and Farm C using a disk filtration system 

to move water from surface water sources to field irrigation. 

Large, red-round hybrid fresh market determinant tomato (Solanum lycopersicum) 

cultivars were grown from seed in a greenhouse on Farm C for all three farms.  The fruit type, 

days to maturity, disease resistance, seed company and years used in field study are represented 

on Table 4.1. Tomato cultivars were chosen for adaption to stake plasticulture systems, 

resistance to Southeastern U.S. disease pressures, and to resemble previous types of tomatoes 

involved in outbreaks.  Before planting, tomato seeds (cultivars Charger, Sun Leaper, Florida-47 

and Amelia) were surface sanitized to combat bacterial diseases (canker, spot, and speck) as 

described previously (37).  In short, the seeds were soaked in a chlorine solution (1 quart of 

sodium hypochlorite to 4 quarts of water, plus ½ teaspoon of surfactant) for 1 minute; followed 
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by a 5-minute running water rinse and thorough drying of seed; with a final acid water rinse (1 

oz. vinegar per gallon of water).  Seeds were placed into flats for 5 weeks of growth with one 

week of hardening off before transplanting in late May or early June into typical plasticulture 

systems.  

Tomato transplants were planted, at an estimated plant density of 5,808 plants per acre, 

within plasticulture rows set at 5 feet on center and 18” apart in row (36).  Plants were organized 

in blocks of less than 1 acre, a per conditions allowed for each year and each farm.  Wooden 

stakes, approximately 1-inch square by 4 to 4.5 feet long, were driven next to transplants and 

once plants were approximately 12-15” tall, twine was used to weave between stakes and plant to 

aid in support of the plants as they matured.  Fertility, insect, and a disease prevention program 

were followed as advised for the southeast growing conditions (37).  Soil acidity were adjusted 

to pH 6.5 and pre-plant fertilizer were incorporated into the soil at an application rate of 50 

pounds/acre of N, P2 O5 and K2 O.  One week after transplanting, a soluble fertilizer weekly 

program of approximately 0.5- 1.5 pounds of N and P2 O5 applied through the drip tape were 

initiated and continued until the end of harvest.  The insecticide spray program incorporated the 

active ingredient Imidacloprid (brand name: Admire. Bayer Crop Science, NC) at planting 

through the drip irrigation; Admire plus Chlorantraniliprole (brand name Coragen, DuPont, DE) 

through drip at 3 weeks post planting; Coragen plus Dinotefuran (brand name Venom, Valent, 

CA) through drip at 6 weeks post-planting; and bifenazate (brand name Acramite, Arysta 

LifeScience, CA) as needed.  A preventative plant disease and fungicide resistance management 

program  (35) were followed based on the Foliar Fungicide Spray Guide for Tomatoes in NC  

(35) with alterations based on scouting and disease pressures.  All plant disease sprays were 

applied overhead. 



 
 

71 
 

Sample Collection: Monthly tomato production environmental samples were collected during 

the NC tomato season (July–September for 2012; June–September 2013; and June-September 

2014) from each of three farm sites.  Nitrile gloves (Tranquility Powder-free nitrile examination 

glove; ThermoFisher, GA) were worn for aseptic sample collection and changed between each 

sample type.  Table 4.2 indicates the sixteen sample composition, collection containers and 

sample sizes.  Generally, production field samples were collected from tomato fruits, flowers, 

leaves and stems; native vegetation around the fields and water sources; feces if present; and the 

farm soil both in and between the rows where plants were growing under plastic.  All production 

field samples were collected with nitrile gloves into Ziploc (S. C. Johnson, WI) double-bagged 

zipper storage gallon-sized bags; gloves were changes between each sample type.  Specifically 

for tomatoes, breaker stage of ripeness, a break from green to yellowish-pink, were targeted for 

collection.  With care for bruising, whole tomatoes were pinched off the stems and collected in a 

Z pattern within the tomato production block for a composite sample of 20 lbs.  All other tomato 

samples (flowers, leaves, stems) and farm soil were also collected within the tomato block in a 

similar Z pattern for a composite of 10 samples.  Sterile auger cores were used for each sample 

type; 10 – 12” soil cores were taken from between the tomato plants rows and underneath 

the black plastic.  Native vegetation was collected at ingress/egress points in the field and 

around the water sources for a composite of 10 samples.   

Production water samples were collected from the water sources (either pond or stream 

depending on the farm); the distribution waters (including after-sand filter and end of drip tape); 

filtration unit swab; and the sediment from under the original water source.  Collection 

containers varied based on sample type.  Water samples from distribution systems were placed in 

Thermo wide mouth packaging bottles - HDPE (ThermoFisher, GA), 1 L size; and water samples 
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from source waters and water after sand filters were collected in Thermo (ThermoFisher, GA) 

wide mouth carboys, 20 L size.  All production samples were held below 50°F in coolers with 

ice packs till transport.  Analysis of samples was completed within 72 hours of collection at the 

and FDA – Center for Food Safety and Nutrition (CFSAN) lab in College Park, MD.  Note that 

scheduled sampling was interrupted in July 2013 when Farms B and C sustained flooding on 

production fields.  Once the fields dried out after a 24-hr. period, sampling continued as normal.  

Detection of Salmonella in environmental samples: This were accomplished using a culture-

dependent method of enrichment following a modified FDA BAM procedure  (4) as well as a 

pre-screening analysis by a molecular method  (PCR)  (9) as depicted in Figure 4.1.  

Modifications to the November 2011, 8th Edition FDA BAM method were made to 

accommodate the types of samples, i.e., tomato fruit and environmental samples, and are 

reflective of the current collective FDA expertise regarding these analytical methods.  Specific 

modifications included incubation of Rappaport-Vassiliadis (RV) broth at 42°C; Tetrathionate 

(TT) broth high microbial load (vegetative, water, and soil) at 43°C; and low microbial load 

(tomato fruit) at 35°C.  These specifications were followed except in 2014 during which all 

samples were incubated at 41.5°C due to laboratory constraints.  Further modification included 

the use of selective media Hektoen enteric (HE) with the addition of 5 μg /ml novobiocin 

(HE+N) and the use of xylose-lysine-tergitol 4 (XLT4) agar instead of xylose lysine 

deoxycholate (XLD) agar throughout this study.  Incorporation of the antibiotic novobiocin were 

used to combat growth of Staphylococcus and other gram-positive competitive microorganisms 

from these environmental samples.  The change to tergitol 4 offered a significant improvement 

for isolation of Salmonella by primarily inhibiting Proteus, Pseudomonas, Providencia spp., and 

many other non-salmonellae  (58).  This modification also made differentiation easier between 
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Salmonella and Citrobacter.  Media were prepared according to modified FDA BAM 

instructions  (4).  Tetrathionate broth were made with 0.1% brilliant green dye (10 ml/liter) and 

iodine– potassium iodide solution (20 ml/liter).  TT base and RV XLT4 base, HE, BS, and TSA 

agars were all purchased from BD Difco (Franklin Lakes, NJ), tergitol- 4 supplement from 

Oxoid Remel (Lenexa, KS) and novobiocin sodium salt from MP Biomedicals (Solon, OH). 

Pre-enrichment of samples: Following the FDA BAM (2011) method, all samples were placed 

in whirl-pak filter bags (Nasco, Modesto, CA), weight recorded, and pre-enriched overnight at 

35°C using a broth of modified buffer peptone water (mBPW; 10 g peptone, 5 g sodium 

chloride, 7 g disodium phosphate, 3 g monopotassium phosphate per liter; 3M, St. Paul, MN) 

with 100 ml as the minimum volume for small samples and a 1:1 ratio  (w:v) for all other 

samples unless otherwise indicated.  This nonselective pre-enrichment step targets the recovery 

of injured bacteria and increases the sensitivity of Salmonella detection without inhibiting the 

growth of competing microorganisms allowing a sufficient time for resuscitation of injured cells. 

Production Field Samples: Composite tomato samples, consisting of 20 lbs. of tomatoes per 

farm location, were quartered and mixed to a total weight of 200 g combined with mBPW in a 

1:1 ratio and hand-massaged to allow for release of bacterial cells from the matrix as well as 

homogeneous mixing.  Composite samples of ten each were taken for: tomato flowers, leaves 

and stems; native vegetation around the fields and water sources; feces; and the farm soil were 

pre-enriched with mBPW in a 1:1 ratio.  Composite soil samples comprised of ten - 12” soil 

cores were mixed, 100 g total were measured from the original 10 cores and added to whirlpak 

bags with 200 ml of mBPW for pre-enrichment per sample.   

Tomato Fruit Samples: For detection and isolation of surface Salmonella, a representative sub-

sample of five whole tomatoes per farm location were removed from the composite tomato fruit 
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sample prior to quartering (20 lbs. of tomatoes per farm location).  The subsamples were placed 

into individual Ziploc bags with 50 ml of mBPW and hand-rubbed vigorously for 30 seconds.  

The rinsate were pipetted to a whirl-pak bag with 200ml of mBPW.  To investigate internal 

contamination of fruit, the same five tomatoes were surface sterilized by immersion into 70% 

ethanol for 2 minutes then allowed to air dry.  These tomatoes were then quartered, placed into a 

whirl-pak bag, weighed and enriched at a 1:1 (w: v) ratio with mBPW.   

Production Water Samples: Source water samples were collected at each farm, either ponds or 

streams, were concentrated using a continuous flow centrifuge.  Briefly, 40L of pond or stream 

waters were processed using a continuous flow centrifuge (CFC) (Scientific Methods Inc. CRC 

Express with Watson Marlow pump 323S/D pump 400rpm) at 225 rpm with water concentrates 

collected into disposable 250 ml CFC express bowls.  Duplicate 25ml samples of concentrated 

water were transferred to whirl-pak bags followed by the addition of 200 ml of mBPW.  An 

alternate method was used in 2014 (July–September) due to equipment failure.  In this case, 

direct enrichment of duplicate 500ml samples of environmental water was done by mixing with 

an equal volume of 2X mBPW.   

Small 1L samples from the irrigation distribution systems were collected from before and 

after the sand/disk filters and at the end of the drip irrigation lines at each farm.  These samples 

were vacuum filtered through a microfilm V and Millipore (0.45 μm – 47mm) sterile membranes 

in duplicate and the filters were placed in whirl-pak bags with 200 ml mBPW.  If too turbid, 

samples were centrifuged in 50 ml tubes first, then filtered; any resultant centrifuged pellets and 

the filter were added to whirl-pak bag.  To allow for further investigation into irrigation 

distribution system samples after the sand/disk filters, samples from June–September 2014 was 
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increased from 1 L to 40L with sample handling procedures the same as those described above 

for with surface waters.   

Swabs of the water source pumps (Whirl-Pak Speci-Sponge Bags 18 0z.) were taken at 

the sand/disk filter backwash outlet and placed in whirl-pak bags with 200 ml of mBPW.  For 

samples from July–August 2012, a composite sample was taken comprised of 10 stream 

sediment auger cores.  These were mixed and duplicate 50 ml conical tube samples were 

weighed and put into whirl-pak bags with 200 ml of mBPW.  To investigate with larger sample 

sizes of soils, this method was modified to increased samples sizes from 50 g to duplicate 100 g 

samples beginning in September 2012 through the end of the project.   

Selective Enrichment Broth: Selective enrichment were performed to promote the continuous 

growth of Salmonella spp. by inclusion of inhibitory reagents that suppress the proliferation of 

other bacteria.  The incubated pre-enrichments were inoculated into 10 ml of selective 

enrichment broths as follows: 1ml into tetrathionate (TT) and 0.1 ml of Rappaport-Vassiliadis 

(RV).  TT contains substances found to be inhibitory to lactose - fermenting Enterobacteriaceae.  

Specifically, TT contains sodium thiosulfate that is converted to tetrathionate upon the addition 

of iodine.  Most salmonellae have been shown to have the ability to use tetrathionate while E. 

coli lack this ability  (30, 47).  RV has magnesium chloride included to inhibit growth of Proteus 

and E.coli; brilliant green to inhibit Gram-positive bacteria (44); and a low pH which impedes 

the growth of other microorganisms.  At the same time, 1 ml of each pre-enrichment was 

retained for DNA isolation and subsequent PCR that day. Inoculated broths were vortexed; RV 

samples were incubated at 42°C in water baths while TT samples with high microbial loads 

(vegetative, water, and soil samples) were incubated at 43°C and TT samples with low microbial 
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loads (tomato samples) at 35°C overnight in water baths.  In 2014, all RV and TT samples were 

incubated at 41.5°C to accommodate laboratory resources.  

 qPCR Pre-screening: Genomic DNA were extracted from 300 μl of all the pre-enriched 

samples after overnight incubation [from the 1.5 ml eppendorf tube above] using the MicroSEQ 

Salmonella spp. Detection Kit without proteinase K (PK) according to the manufacturer’s 

protocol using the MagMax Express-96 (Applied Biosystems, Foster City, CA).  The resultant 

DNA, 30 μl, were amplified using the Custom TaqMan Salmonella spp. Ultimate Assay (Life 

Technologies) which consists of lyophilized assay beads.  Two Salmonella specific target genes, 

invA and apeE, were amplified.  The positive control was DNA obtained from Salmonella 

Typhimurium and an internal positive control (IPC) was also used to monitor for inhibition, PCR 

reagents working correctly, and proper amplification.  Negative controls of water (Ultrapure 

DNase RNas free molecular grade water) and E. coli K-12 were also included in each assay.  The 

qPCR was done using an ABI 7500 Fast Real-Time PCR system and 7500 Fast Software v2.04 

with thermal cycling conditions of 95°C for 10 min; followed by 40 cycles of denaturation at 

95°C, 15 s; and annealing/ extension at 60°C, 45 s.  Absorbance were read after each cycle on 

fast run mode.  qPCR analysis settings were set for a detection threshold of 0.2; this is the 

numerical value assigned for each run that reflects the exponential phase of the amplification 

curve.  The baseline fluorescence levels are registered between qPCR cycles 3-15.  Successful 

qPCR would have the IPC crossing the threshold value between 30-32 cycles marking the initial 

DNA amplification.  Alternately, qPCR was considered Failed (F) or undetermined if the IPC 

were below the threshold value.  Salmonella samples were assessed as Positive (P) if both target 

genes, invA and apeE, cross the threshold after the IPC and before the end of 40 cycles.  The 

samples were considered Negative (N) if only one target gene tested positive or if other values 
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were not within the specified range for positives.  Finally, qPCR positives were noted; 

corresponding samples were then included in the selective media-plating scheme. 

Selective Plating: RV and TT selective enrichments were streaked with a 3 mm loop (10 μl) 

onto selective media.  Each of the selective media broths (RV & TT) individually were used to 

streak one plate of each of the three selective agars: Hektoen enteric plus 5 ug/ml novobiocin 

(HE+N), xylose-lysine-tergitol 4 (XLT4), and bismuth sulfite (BS) to yield a total of 6 plates per 

sample.  All tomato fruit, soil, sediment, and water samples were plated; all of the rest of the 

environmental samples were prescreened on PCR with only positives plated. Selective media 

plates were incubated overnight at 35°C.  

Presumptive Positives: All plates were assessed for typical Salmonella colony morphology; if 

found, one colony per plate type were re-streaked for isolation onto XLT4 and HE + N and 

incubated overnight at 35°C.  BS plates were allowed to incubate for an additional 24 hours and 

reassessed; re-streaked for isolation onto XLT4 and HE if typical Salmonella colonies were 

noted.  Positive identification from both the XLT4 and HE re-streaks were considered 

presumptively positive.  If atypical colonies were suspected as described by FDA BAM  (4), a 

colony were inoculated onto lysine iron agar (LIA) and triple sugar iron agar (TSI) slants.  

Following incubation at 35°C for 24 h, hydrogen sulfide (H2S) production, alkaline and acid 

reactions were assessed.   

Confirmation Testing: All presumptively positive isolates were subjected to biochemical 

profiling (Vitek) for confirmation.  Isolates were further characterized and subtyped by 

molecular serotyping (Bioplex) and pulsed-field gel electrophoresis (PFGE) with comparison to 

PulseNet for matching patterns.  
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Biochemical profiling analysis: Isolates were verified as Salmonella using the VITEK 2 Gram-

negative (GN) microbial identification card in the Vitek 2 Compact system, version 7.01, 

(bioMerieux, Marcy l’Etoile, France) which provides automated biochemical testing for 

microbial identification (48).  The VITEK 2 automated system were run according to the 

manufacturer’s instructions (54).  Qualitative identification levels were assigned based upon 

estimates of how closely a given isolate corresponded to particular taxa; the numerical 

probabilities assigned to Excellent (96-99% probability) were used as positive identification of 

Salmonella in this study.  No further processing was done on the isolates below the 96-99% 

probability and all those isolates were removed from the continuing identification for molecular 

serotyping.    

Molecular serotyping: Serovars were determined for each confirmed Salmonella isolate based on 

the antigenic formula from the White-Kauffmann-Le minor scheme (27).  This scheme, used 

worldwide, recognizes the specific combinations of the 46 O serogroups and 114 H antigens to 

classify the isolate within the potential 2,587 Salmonella serotypes currently identified.  Using 

the CDC protocol with the Luminex 200 Bio-Plex platform (BIO-RAD, CA), PCR amplification 

of isolated DNA were done from the targeted regions within the fliC, fljB, rfb genes followed by 

the identification of antigen-specific DNA using hybridization (9, 20). 

PCR Amplification: One 3 mm loop of Salmonella-confirmed, culture-purified isolates were sub- 

cultured in 1 ml of yeast extract nutrient broth (YENB) with overnight incubation at 35°C.  To 

prepare cultures for PCR, cells were pelleted, 200 μl of InstaGene Matrix (BioRad, CA) was 

added.  Then tubes were incubated at 55°C for 30 min., vortexed, followed by heating at 100°C 

for 5 min.  For PCR preparation, 2 μl of the cell lysate was added to 23 μl of Quigen HotStarTaq 

Master Mix (Quigen, Germany) with kit primers for O1, H1 and H2 groups.  Samples were 
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thermocycled (Bio-RAD Tetrad 2, CA) under the following conditions: 95°C for 15 min; 30 

cycles of 94°C for 30 s, 48°C for 90 s, 72°C for 90 s; then 72°C for 10 min.   

Hybridization and identification: Of the PCR products, 5 μl were hybridized separately with 45 

μl of the specific Luminex xMAP Salmonella probe-based assay beads mixes (Luminex, TX); 

one for O-group-1 and one for H-group-fliC and fliB.  Hybridization was done at 94°C for 5 min 

then 52°C for 30 min in a DNA Engine Peltier Thermal Cycler (Bio-RAD, CA).  Upon 

completion, 50 μl of streptavidin-R-phycoerthrin (SAPE) was added and the solution incubated 

at 52°C for 10 min. in the Bio-Plex 200 Multiplex System (Bio-RAD, CA).  Plates were 

analyzed using the Bio-Plex protocol for respective O and H-antigen groups.  Data were 

exported into Microsoft Excel with positives determined by comparison to internal controls and 

serovars determined based on the White-Kauffmann-Le minor scheme (27).  Serotype names 

were attributed to isolates from the unique antigenic formula identified through this scheme.   

PFGE Analysis: Isolates were further genotyped using PFGE using Xbal as the primary 

restriction enzyme following CDC’s PulseNet PFGE protocol (9, 15, 18).  Swaminathan (57) and 

Ribot (51) reference methods were used.  In brief, Salmonella isolates were grown on TSA, cell 

suspensions were prepared for creation of PFGE plugs and XbaI restriction enzymes were used 

with the DNA size standard strain of Salmonella ser. Braenderup H9812 (ATCC BAA-664).  

After electrophoresis, gels were stained with ethidium bromide and TIFF files were created to 

capture band patterns with Gel Doc system (Bio-RAD, CA).  Representative PFGE patterns of 

the isolates were submitted to PulseNet for comparison.  If matches were found, isolates were 

assigned with the appropriate PFGE PulseNet pattern designation based on patterns available in 

the system as of September 2015.  
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Final determination of serotypes: For the final determination of serovars, data from PulseNet 

PFGE predictions and molecular phenotypic determination by Bioplex were compared.  It should 

be noted that in most cases, these databases have been validated from laboratory-confirmed cases 

of illness.  This study largely represents unique food and environmental samples, not stool 

samples and other clinical materials, so the results of the two methods did not all agree.  When 

this was the case, final determination was taken from the PulseNet PFGE predictions that 

currently provide the gold standard for Salmonella serotyping.   

Archiving of isolates: Final isolates were streaked to TSA and incubated overnight at 35°C.  

One distinct colony were placed in Brain-Heart Infusion (BHI) broth and incubated at 35°C 

overnight with shaking.  An 800 μl aliquot were placed into BHI broth containing 50% sterile 

glycerol for subsequent long-term storage at -80°C.  Cultures were incorporated into the FDA-

CFSAN strain collection. 

Statistical Analysis: For this descriptive observational study, logistic regression analysis was 

done to determine any associations between Salmonella detection [Salmonella spp. (+/-)] and 

sample type (n=7 of N=1548), sample site (n=3) and time (sampling month/year).  The logistic 

regression was performed with the R statistical software package, version 2.11.1 (R Foundation 

for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org) 

with a default significance value of p = 0.05.  The sixteen independent environmental samples 

from Table 4.2 were simplified to seven categories (factors) to increase statistical power: tomato, 

native vegetation, farm soil, surface source water, sediment, irrigation water; and other, with the 

dependent variables being Salmonella positivity. 
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Results  

Prevalence and Origins of Salmonella from Unique Samples  

 A total of 1548 samples were taken over the course of the study.  The prevalence of 

Salmonella spp. from unique samples collected were 3.7% (57/1548); it was not recovered from 

96% (1491/1548) of the samples taken during this three-year longitudinal study for three NC 

tomato production environments.  Samples were taken during tomato production, specifically 

July–September 2012, and June–September 2013 and2014.  For each of the 57 unique sample 

positive for Salmonella, the number of isolates recovered from a possible total of 6 plates 

[selective enrichment (RV and TT) and selective media (HE +N, XLT$, and BS)] is referenced 

to farm location, sample year and month, and in some cases the multiple PFGE serovar 

predictions (Supplemental Table 4A).  An exception to the possible total of 6 isolates were 

obtained in an irrigation sample (C430, June 2014) were 9 isolates were recovered from 

additional plating to retrieve pure isolates.  The temporal and monthly prevalence across 2012-

2014 indicate that the number of unique samples positive for Salmonella spp. (n=17, 16, and 24 

respectively) is reflected in similar numbers of isolates recovered across the years of 2012 

(n=55), 2013 (n=62) and 2014 (n=55) (Figure 4.2).  Graphically, a seasonal sampling cycle 

reflected the growth cycle of tomatoes; with sample collection rates lower in June (lowest 

number of samples) and increasing with vegetation and tomato growth throughout the season.  

Overall, with the exception of July-August 2013, the prevalence of unique sample positivity rates 

was highly correlated across the months of June – August with prevalence of 5-6%.  This 

correlation decreases to 1-2% with the end of season in September.  It should be noted that 

during July of 2013, Farm B and C sustained flooding of the production fields one week prior to 
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sample collection.  A marked peak in September 2013 indicates a delay of the trend seen in other 

years.  

 An overview of the unique samples taken, and the origins of the Salmonella positives are 

simplified to the seven environmental niches used for analysis (Figure 4.3).  Unique sample 

positives for Salmonella spp. were found in 5 of the environmental niches in NC tomato 

production fields; tomato, farm soil, surface source water, sediment, and irrigation.  While a total 

of 172 Salmonella isolates were recovered from the 57 unique samples; 14% (8/57) of the unique 

samples were found in the environment of production field samples (Table 4.3).  These included 

unique positive samples originating in tomato fruit (n = 7, 0.8% of the tomato samples) and in 

farm soil taken between rows (n = 1, 0.8% of farm soil). The farm soil positive sample was from 

Farm B in July 2013 and likely attributed to the flooding that occurred that month.  The 

remaining three environments responsible for 86% (49/57) of the unique sample positives were 

within the production water samples.  Specifically, unique sample positives from surface source 

waters (n = 23, 26% of surface source water samples), in sediment from under the original 

stream water source (n = 18, 27% of the sediment samples), and in irrigation water within the 

distribution system (n = 8, 8% of irrigation water samples).  All unique samples taken (100% of 

each sample type) for tomato leaves (n=142), blossoms (n=33), native vegetation (n=222), and 

goose feces (n=9) were negative for Salmonella spp.   

 Surface water type were an important differentiator in Salmonella positivity.  With 

comparable total samples taken (n= 44 pond vs. n= 45 stream), a striking contrast was seen 

between these surface water sources.  Specifically, unique water (n=21, 46.7% of stream 

samples) and sediment (n=18, 40.9% of sediment samples) samples originating from streams had 

a much higher likelihood of Salmonella contamination than did the same samples originating 
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from ponds.  The combination of the stream source water and stream sediment is found to 

comprise 68% (39/57) of the total unique samples positive for Salmonella recovered over the 

three-year period.  In addition, variations were observed between sand and disk filtration used 

with irrigation systems.  Even though more total samples were taken for sand filters (n=20) than 

disk filters (n=10), Salmonella spp. was not recovered from any of the sand filter samples, while 

disk filters yielded frequent unique sample positives (n=4, 40% of disk filter samples).   

To better understand the relationships between sample type and Salmonella 

contamination, the relative frequency (calculated by number of unique sample positives/total 

samples taken) of obtaining Salmonella spp. within each type of environmental sample was 

determined.  The highest relative frequencies were for stream source waters (46.7%, 21/45); 

stream sediment (40.9%, 18/44); and irrigation water after disk filter (40%, 4/10).  Using logistic 

regression, there were statistically significant relationships between Salmonella detection and 

surface source waters (P=0.0001), sediments (P=0.0001) and irrigation water (P=0.01).  

 Each of the 3 farming locations provides additional information on recurring temporal 

environmental niches over the 3 study years as depicted in Figure 4.4.  Each farm used similar 

production practices yet Farms B and C were significantly (P= 0.005 and P=0.00007, 

respectively) more likely to harbor Salmonella.  Overall, for any one sample type within the 

surface source water and sediment categories, once Salmonella was found, it was consistently 

recovered from that same sample type in that same farm for the following years.  Interestingly, 

under sediment, Farm B showed an exception with a skip in recovery between 2012 and 2014.  

This is purported to be due to the 2013 flooding event.  For the irrigation water samples, 

recovery of unique sample positives was consecutively found starting in 2013 spanning to2014 

samples on Farm C only.  There were two occurrences of positive samples on tomatoes; Farm C 
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in 2012 and Farm A in 2014.  These appear to be isolated incidents on different farms and 

different singular years with no pattern observed.   

 Figure 4.5 provides a closer look at the frequency of Salmonella positives from the 

unique samples (n=57) for seasonal association.  Across all years, the total frequency of unique 

sample positives was highest in August at 35% (20/57) and lowest in June at 14% (8/57).   

Although it should be noted that no samples were collected in June of 2012 had due to 

establishment of fields and limited plant material.  Within years, the Salmonella contamination 

patterns in 2012 and 2014 most closely resemble each other.  The year of 2013 represents the 

exception, showing a reduction in sample positives in August that is attributed to the flooding as 

explained previously.  While seasonal patterns are apparent, no significant association were 

found for temporal seasonal effects investigated by collection month and year.     

Characterization of Salmonella serotypes   

 Salmonella isolates (n=172) were characterized and subtyped by molecular serotyping 

and PFGE analysis with comparison to PulseNet.  The correlation between methods relative to 

Salmonella serovar prediction were 62% (106/172) agreement and 38% (66/172) disparate 

(Supplemental Table 4B).  Complete agreement (100%) were found between both serotype 

prediction methods for serovars Agona (5/5 isolates), Berta (1/1), Javiana (12/12), Montevideo 

(4/4) and Subspecies IV (1/1).  Serovars found to be in less than 100% agreement were Newport 

at 95% (21/22), Typhimurium at 85% (11/13) and Paratyphi B at 85% (34/40), Hartford at 73% 

(8/11) and undetermined at 38% (9/24).  Serovars found to have complete disparity included 

Drogana, Give/Parkroyal, Redlands IIIB, Non-type I, and Rubislaw.    

 Independently, using the Bioplex method, 86% (148/172) could be serotyped yielding 14 

different serovars (Figure 4.6).  This method, however, were unable to serotype 14% (24/172) of 
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the isolates.  Salmonella Paratyphi B (40/172, 23% of the isolates) and Newport (22/172, 13% of 

the isolates) were the most commonly identified serotypes using Bioplex.  The remaining 

predicted serotypes (n=12) accounted for 51% of the isolates recovered and in descending order 

their frequency was as follows: Give/Parkroyal (14/172, 8% of the isolates), Typhimurium 

(13/172, 8% of the isolates), Javiana 12/172, 7% of the isolates), Hartford (11/172, 6% of the 

isolates), Non-type I (10/172, 6% of the isolates), Redlands IIIb (10/172, 6% of the isolates), 

Agona (5/172, 3% of the isolates), Montevideo (4/172, 2% of the isolates), Rubislaw (4/172, 2% 

of the isolates), Berta (1/172, 1% of the isolates), Drogana (1/172, 1% of the isolates), and 

Subspecies IV(1/172, 1% of the isolates) .  

 The PFGE- PulseNet method predicted nine Salmonella serotypes for the 172 isolates 

(Figure 4.7).  A total of 50 isolates (29%) could not be serotyped using PFGE-PulseNet.  This 

indicates that 71% (122/172) of the environmental isolates could be identified to Salmonella 

serotypes using PFGE PulseNet predictions.  Much like the Bioplex method, serotypes Paratyphi 

B (21%, 36/172) and Newport (12%, 21/172), with the addition of Subspecies IV (12%, 20/172)) 

combined account for the most frequently found serotypes.  The remaining serotypes collectively 

occurring 27% of the time, listed in descending order of frequency as follows: Typhimurium 

(8%, 14/172 of the isolates), Javiana (7%, 12/172 of the isolates), Hartford (5%, 8/172 of the 

isolates), Montevideo (3%, 5/172 of the isolates), Agona (3%, 5/172 of the isolates) and Berta 

(1%, 1/172 of the isolates).  The graphic representation of serotype isolation over time, 

normalized within each of the months, indicates serovars Typhimurium and Newport were 

isolated during all months and years of this study (Figure 4.8 A-D), with the exception of June 

2012 in which no samples were taken.  Notably, Agona was only recovered in July, and 

Montevideo, Javiana, and Berta were only recovered in August. 
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For the nine predicted PFGE-PulseNet serovars, four serovars had instances in which 

they could be attributed to a single unique sample or multiple samples specific to a farm, 

month/year of collection or sample type (s) (Table 4.4).    For instance, 5 isolates were identified 

as serovar Agona from a single stream sediment taken in July 2012 on Farm C (C450).  

Likewise, the one isolate of serovar Berta was found in August 2012 from a single stream 

sediment sample on Farm B (B300).    From multiple samples, in August of 2014, serovar 

Javiana were identified from 5 unique tomato (quartered) samples on Farm A (A3, A6, A107, 

A109, A112).  Similarly on tomatoes, 5 isolates were identified as serovar Montevideo from two 

different tomato samples taken in August 2012 on Farm C (C608, C609).  These are examples of 

serovars that were temporally unique, singularly found during the specified months and years 

without repeat over the 3-year study. 

 The remaining five serovars (Hartford, Newport, Paratyphi B, Subspecies IV, and 

Typhimurium) were isolated several times across production water sources (i.e., stream and pond 

water, stream sediment, and irrigation waters) and it was not uncommon for multiple serovars to 

be identified from a single positive sample.  For instance, 11 unique samples were positive for 

serovar Newport, yielding 21 isolates from three sample locations (stream water, stream 

sediment, and irrigation), mainly from Farm C.  Multiple serovars were found in 54% (6/11) of 

the unique positive water samples; within this, 67% (4/6) were stream sediment samples.  Ten 

unique samples from Farms B and C were positive for serovar Paratyphi B, originating from all 

three from three sample locations (stream water, stream sediment, and irrigation) and yielding 36 

isolates.  Multiple serovars were found in 40% (4/10) of the unique samples; within this 100 % 

(4/4) were found is stream sediment samples.  Serovar Subspecies IV was found in 6 unique 

sample positives, yielding 20 isolates found across 2 sample locations (stream water and stream 
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sediment) and limited to Farm B.  Overall, 16% (1/6) of stream sediment unique sample 

positives had multiple serovars.  Serovar Typhimurium was present in 8 unique sample positives 

from five sample locations and yielded 14 isolates; 12.5% (2/8) of the unique samples had 

multiple serovars identified.  Some unique sample positives (n=21) for Salmonella could not be 

resolved to serotypes; the resulting 50 isolates originated from a diversity of sample locations 

(n=6) across the three farm locations.  Multiple serovars were found from 24% (5/21) of the 

unique sample positives of which 40% (2/5) were from stream sediment, 40% were from stream 

water, and 20% (1/5) were from irrigation water samples.  Without the serovar identification, it is 

difficult to know to what extent these isolates contribute to contamination events or if these 

isolates provide critical information linking Salmonella’s presence throughout the production 

environment.  

 Furthermore, the unique sample positives that had multiple serovars (n=8) highlight the 

diversity of Salmonella serovars present in a single positive sample (Table 4 5).  Stream 

sediments clearly were the prominent environmental niches for the identification of multiple 

serovars.  It appears that the five Salmonella serovars of Hartford, Subspecies IV, Newport, 

Paratyphi B, and Typhimurium had the greatest ability to survive and persist within this 

environmental niche.  When multiple serovars were present in a sample the most serovars 

recovered were a total of three different serovars.  Interestingly, the combinations of serovars 

most often recovered together were Hartford and Subspecies; Newport and Paratyphi; and 

Newport, Paratyphi B and Typhimurium.  Serovar Newport was unmistakably prominent in 

stream sediment, stream water, and irrigation water collected after disk filter samples.  

Unfortunately, when serovar. Newport was present in stream water and irrigation water samples 

in which other Salmonella serovars were also present, those other serovars could not be 
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definitively identified.  Without this information, it is difficult to track serovar Newport behavior 

across the entire water system.  

 A summary of Salmonella spp. successfully typed (serotype and PFGE pattern predicted) 

by sample origin is provided in Table 4.6. From the 172 isolates, 92 isolates had 16 unique PFGE 

patterns that matched the national PulseNet database, suggesting clinical significance.  The 

remaining 47% (80/172) of the isolates had unique PFGE patterns not seen before within the 

database.  The most frequently found PFGE pattern, JKXX01.0201, were associated with 20 

Paratyphi B isolates.  A second pattern, JKXX01.0059, were associated with 14 Paratyphi B 

isolates.  Interestingly, this PFGE pattern were isolated from two locations, Farm B and C, and 

from two different sampling locations, stream sediment and stream.  The highest diversity of 

PFGE patterns were associated with one serotype, Typhimurium, including JPXX01.0359, 

JPXX01.1017, and JPXX01.1054 patterns.  Interestingly, serotype Newport had two PFGE 

patterns JJPX01.0003 (9 isolates) and JJPX01.1047 (10 isolates), found only on Farm C across 

2012-2013.  The recurring tomato outbreak PFGE pattern, JJPX01.0061 corresponding to 

serotype Newport, were not identified in the NC production environment samples.  

 A synopsis of the location of recovered Salmonella isolates (n=172) with the aligned 

serovar PFGE-PulseNet predictions provides an insight to specificity of serovars within location 

(Table 4.7).  As mentioned previously, serovars like Agona, Berta, Javiana and Montevideo, 

have a narrow range and were recovered in association with one specific sampling location.  The 

greatest diversity seen within the isolates recovered spanned across six sampling locations; 

unfortunately, these isolates could not serotyped by PFGE-PulseNet.  These locations included 

soil between rows, stream and pond water sources, stream sediments, after disk filters, and from 

end of the drip tape in the fields.  As most of the Salmonella isolates obtained came from 
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environments associated with water, it is difficult to make niche-specific generalizations.  For 

instance, serotypes Hartford and Subspecies IV came from two locations; one from a stream 

water source and the other is the sediment under the stream.  Newport were found in 3 

environments, specifically source waters from streams, sediment under those streams and within 

the distribution system of the irrigation system after a disk filtration unit.  Paratyphi B and 

Typhimurium were found in similar ecosystems.  These cumulative data do not represent a 

particular farm, months or year.  Probably the best conclusions from these data are that 

Salmonella seems to originate in water sources and is able to make its way through distribution 

systems in NC tomato production, although strain diversity is high.  

A summary of farm-specific Salmonella PFGE-PulseNet predicted serotypes recovered to 

a specific date and sample location as it relates to potential movement of pathogens within the 

field environment (Tables 4.8– 4.10).   Note that in Table 4.8, there were two environmental 

sample locations on Farm A from which 12 Salmonella serotypes were PFGE-predicted and two 

that were not defined.   Farm B (Table 4.9) shows that Salmonella was recovered from 5 

environmental sample locations with a collection of 38 Salmonella serotypes predicted by PFGE-

PulseNet and 31 that were not defined.   Similarly for Farm C (Table 4.10), 6 Salmonella-

positive environmental sample locations yielded 72 Salmonella isolates that PFGE-predicted to 

five different serotypes and 17 not defined.    

 Supplemental Table 4A provides a summary of the PFGE-PulseNet predicted serotype by 

production years, subdivided by month of collection, farm locations, isolate numbers, and sample 

types.  Each unique sample is indicated with the number of isolates recovered and the designated 

PFGE predicted serotypes.  Supplemental Table 4B provides Salmonella serotype predictions 
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from Bioplex and PFGE-PulseNet as a means to display correlations between the methods.  

Discussion 

 Salmonella contamination of food is the cause of one million cases of salmonellosis, 

19,000 hospitalizations, and 380 deaths in the U.S. each year (16,17).  Salmonella continues to 

be a substantial health burden in the US, with increases from 2013 to 2015 (14,22).  From 1990-

2012, total reported Salmonella cases linked to tomato consumption exceeded 2,050  (65).  In 

order to reduce the incidence of salmonellosis, more information is needed to procure insights on 

the ecology of food-pathogen interactions and conditions that allow Salmonella spp. to persist 

over time, especially in fresh produce growing environments.   

 This paper provides three years’ worth of surveillance data and associated analysis of the 

prevalence of Salmonella contamination in three NC tomato field production environments 

Salmonella spp. were recovered at a 3.7% frequency from all tomato and environmental samples 

tested (1548 environmental samples analyzed/57 unique Salmonella sample positives).  Even 

though no foodborne outbreaks associated with Salmonella spp. have currently been linked to 

NC tomato production systems this longitudinal study did indicate that the organism does exist in 

the production environment.  Further, it identified a major recurring geospatial reservoir of 

concern, specifically surface water sources and sediment.  This study suggests a persistence of 

Salmonella in this environment however it is unclear if these pathogens grow over time or if 

there is one single serovar that consistently predominates.  

 Prevalence of unique Salmonella sample positives were highly correlated across the 

months of June – August during this study.  Influences on temporal patterns are complex and can 

be associated with many factors  (38).  Salmonella were found in five different environmental 

niches, specifically on tomato fruit, surface source waters, sediment under the stream water 
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source, irrigation waters within the distribution system and farm soil between rows.  Farm soil 

positive is likely due to flooding events that occurred in July 2013.  The discovery and isolation 

of Salmonella isolates after a flooding event support the current federal regulation (Produce 

Safety Rule, § 112.112), that acknowledges the need for assessment of the extent of flooding and 

the recommendation to not harvest produce that has been in contact with flood waters.  But it 

goes beyond the idea of “contact with fruit” as the sole reason to assess fields; our finding 

supports that flooding itself provides a reasonably likely means by which fields can become 

contaminated and should be included in assessment as a foreseeable hazard should flooding 

occur.  No Salmonella were recovered from tomato leaves, blossoms, native vegetation or fecal 

matter (goose feces).  Compelling statistically significant data from this study indicate that a 

major environmental niche (86% 49/57) for Salmonella in tomato production in NC is 

production water; including surface water sources, sediment under the water sources and 

irrigation water.  The dynamically flowing waters, specifically stream water and sediment, 

accounted for 68% (118/172) of the positive Salmonella spp. isolates identified in our study, 

although the number of samples from static water systems, i.e. ponds and sediment under pond 

water (5/172) was limited. 

 Previous studies on farm environments found similar Salmonella prevalence and 

environmental niches  (9, 43, 56).  Fourteen Mid-Atlantic tomato farms sampled reported a 1% 

prevalence of Salmonella with no isolation from tomato fruit or leaves, harvest bins or worker 

sanitary facilities (43).  Salmonella were isolated from 29% (4/14) of these tomato farms in the 

ecological niches of irrigation ponds and ditch water, sand filter backwash water, pond sediment, 

and soil (43).  In another study with 21 New York tomato farms, 3.4% of soil and irrigation 

water sources from ponds and surface waters were positive for the organism (56).  In that study, 
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dynamically flowing surface waters had the lowest Salmonella prevalence at 11% with field 

buffer ditches and ponds having higher isolation rates at 14%.  Finally, a two-year study in the 

tomato production environment on the eastern shore of VA were conducted to determine 

potential sources and reservoirs of contamination associated with S. Newport (9).  Of the 1570 

samples taken from tomato, irrigation water, surface waters, and sediment, 892 samples were 

cultured and 75 were found to be positive for Salmonella spp.  The samples from stream and 

pond waters and sediment represented the highest frequency of positive isolates.    

 Our study represents the largest quantity of water sampled and tested, 40L, as compared 

to previous studies, which ranged from 250 ml  (56) and 1 Liter.  We intentionally modeled our 

work after that of Bell et al.  (9) who collected 1 L irrigation samples and 40 L from surface 

water (pond and creeks).  Larger sample sizes increase the ability to recover and detect 

Salmonella spp. if low concentrations exist, as would be expected for environmental samples. 

 Farms A and B employed sand filtration systems while Farm C used a disk filtration 

system.  Typical equipment used for uptake and distribution of irrigation water comprises three 

sections; the intake pipe, the pump and filter, and the distribution system for irrigation to the 

field.  A higher recovery of Salmonella spp. was observed from water samples taken after the use 

of a disk filtration system as compared to the use of a sand filtration system.  The reasons for this 

are unclear but may be important when considering filtration systems to use on the farm.  Disk 

filters are not recommended in cases where high organic loading may occur, as evidenced by 

turbidity data in these agricultural surface water samples (D. Ducharme, unpublished data).  

There is evidence that Salmonella spp. forms a biofilm (39,66) which may enable it to survive 

long-term without an animal reservoir and persist in the natural environment (65).  Furthermore, 

sand filters may entrap Salmonella in some form of natural biofilm matrix within the system that 
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could limits its detection, promote its persistence, or protect it from inactivation.  Research on 

slow sand filtration (SSF) systems has incorporated a hypogeal biological layer on top of the 

sand filter, formally called a schmutzdecke, that biologically remediates microorganisms of 

human health significance from water sources with varying degrees of success (40,64).  The low 

recovery of Salmonella spp. may be indicative of the creation of a biofilm and thus less 

Salmonella spp. recovered.  It is unclear if the current production practices of back flushing 

sand/disk filter units prior to use can potentially lessen or remove the microbial layers of biofilm, 

if indeed these have formed.  

 How a production environment initially becomes contaminated with Salmonella is 

unknown.  Whether Salmonella is introduced into the environment as a transient contaminant, or 

if Salmonella is a resident contaminant that has found a harborage site with the ability to 

multiply and persist for years, is unclear.  The factors associated with a “shift” between transient 

to resident populations, if it occurs at all, are poorly characterized (59).  Flooding events can 

potentially introduce transient Salmonella populations into these farm environments, which may 

be evidenced by some of our results.  Further, personnel, wildlife and equipment can serve as 

potential vehicles for introduction of very diverse microflora into the environment (13).  The 

idea of transient contaminants may also explain the inconsistency in recovery of particular 

strains and the diversity of serotypes found within this study.  Data from this study provided 

evidence for the recurring association of Salmonella in tomato farm production environments, 

suggesting the occurrence of resident contaminants.  Essentially, once Salmonella were found in 

an agricultural water environmental niche, repeat isolation suggests persistence over time.  

Others have reported persistent populations of Salmonella from monthly irrigation (in 100% of 

the samples) and 73% (16/22) of sediment samples in GA and FL)agricultural production fields 
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(41).  Another study suggested that significant reservoirs of Salmonella populations exist in the 

surrounding farm environments of beef and dairy cattle, poultry operations, and particularly 

swine operations (52).  These farm environments may serve as the locations for the resident 

populations for produce farms.  This may also be the representation of resident environmental 

populations that co-persist and are in consistent competition between serovars for nutrients 

within the environment.  

 Salmonella serovars, Montevideo (Farm C) and Javiana (Farm A) were the only positives 

from tomato samples in August 2012 and 2014 respectively.  August may offer the right 

conditions (i.e., temperature, fruit maturity, etc.) for persistence or proliferation of Salmonella to 

a concentration that allows for detection.  No additional isolation of this serovars on other 

samples were evident for the entire study.  Further, this Salmonella serovars, Montevideo and 

Javiana, have been linked to previous outbreaks on tomatoes in the years of 2002, 2004, and 

2007 (Table 2.3) (31).  This may indicate a propensity of these serovars to survival internally and 

on tomato surfaces.  Specifically, it may been mean that these serovars of Salmonella have a 

particular affinity for tomatoes due to pH similarities between tomatoes and the human 

gastrointestinal tract as suggested by previous research (5, 24).  Salmonella is known to have 

tolerance to reduced pH and a broad temperature range for growth (24).  Tomatoes are generally 

considered to be a high acid fruit, with a pH below 4.6 and thus may provide an environment that 

mimics growth parameters of Salmonella.  Differences in ripeness and between tomato varieties 

have raised the question of whether these differences can play a role in survival of Salmonella 

(32, 11). 

 The ability to discriminate between Salmonella strains, either by serovar or more 

discriminately by molecular strain typing is essential for monitoring disease burdens, detecting 
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outbreaks specificity, and understanding microbial ecology.  Bioplex is a validated method using 

the specific antigenic formulas from the internationally recognized White-Kauffmann-Le minor 

scheme (27); however it is limited to the top 100 serovars of clinical interest (27).  Supplemental 

publications, the latest dated 2010, offer characterization of 63 new Salmonella serovars and new 

variants (34).  With a prediction frequency of 86% (148/172) for the recovered isolates, it would 

appear that the tomato growing environment is hospitable to many common Salmonella 

serotypes of clinical relevance.  However, with over 2400 Salmonella serovars, many of which 

are poorly characterized, it is difficult to know how much mis-identification may occur.   From 

the Mid-Atlantic tomato farm study, some serotype specificity to environmental niches and 

potentially to season was reported (43).  For instance, in soils, S. Typhimurium were solely 

identified during the winter months while a variety of serovars including Javiana, Newport, Lille, 

Tennessee, and Braenderup were isolated from water samples during the summer and fall months 

(43).  Interestingly, our study also demonstrated transient and reoccurring isolation of Salmonella 

serovars and suggests that seasonal variations can favor one serotype.  This is suggestive of an 

established environmental population that can co-exist and may have competitive advantage over 

other serovars.   

 Even though CDC is moving towards culture-independent diagnostic tests (CIDTs) (16), 

PFGE has remained the “gold standard” for genotyping foodborne bacterial pathogens (51).  It is 

ideal to have a rapid method, as with the PCR prescreening that were done in this study, for 

detection.  The disadvantage of CIDTs, like PCR, is the absence of a viable culture for further 

phenotyping, serotyping, or strain banking analysis (16).  Comparison to PulseNet, the national 

repository database of PFGE patterns allows for robust serotype predictions of the isolates based 

upon the largest national database of Salmonella, containing over 500,000 entries based upon 
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foodborne outbreaks and clinical isolates (15).  PulseNet PFGE predictions also assign pattern 

numbers for isolates to reference against other outbreak strains.  The FDA Produce Safety Rule 

cautions that relying on outbreak data would be insufficient to protect public health because 

many foodborne illnesses are not linked to an outbreak and the patterns of outbreaks associated 

with produce commodities change over time (61).  Nonetheless, comparison with PulseNet 

showed that 71% (122/172) of environmental isolates were identified to Salmonella serotypes.  

In our study; 53% (92/172) of the isolates had 16 unique PFGE patterns that matched clinically 

relevant Salmonella serotypes that have been linked to clusters of illnesses or previous outbreaks.  

Thus, this study provides data that proves the similarity of naturally-occurring environmental NC 

tomato production isolates to clinically significant Salmonella serovars, although the 

epidemiological significance of this is unknown.  

With two exceptions, the serovars found within the stream surface waters were also found 

in the stream sediments.  These serovars included Hartford, Newport, Paratyphi B, Subspecies 

IV, Typhimurium, and isolates not defined by PulseNet.  Of interest are the isolates also found 

within the irrigation systems which include Newport, Paratyphi B (monophasic), Typhimurium, 

and a “not defined” category by PulseNet.  This represents a potential continuum within the 

water production system; isolates were recovered from the water sources, sediment and within 

the irrigation distribution system.  It also supports the capacity of Salmonella spp. to infiltrate 

and persist in tomato water systems and may indicate particular serotype adaptability within 

distinctive environmental conditions mimicked in the production environments.  Intriguingly, 

some serovars were only found in one environmental sample source, i.e., Montevideo and 

Javiana on tomatoes.  While these tomato fruit positive samples originated in different years 

(2012 and 2014) and farms (Farm A and C), these serovars were only recovered on tomatoes and 
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not tied to any recognized environmental niches, nor were they linked to any known outbreaks or 

human cases of disease.      

 This study points to several significant considerations for NC tomato production systems.  

The first is that Salmonella spp. have been found to be present in these production environments, 

including clinically relevant serotypes.  This, despite the fact that no outbreaks associated with 

tomatoes grown in NC have yet occurred.  The second major finding is evidence for the diversity 

of Salmonella serovars found in the tomato production environment and the potential 

environmental niches that can serve as targeted areas for monitoring and management decisions 

on the farm.  Certainly, the importance of water and sediment as a source for Salmonella 

contamination of fruit cannot be ignored.  

 While the objectives of this study were accomplished, further targeted research is 

merited.  For instance, while we identified the environmental niches, the original sources of that 

contamination are unknown.  Nor is the significance to public health of the nine different 

Salmonella serovars identified.  Noteworthy, knowledge gaps exist regarding the types of 

interactions that allow a human pathogen to invade a non-human host, such as tomatoes.  The 

myriad of factors that might impact persistence, proliferation, and/or movement of Salmonella 

within the production environment are virtually unknown.   

The findings of this study offer opportunities for research that will aid in the development 

of best management practices.  For instance, our results indicate the need for further 

investigation into distribution systems for production waters.  Different filtering systems (sand 

vs. disk), types of distribution lines (blue “lay flat” vs. aluminum vs. black drip tape), ground 

treatments (plasticulture vs. bare ground), and pressure (psi) within the system could all play a 

potential role for remediation of Salmonella contamination of surface water sources and possibly 
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sediment.  As water sources have proven to provide a substantive niche for Salmonella, it would 

be important to understand more about the dynamics of Salmonella in water basins.  For 

example, the potential to use ponds for settling sediment prior to pumping into the production 

fields could provide a potential risk management strategy, if it proved to be applicable across 

large-scale vegetable production systems.  The use of bio-control microorganisms that provide 

protection by outcompeting Salmonella is another potential mitigation.  

This 3-year longitudinal study provides a wealth of field collected data on the natural (i.e. 

not inoculated) prevalence of Salmonella in tomatoes, a pathogen-produce pair previously linked 

to human outbreaks of disease, albeit from product originating from a different growing region.  

Salmonella serovar. Newport, which has historically been associated with these outbreaks, 

accounted for12% (21/172) of the isolates and was found predominantly in water samples in this 

study.  In these cases, the recurring tomato outbreak PFGE pattern, JJPX01.0061, was not 

identified to any of the NC production environment samples.  It should be noted that alignment 

of Salmonella serovars to niche-specific locations is difficult; from this study, the majority of 

isolates were found in association with water and the highest diversity of serovars was found in 

stream sediment samples.  As the federal regulations move produce growers towards prevention-

based food safety measures, this study provides identification of tomato production 

environmental niches significantly associated with recovery of Salmonella spp.  Thus, these 

findings provide growers with the priority areas of water, sediment and irrigation waters to apply 

focused assessment and management of Salmonella in commercial tomato production 

environments.  Importantly, this study shows that the presence and harborage of Salmonella 

differs by farm. Thus, location specific data is imperative.  This study is one of the first 

environmental studies to provide quantitative data for NC tomato production systems.  Future 
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work should focus on different regions, produce items, and refined source tracking to further 

elucidate prevalence, modes, and patterns of Salmonella contamination in fresh produce growing 

environments, which in turn can be translated into relevant approaches to prevent contamination 

in the future.  
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Figure 4.1: Detection of Salmonella in environmental samples with a culture-dependent method 

using a modified FDA- BAM method and a proof of concept molecular qPCR method for NC 

Farms for the three-year longitudinal study for Years of 2012 – 2014.  
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Figure 4.2: Temporal and monthly prevalence of the total samples (n=1548) taken, unique 

samples (n=57) positive for Salmonella and the corresponding isolates (n=172) that were 

obtained from three farm locations within the NC tomato production system study (July 2012-

September 2014).   
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Type of Sample Number of Unique Samples 
Taken 

Total 
Number of 
Samples 
Taken  

Prevalence of 
Unique Sample 

Salmonella Positives 
(percentage) 

Salmonella 
positive 

Salmonella 
negative 

Tomato 7 918 925 0.8 % (7/925) 
Native Vegetation 0 222 222 0 % (0/222) 
Farm Soil 1 131 132 0.8 % (1/132) 
Other – goose feces 0 10 9 0 % (0/9) 
Surface Source Water 23 63 89 26 % (23/89) 
Sediment 18 48 66 27 % (18/66) 
Irrigation 8 99 105 8 % (8/105) 
Total 57 1491 1548 3.7 % (57/1548) 

 

Figure 4.3: Environmental samples (n=1548) identified by sample type (n=7) and Salmonella 

isolation results (+/-) from unique samples taken during years 2012-2014. 
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Figure 4.4: Temporal depiction of yearly number of Salmonella positives recovered from unique 

samples (n=57) taken on three NC farm locations across collection years of 2012-2014. 
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                                                                                    Months 
 
Figure 4.5: Frequency for unique sample positives for Salmonella spp. (n=57) recovered from 

three farm locations by month (June a  – September) for individual years (2012 – 2014) and 

cumulative for the three years.  

a June 2012 no samples taken as research tomato study being established. 
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Figure 4.6: Frequency of Salmonella Serotypes Identified by Bioplex from NC Tomato 

Environmental Isolates (n=172) –July 2012 - September 2014.  
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Figure 4.7:  Frequency of aggregate PulseNet PFGE-predicted Salmonella serotypes identified 

from NC tomato environmental isolates (n=172) –July 2012 - September 2014.  
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Figure 4.8: Salmonella serotypes predicted by PulseNet PFGE recovered isolates (n =172) 

displayed by month cumulatively across years 2012 – 2014. 

A. June (n=23); B. July (n=45); C. August (n=57); and D. September (n=47). 
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a Samples taken in June 2013 and 2014 only.  
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11% (5/45)

Hartford                      
11% (5/45)

Newport
7% (3/45)

Subspecies IV
13% (6/45)

Typhimurium
9% (4/45)

B. July Isolates (n=45) for 2012-2014
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Not Defined
16% (9/57)

Berta
2% (1/57)

Javiana
21% (12/57)

Montevideo     
9% (5/57)

Newport
16% (9/57)

Paratyphi B     
24% (14/57)

Subspecies IV
9% (5/57)

Typhimurium              
3% (2/57)

C. August Isolates (n = 57) for 2012 - 2014

Not Defined
19% (9/47)

Hartford             
6% (3/47)

Newport
9% (4/47)

Paratyphi B
45% (21/47)

Subspecies IV
19% (9/47)

Typhimurium
2% (1/47)

D. September Isolates (n=47) for 2012-2014
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Tables 

Table 4.1:  Determinate tomato fruit type, days to maturity, disease resistance a, seed company, 

and year (s) used in field study.  

 

Tomato 

Cultivars 

 

Fruit type/size, 

days to maturity 

 

Disease 

resistance a 

 

Seed Company 

& Location 

 

Year used in 

study/Farm  

  

Amelia VR Large, 75 days TSWV; F1, 2, 3 

 

Harris Moran, 

Davis CA 

2013/A, B, C 

2014/A, B, C 

Charger Large, 72-82 

days 

A; F 0-2; V; 

GLS; TYLC. 

Johnny’s 

Selected Seeds, 

Fairfield MI 

2012/A 

2012/C 

Florida 47 Large, 75 days A; F1-2; GLS; 

V. 

Harris Moran, 

Davis CA 

2012/B 

Sunleaper Large, 69-80 

days 

V; F1-2  2012/A 

 

a A: Alternaria stem canker (Alternaria alternata f.sp. lycopersici) (Fungal); TSWV: Tomato 

Spotted Wilt Virus (Virus); F: Fusarium wilt; 0,1, 2, 3 races (Fusarium oxysporum f.sp. 

lycopersici races 1, 2, 3) (Fungal);  V: Verticillium wilt (Verticillium albo-

atrom and Verticillium dahliae race 1) (Fungal);  GLS: gray leaf spot (Sylium solani) (fungal);  

TYLC: tomato yellow leaf curl virus (Virus). 
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Table 4. 2: Sampling plan for 2012-2014 (n = 1548) of NC tomato production systems for 

Salmonella spp. in three farm locations. 

 
 

Sample type  Sample Composition 
Sample Size and  

Sample Processing Size 

Production fields-         soil, 

vegetation,  

fecal, and tomato 

Farm soil,   

Between rows & under 

plastic 

Composite of 10 augers cores, 

mixed, and 75 to 100 g sample 

analyzed 

Native Vegetation,  

Around field & water 

sources 

Composite of 10 native vegetation 

samples  

Fecal: Goose feces 
Composite of up to 10 samples  (if 

available) 

Tomato fruit Composite of 20 lbs. of tomatoes 

Tomato blossoms 

Composite of 10 samples of 

blossom clusters with 5-10 

blossoms per cluster 

Tomato leaves and 

stems 

Composite of 10 tomato leaves 

with 10 leaves and stems per 

sample 

Production Waters - Source 

water, irrigation water 

and sediments 

Surface water sources 

(Ponds/streams) 

40 liters of source water, 

concentrated by continuous flow 

centrifugation down to 25 ml 
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Table 4. 2: (continued). 

a 1 L collected before sand filter on farm A.  On farms A and B after sand filter, 1 L collected 

during 2012-2013; in 2014, 40 L were collected excepting Aug. with 20 L collected and 

concentrated by continuous flow centrifugation down to 25 ml.  

b At farm C, in 2014, 1 L collected during 2013 (Aug. – Sept.); 40 L collected excepting Aug 

with 20 L collected after disk filter and concentrated by continuous flow centrifugation down 

to 25 ml.  

 

Irrigation water  

    sand filter a 

    after disk filter b 

    end of drip tape  

1 liter of water, filtered through 

0.45 µm filter  

 

Irrigation, swab of 

filtration unit 
Swab of back flush of sand filter 

Sediment (under water 

sources)  

Composite of 10 auger cores, 

mixed, and 75 to 100 g sample 

analyzed 
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Table 4.3: Prevalence, origins, and relative frequency of Salmonella spp. recovered from 

environmental samples from farms A – C for years 2012 - 2014 (n=1548). 

Sample Type 

Total 

No. of  

Unique 

Sample 

Positives 

Total No.          

of            

Isolates 

Total 

No. of         

Samples 

Taken 

Relative Frequency 

Unique Sample 

Positives/ Total 

samples 

Production Fields 

Tomato a 7 17 925 0.8% 

Leaves & stems * * 142 0% 

Blossom * * 33 0% 

Fruit  7 17 750 0.8% 

Native Vegetation b * * 222 0% 

Farm Soil 1 4 132 0.8% 

Between rows 1 4 66 0.8% 

Under plastic * * 66 0% 

Other: Fecal (goose) * * 9 0% 

Production Waters: Surface Source Water, Irrigation Water and Sediment 

Surface source water 23 71 89 25.8% 

Pond 2 5 44 4.6% 

Stream 21 66 45 46.7% 

Sediment (under water) 18 52 66 27% 

Pond * * 22 0% 
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Table 4.3: (continued). 
 

Stream 18 52 44 40.9% 

Irrigation 8 28 105 7.6% 

Before sand filter c * * 7 0% 

After sand filter d 0 0 20 0% 

After disk filter e 4 10 10  40% 

End of drip  3 17 34 8.8% 

Swab 1 1 34 2.9% 

Total  57 172 1548 3.7% 

a Tomato fruit quartered and mixed (n= 510, positive samples n = 5, August 2014 at farm A;  

surface isolation (n=120, positive sample n=1, August 2012 at farm C;  internalization samples 

(n=120, positive sample n=1, August 2012 at farm C. 

b Native vegetation includes native vegetation around ponds (n=90), around streams ( n=3) and 

around tomato fields n= 129). 

c On farm A samples taken in 2012 (July – Sept,) and 2013 (June – Sept.) 

d On farms A and B, 1 Liter samples (n = 4) taken during 2013 (Aug.-Sept.); in 2014, 40 Liter 

samples (n=14) taken (June, July and Sept.); 20L samples (n=2) in Aug. 

e On farm C, 1 Liter samples (n = 2) taken during 2013 (Aug.-Sept.); in 2014, 40 Liter samples 

(n=6) taken (June – Sept. ); 20L samples (n=2) in Aug. 
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Table 4.4: Unique sample positive for Salmonella spp. (n=57) with associated isolates recovered from FDA - BAM methods (n=172) 

and PulseNet-PFGE predicted serotypes from a 3-year longitudinal study for NC tomato production environment. 

PFGE 
Predicted 
Serotype 

Field 
Sample Farm Year Month Sample name/type 

Unique 
Sample 

No. 

Total No. of 
isolates per 

PFGE 
Predicted 
Serotype 

Agona                                                                              C450 C 2012 July Sediment stream 1 5 
Berta B300 B 2012 August Sediment stream 1 1 
Hartford              B261 B 2012 September Water stream 3 8 
 B300 B 2012 July Sediment stream   
 B301a B 2012 July Sediment stream   
Javiana A107 A 2014 August Tomato quarter 5 12 
 A109 A 2014 August Tomato quarter   
 A112 A 2014 August Tomato quarter   
 A3 A 2014 August Tomato quarter   
 A6 A 2014 August Tomato quarter   
Montevideo      C609 C 2012 August Tomato internal 2 5 
 C608 C 2012 August Tomato surface    
Newport C421 C 2013 July Water stream 11 21 
 C451d C 2013 September Sediment stream   
 B260f B 2014 July Water stream   
 C780h C 2014 July Irrigation 40 L after disk filter   
 C451 C 2014 August Sediment stream   
 C780 C 2014 August Irrigation 40 L after disk filter   
 C451b C 2013 June Sediment stream   
 C450c C 2013 September Sediment stream   
 C450 C 2013 June Sediment stream   
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Table 4.4: (continued). 
 
 C451b C 2013 June Sediment stream   
 C421 C 2013 August Water stream   
Not Defined A101 A 2012 July Water pond 21 50 
 B301a B 2012 July Sediment stream   
 B260 B 2012 August Water stream   
 B261 B 2012 August Water stream   
 B300 B 2012 September Sediment stream   
 B301 B 2012 September Sediment stream   
 B221 B 2013 July Farm soil between rows   
 B270 B 2013 July Water pond    
 C420 C 2014 June Water stream   
 C430 C 2014 June Irrigation 1 L at end of drip    
 B260f B 2014 July Water stream   
 B261 B 2014 July Water stream   
 B300 B 2014 July Sediment stream   
 B301 B 2014 July Sediment stream   
 C420g C 2014 July Water stream   
 C450 C 2014 July Sediment stream   
 C451 C 2014 July Sediment stream   
 C780h C 2014 July Irrigation 40 L  after disk filter   
 B301 B 2014 August Sediment stream   
 C420 C 2014 August Water stream   
 B301e B 2014 September Sediment stream   
Paratyphi B C451d C 2013 September Sediment stream 10 36 
 B301e B 2014 September Sediment stream   
 C451b C 2013 June Sediment stream   
 C780 C 2013 September Irrigation 1 L after sand filter   
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Table 4.4: (continued). 
 
 B301 B 2012 August Sediment stream   
 C420 C 2012 August Water stream   
 C421 C 2012 August Water stream   
 C430 C 2013 September Irrigation 1 L at end of drip    
 C420 C 2013 September Water stream   
 C450c C 2013 September Sediment stream   
Subspecies IV B260 B 2012 July Water stream 6 20 
 B261 B 2012 July Water stream   
 B301a B 2012 July Sediment stream   
 B261 B 2013 August Water stream   
 B260 B 2013 September Water stream   
 B261 B 2013 September Water stream   
Typhimurium C420 C 2013 June Water stream 8 14 
 C421 C 2013 June Water stream   
 C450c C 2013 September Sediment stream   
 B290 B 2014 June Irrigation swab    
 C420g C 2014 July Water stream   
 C781 C 2014 July Irrigation 40 L after disk filter   
 B261 B 2014 June Water stream   
 C430 C 2014 August Irrigation 1 L at end of drip   
a B301 samples from July 2012 is one unique sample that includes isolates identified as Harford ( n=1), Subspecies IV (n=1) and 
not defined ( n=2) serotypes.  
b C451 sample from June 2013 is one unique sample that include isolates identified as Newport ( n=2) and Paratyphi B (n=1) 
serotypes.  
c C450 sample from September 2013 is one unique sample that include isolates identified as Newport (n=2), Typhimurium ( n=1) 
and Paratyphi B (n=2) serotypes.  
d C451 sample from September 2013 is one unique sample that include isolates identified as Newport (n=2) and Paratyphi B (n=3) 
serotypes.  
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Table 4.4: (continued). 
 
e B301 sample from September 2014 is one unique sample that include isolates identified as Paratyphi B (n=2) and not defined 
(n=3) serotypes.  
f B260 sample from July 2014 is one unique sample that include isolates identified as Newport (n=1) and not defined (n=1) 
serotypes.  
g C420 sample from July 2014 is one unique sample that include isolates identified as Newport (n=1) and not defined (n=1) 
serotypes. 
h C780 sample from July 2014 is one unique sample that include isolates identified as Newport (n=1) and not defined (n=1) 
serotypes.  
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Table 4.5: Diversity among serovars in unique samples from Farm B and C locations within the 

NC tomato environmental samples for July 2012 – September 2014.   

Unique 

Sample 

No.  

No. of 

isolates 

Farm Year Month PFGE Predicted 

Serotype  

Sediment stream 

B301 1 B 2012 July Hartford                                                                                                    

 1 B 2012 July Subspecies IV 

 2 B 2012 July Not Defined 

C451 2 C 2013 June Newport                               

 1 C 2013 June Paratyphi B  

C450 2 C 2013 September Newport  

 1 C 2013 September Typhimurium 

 2 C 2013 September Paratyphi B                               

C451 2 C 2013 September Newport 

 3 C 2013 September Paratyphi B 

B301 3 B 2014 September Not Defined 

 2 B 2014 September Paratyphi B 

Water stream 

B260 1 B 2014 July Newport 

 1 B 2014 July Not Defined 

C420 2 C 2014 July Not Defined 
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Table 4.5: (continued). 
 
 2 C 2014 July Typhimurium 

 

Irrigation 40 L after disk filter 

C780 1 C 2014 July Newport 

 1 C 2014 July Not Defined 
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Table 4.6: PFGE –predicted Salmonella serotypes identified using PFGE with XbaI digestion for NC tomato environmental samples 

for July 2012 – September 2014a.   

 
 

Year Month Farm Sample location PFGE 
Serotype 

PFGE 
Pattern 

Frequency 

2012 July B Sediment stream Hartford JHAX01.0010 5 
 

July B Sediment stream Not Defined JIXX01.1125 1 
 

July C Sediment stream Agona JABX01.0021 5 
 

August B Sediment stream Berta JAXX01.0002 1 
 

August B Sediment stream Paratyphi B JKXX01.0059 3 
 

August C Water stream Paratyphi B JKXX01.0059 11 
 

August C Tomato internalized Montevideo JIXX01.0987 3 
 

September B Water stream Hartford JHAX01.0010 3 

2013 June C Sediment stream Newport JJPX01.0003 5 
 

June C Sediment stream Paratyphi B JKXX01.0201 1 
 

June C Water stream Typhimurium JPXX01.1017 4 
 

July C Water stream Newport JJPX01.0003 1 
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Table 4.6: (continued).  
  

August C Water stream Newport JJPX01.1047 6 
 

September C Sediment stream Newport JJPX01.1047 4 
 

September C Sediment stream Paratyphi B JKXX01.0201 5 
 

September C Irrigation 1 L- disk Paratyphi B JKXX01.0201 11 
 

September C Water stream Paratyphi B JKXX01.0201 3 
 

September C Sediment stream Typhimurium JPXX01.0359 1 

2014 July B Water stream Not Defined JJPX01.0119 1 
 

July B Sediment stream Not Defined JLPX01.0348 1 
 

July C Irrigation 40 L – disk Typhimurium JPXX01.1054 2 
 

August A Tomato fruit Javiana JGGX01.0036 10 
 

August C Irrigation 40 L-EOD Newport JJPX01.0003 1 
 

August C Sediment stream Newport JJPX01.0003 2 
 

September B Sediment stream Paratyphi B JKXX01.0059 2 

a Of the 172 isolates obtained, 92 have PFGE patterns and frequency assigned; 80 isolates did not have matching PFGE-
PulseNet patterns and have new unique (internal) PFGE patterns not seen before.    
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Table 4.7: Summary of Salmonella serotypes predicted by PulseNet PFGE pattern comparisons from environmental sample isolates 

(n=172) associated with NC tomato production farms from 2012 – 2014. 

 
PFGE 

Predicted 

Serotype 

Soil Tomato 

Fruit 

Water Source Sediment Irrigation Frequency of 

Serotypes 

Between 

rows 

Quartered Surface Internal Stream Pond Stream Swab 

a 

After 

disk 

filter b 

End 

of 

Drip 

c 

*No. of Isolates/   

Total No. of 

Positive Isolates 

Agona 
      

5 
   

2.9%     (5/172) 

Berta 
      

1 
   

0.6%      (1/172) 

Hartford 
    

3 
 

5 
   

4.7%     (8/172) 

Javiana 
 

12 
        

7.0%     (12/172) 

Montevideo 
  

2 3 
      

3%        (5/172) 

Newport 
    

8 
 

11 
 

2 
 

12.2%   (21/172) 

Not defined 4 
   

14 5 17 
 

1 9 29.1%  (50/172) 

Paratyphi B 
    

14 
 

11 
 

5 6 20.9%  (36/172) 
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Table 4.7: (continued).  
 
Subspecies IV 

    
19 

 
1 

   
11.6%  (20/172) 

Typhimurium 
    

8 
 

1 1 2 2 8%       (14/172) 

Total Isolates 4 12 2 3 66 5 52 1 10 17 172 

 
a Positive swab taken after sand filter on farm B in 2014 (June) 

b On farm C 1L samples taken to yield 5 isolates in 2013 (Sept.) for Paratyphi B; in 2014, 40 L samples taken to yield 1 isolate for 

Newport, 1 isolate not defined, and 2 isolates of Typhimurium in July; 20L samples taken to yield 1 Newport in Aug.  

c On farm C, 1 L samples yield isolates during 2013 (Sept.) and 2014 (June, Aug.)  
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Table 4.8: NC tomato production samples with Salmonella isolates recovered from farm A across the production months of July 

2012– September 2014 with PFGE patterns predictions.  

Month Year Sample No.  Tomato Water Source PFGE Predicted 

Serotype 

Quarter Pond   

July 2012 101 
 

2 Not defined 

August 2014 3, 6, 107,         

109, 112 

12 
 

Javiana 

Isolate Totals 
 

12 2 14 
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Table 4.9: NC tomato production samples with Salmonella isolates recovered from farm B across the production months of July 

2012– September from 2014 with PFGE patterns predictions. 

Month Year Sample 
No.  

Soil Water Source Sediment Irrigation PFGE 
Predicted 
Serotype Between      

rows 
Stream Pond Stream Swab after    

sand filter 
July 2012 260, 261 

 
5 

   
Subspp. IV 

July 2012 300, 301 
   

5 
 

Hartford 
July 2012 301 

   
1 

 
Subspp. IV 

July 2012 301 
   

2 
 

Not defined 
August 2012 260, 261 

 
6 

   
Not defined 

August 2012 300 
   

1 
 

Berta 
August 2012 301 

   
3 

 
Paratyphi B 

September 2012 261 
 

3 
   

Hartford 
September 2012 300, 301 

   
6 

 
Not defined 

July 2013 221 4 
    

Not defined 
July 2013 270 

  
3 

  
Not defined 

August 2013 261 
 

5 
   

Subspp. IV 
September 2013 260, 261 

 
9 

   
Subspp. IV 

June 2014 261 
 

2 
   

Typhimurium 
June 2014 290 

    
1 Typhimurium 

July 2014 260 
 

1 
   

Newport 
July 2014 260, 261 

 
3 

   
Not defined 

July 2014 300, 301 
   

3 
 

Not defined 
August 2014 301 

   
1 

 
Not defined 

September 2014 301 
   

3 
 

Not defined 
September 2014 301 

   
2 

 
Paratyphi B 

Isolate Totals   4 34 3 27 1 69 
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Table 4.10: NC tomato production samples with Salmonella isolates recovered from farm C across the production months of July 

2012– September 2014 with PFGE patterns predictions. 

 
Month Year Sample 

No. 
Tomato Water Source Sediment Irrigation PFGE 

Predicted 
Serotype 

Surface Internal Stream Stream After         
Disk 
Filter 

End of 
Drip Tape 

July 2012 450 
   

5 
  

Agona 
August 2012 420, 421 

  
11 

   
Paratyphi B 

August 2012 608 2 
     

Montevideo 
August 2012 609 

 
3 

    
Montevideo 

June 2013 420,421 
  

4 
   

Typhimurium 
June 2013 450,451 

   
5 

  
Newport 

June 2013 451 
   

1 
  

Paratyphi B 
July 2013 421 

  
1 

   
Newport 

August 2013 421 
  

6 
   

Newport 
September 2013 420 

  
3 

   
Paratyphi B 

September 2013 450, 451 
   

5 
  

Paratyphi B 
September 2013 450, 451 

   
4 

  
Newport 

September 2013 450 
   

1 
  

Typhimurium 
September 2013 780 

    
5 

 
Paratyphi B 

September 2013 430 
     

6 Paratyphi B 
June 2014 420 

  
1 

   
Not defined 

June 2014 430 
     

9 Not defined 
July 2014 420 

  
2 

   
Not defined 

July 2014 420 
  

2 
   

Typhimurium 
July 2014 450, 451 

   
2 

  
Not defined 
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Table 4.10: (continued).  
 
July 2014 780 

    
1 

 
Not defined 

July 2014 780 
    

1 
 

Newport 
July 2014 781 

    
2 

 
Typhimurium 

August 2014 451 
   

2 
  

Newport 
August 2014 420 

  
2 

   
Not defined 

August 2014 430 
     

2 Typhimurium 
August 2014 780 

    
1 

 
Newport 

Isolate Totals   2 3 32 25 10 17 89 
 
  



 
 

139 
 

Supplemental Table 4A: Unique samples (n=57) recovered from a 3-year longitudinal study for NC tomato production environment, 

the number of isolates recovered from associated sample numbers and the predicted serotype by pulsed field gel electrophoresis 

(PFGE) in comparison to PulseNet.  

 
Unique 
Sample 
No.  

No. of 
isolates 

Farm Year Month Sample name/type PFGE 
Predicted 
Serotype  

A101 2 A 2012 July Water pond Not Defined 
B260 4 B 2012 July Water stream Subspecies IV 
B261 1 B 2012 July Water stream Subspecies IV 
B300 4 B 2012 July Sediment stream Hartford                       
B301 1 B 2012 July Sediment stream Hartford                                                                                                    
B301 1 B 2012 July Sediment stream Subspecies IV 
B301 2 B 2012 July Sediment stream Not Defined 
C450 5 C 2012 July Sediment stream Agona                                                                              
B260 3 B 2012 August Water stream Not Defined 
B261 3 B 2012 August Water stream Not Defined 
B300 1 B 2012 August Sediment stream Berta 
B301 3 B 2012 August Sediment stream Paratyphi B      
C420 5 C 2012 August Water stream Paratyphi B      
C421 6 C 2012 August Water stream Paratyphi B      
C608 2 C 2012 August Tomato surface  Montevideo                
C609 3 C 2012 August Tomato internal Montevideo      
B261 3 B 2012 September Water stream Hartford              
B300 3 B 2012 September Sediment stream Not Defined 
B301 3 B 2012 September Sediment stream Not Defined 
C420 3 C 2013 June Water stream Typhimurium 
C421 1 C 2013 June Water stream Typhimurium 
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Supplemental Table 4A: (continued).  
 
C450 3 C 2013 June Sediment stream Newport                               
C451 2 C 2013 June Sediment stream Newport                               
C451 1 C 2013 June Sediment stream Paratyphi B  
B221 4 B 2013 July Farm soil between rows Not Defined 
B270 3 B 2013 July Water pond  Not Defined 
C421 1 C 2013 July Water stream Newport 
B261 5 B 2013 August Water stream Subspecies IV 
C421 6 C 2013 August Water stream Newport                                              
B260 5 B 2013 September Water stream Subspecies IV 
B261 4 B 2013 September Water stream Subspecies IV 
C420 3 C 2013 September Water stream Paratyphi B           
C430 6 C 2013 September Irrigation 1 L at end of drip  Paratyphi B      
C450 2 C 2013 September Sediment stream Newport  
C450 1 C 2013 September Sediment stream Typhimurium 
C450 2 C 2013 September Sediment stream Paratyphi B                               
C451 2 C 2013 September Sediment stream Newport 
C451 3 C 2013 September Sediment stream Paratyphi B 
C780 5 C 2013 September Irrigation 1 L after sand filter Paratyphi B     
B261 2 B 2014 June Water stream Typhimurium        
B290 1 B 2014 June Irrigation swab of filtration unit Typhimurium 
C420 1 C 2014 June Water stream Not Defined 
C430 9 C 2014 June Irrigation 1 L at end of drip  Not Defined 
B260 1 B 2014 July Water stream Newport 
B260 1 B 2014 July Water stream Not Defined 
B261 2 B 2014 July Water stream Not Defined 
B300 1 B 2014 July Sediment stream Not Defined 
B301 2 B 2014 July Sediment stream Not Defined 
C420 2 C 2014 July Water stream Not Defined 
C420 2 C 2014 July Water stream Typhimurium 
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Supplemental Table 4A: (continued).  
 
C450 1 C 2014 July Sediment stream Not Defined 
C451 1 C 2014 July Sediment stream Not Defined 
C780 1 C 2014 July Irrigation 40 L after disk filter Newport 
C780 1 C 2014 July Irrigation 40 L after disk filter Not Defined 
C781 2 C 2014 July Irrigation 40 L after disk filter Typhimurium 
A107 2 A 2014 August Tomato quarter Javiana 
A109 1 A 2014 August Tomato quarter Javiana 
A112 2 A 2014 August Tomato quarter Javiana 
A3 4 A 2014 August Tomato quarter Javiana 
A6 3 A 2014 August Tomato quarter Javiana 
B301 1 B 2014 August Sediment stream Not Defined 
C420 2 C 2014 August Water stream Not Defined 
C430 2 C 2014 August Irrigation 1 L at end of drip Typhimurium               
C451 2 C 2014 August Sediment stream Newport 
C780 1 C 2014 August Irrigation 40 L after disk filter Newport 
B301 3 B 2014 September Sediment stream Not Defined 
B301 2 B 2014 September Sediment stream Paratyphi B 
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Supplemental Table 4B: Salmonella serotype predictions from Bioplex and PFGE-PulseNet correlation for recovered isolates 

(n=172) from unique sample (n=57) positives in the NC tomato production environments. 

Unique 
Sample 
Positive 
No. 

Year Month Sample Location Bioplex 
prediction 

PFGE – 
PulseNet 

prediction 

Percent 
Correlation 

between 
prediction 
methods 

B221 2013 Jul Farm soil in rows Rubislaw Undetermined 0 

B221 2013 Jul Farm soil in rows Rubislaw Undetermined 0 

B221 2013 Jul Farm soil in rows Rubislaw Undetermined 0 

B221 2013 Jul Farm soil in rows Rubislaw Undetermined 0 

C430 2014 Aug Irrigation-1 L-drip  Undetermined Typhimurium               0 

C430 2014 Jun Irrigation-1 L-drip  Non-Type 1      Undetermined 0 

C430 2014 Jun Irrigation-1 L-drip  Give/Parkroyal    Undetermined 0 

C780 2014 Jul Irrigation-40 L-disk  Newport  Undetermined 0 

B301 2014 Aug Sediment stream Give or Parkroyal Undetermined 0 

B301 2012 Jul Sediment stream Give/Parkroyal                         Undetermined 0 

B301 2012 Jul Sediment stream Give/Parkroyal                         Undetermined 0 

B301 2012 Jul Sediment stream Non Type 1                    Subspecies IV 0 

C451 2014 Jul Sediment stream Give/Parkroyal  Undetermined 0 

B301 2014 Jul Sediment stream Give or Parkroyal Undetermined 0 
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Supplemental Table 4B: (continued).  
 
B301 2014 Jul Sediment stream Give/Parkroyal                   Undetermined 0 

C451 2013 Jun Sediment stream Undetermined Paratyphi B  0 

B300 2012 Sep Sediment stream Paratyphi B    Undetermined 0 

B300 2012 Sep Sediment stream Paratyphi B    Undetermined 0 

B300 2012 Sep Sediment stream Paratyphi B    Undetermined 0 

B301 2012 Sep Sediment stream Hartford                           Undetermined 0 

B301 2012 Sep Sediment stream Hartford                           Undetermined 0 

B301 2012 Sep Sediment stream Hartford                           Undetermined 0 

B301 2014 Sep Sediment stream Paratyphi B    Undetermined 0 

B301 2014 Sep Sediment stream Paratyphi B    Undetermined 0 

B301 2014 Sep Sediment stream Paratyphi B    Undetermined 0 

C608 2012 Aug Tomato surface  Redlands IIIb                   Montevideo                0 

A101 2012 Jul Water pond Non Type 1                    Undetermined 0 

A101 2012 Jul Water pond Non Type 1                    Undetermined 0 

B270 2013 Jul Water pond  IIIb Undetermined 0 

B270 2013 Jul Water pond  IIIb Undetermined 0 

B270 2013 Jul Water pond  IIIb Undetermined 0 

B261 2012 Aug Water stream Redlands IIIb           Undetermined 0 
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Supplemental Table 4B: (continued).  
 
B260 2012 Aug Water stream Redlands IIIb           Undetermined 0 

B260 2012 Aug Water stream Redlands IIIb           Undetermined 0 

B260 2012 Aug Water stream Redlands IIIb           Undetermined 0 

B261 2012 Aug Water stream Redlands IIIb           Undetermined 0 

B261 2012 Aug Water stream Give/Parkroyal  Undetermined 0 

C421 2012 Aug Water stream Redlands IIIb                         Paratyphi B      0 

B261 2013 Aug Water stream Undetermined Subspecies IV 0 

B261 2013 Aug Water stream Undetermined Subspecies IV 0 

B261 2013 Aug Water stream Undetermined Subspecies IV 0 

B261 2013 Aug Water stream Undetermined Subspecies IV 0 

C420 2014 Aug Water stream Typhimurium Undetermined 0 

C420 2014 Aug Water stream Typhimurium                        Undetermined 0 

B260 2012 Jul Water stream Non Type 1                    Subspecies IV 0 

B260 2012 Jul Water stream Non Type 1                    Subspecies IV 0 

B260 2012 Jul Water stream Non Type 1                    Subspecies IV 0 

B260 2012 Jul Water stream Non Type 1                    Subspecies IV 0 

B261 2012 Jul Water stream Non Type 1                    Subspecies IV 0 

B260 2014 Jul Water stream Drogana                                Undetermined 0 
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Supplemental Table 4B: (continued).  
 
C420 2014 Jul Water stream Give/Parkroyal                  Undetermined 0 

C420 2014 Jul Water stream Give/Parkroyal                  Typhimurium 0 

C420 2014 Jul Water stream Give/Parkroyal                  Typhimurium 0 

C420 2014 Jul Water stream Give/Parkroyal                  Undetermined 0 

B261 2014 Jul Water stream Give/Parkroyal  Undetermined 0 

B261 2014 Jul Water stream Give/Parkroyal                   Undetermined 0 

C420 2014 Jun Water stream Non-type I Undetermined 0 

B260 2013 Sep Water stream Undetermined Subspecies IV 0 

B260 2013 Sep Water stream Undetermined Subspecies IV 0 

B260 2013 Sep Water stream Undetermined Subspecies IV 0 

B260 2013 Sep Water stream Undetermined Subspecies IV 0 

B260 2013 Sep Water stream Undetermined Subspecies IV 0 

B261 2013 Sep Water stream Undetermined Subspecies IV 0 

B261 2013 Sep Water stream Undetermined Subspecies IV 0 

B261 2013 Sep Water stream Undetermined Subspecies IV 0 

B261 2013 Sep Water stream Undetermined Subspecies IV 0 

B290 2014 Jun Irrigation swab  Typhimurium Typhimurium 100 

C780 2013 Sep Irrigation-1 L-disk Paratyphi B    Paratyphi B     100 
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Supplemental Table 4B: (continued).  
 
C780 2013 Sep Irrigation-1 L-disk Paratyphi B    Paratyphi B     100 

C780 2013 Sep Irrigation-1 L-disk Paratyphi B    Paratyphi B     100 

C780 2013 Sep Irrigation-1 L-disk Paratyphi B    Paratyphi B     100 

C780 2013 Sep Irrigation-1 L-disk Paratyphi B    Paratyphi B     100 

C430 2014 Aug Irrigation-1 L-drip  Typhimurium                            Typhimurium               100 

C430 2014 Jun Irrigation-1 L-drip  Undetermined Undetermined 100 

C430 2014 Jun Irrigation-1 L-drip  Undetermined Undetermined 100 

C430 2014 Jun Irrigation-1 L-drip  Undetermined Undetermined 100 

C430 2014 Jun Irrigation-1 L-drip  Undetermined Undetermined 100 

C430 2014 Jun Irrigation-1 L-drip  Undetermined Undetermined 100 

C430 2014 Jun Irrigation-1 L-drip  Undetermined Undetermined 100 

C430 2014 Jun Irrigation-1 L-drip  Undetermined Undetermined 100 

C430 2013 Sep Irrigation-1 L-drip  Paratyphi B    Paratyphi B      100 

C430 2013 Sep Irrigation-1 L-drip  Paratyphi B    Paratyphi B      100 

C430 2013 Sep Irrigation-1 L-drip  Paratyphi B    Paratyphi B      100 

C430 2013 Sep Irrigation-1 L-drip  Paratyphi B    Paratyphi B      100 

C430 2013 Sep Irrigation-1 L-drip  Paratyphi B    Paratyphi B      100 

C430 2013 Sep Irrigation-1 L-drip  Paratyphi B    Paratyphi B      100 
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Supplemental Table 4B: (continued).  
 
C780 2014 Aug Irrigation-40 L-disk  Newport Newport 100 

C780 2014 Jul Irrigation-40 L-disk  Newport                                 Newport 100 

C781 2014 Jul Irrigation-40 L-disk  Typhimurium            Typhimurium 100 

C781 2014 Jul Irrigation-40 L-disk  Typhimurium Typhimurium 100 

B300 2012 Aug Sediment stream Berta Berta 100 

B301 2012 Aug Sediment stream Paratyphi B              Paratyphi B      100 

B301 2012 Aug Sediment stream Paratyphi B              Paratyphi B    100 

B301 2012 Aug Sediment stream Paratyphi B              Paratyphi B    100 

C451 2014 Aug Sediment stream Newport                        Newport 100 

C451 2014 Aug Sediment stream Newport                        Newport 100 

B300 2012 Jul Sediment stream Hartford                       Hartford                       100 

B300 2012 Jul Sediment stream Hartford                       Hartford                       100 

B300 2012 Jul Sediment stream Hartford                       Hartford                       100 

B300 2012 Jul Sediment stream Hartford                       Hartford                       100 

B301 2012 Jul Sediment stream Hartford                          Hartford                                                                                                    100 

C450 2012 Jul Sediment stream Agona                                           Agona                                                                              100 

C450 2012 Jul Sediment stream Agona Agona 100 

C450 2012 Jul Sediment stream Agona Agona 100 
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Supplemental Table 4B: (continued).  
 
C450 2012 Jul Sediment stream Agona Agona 100 

C450 2012 Jul Sediment stream Agona Agona 100 

B300 2014 Jul Sediment stream Undetermined Undetermined 100 

C450 2014 Jul Sediment stream Undetermined                                               Undetermined 100 

C450 2013 Jun Sediment stream Newport  Newport                               100 

C450 2013 Jun Sediment stream Newport  Newport                               100 

C450 2013 Jun Sediment stream Newport  Newport                               100 

C451 2013 Jun Sediment stream Newport                                           Newport                               100 

C451 2013 Jun Sediment stream Newport  Newport  100 

C450 2013 Sep Sediment stream Paratyphi B    Paratyphi B                               100 

C450 2013 Sep Sediment stream Newport       Newport  100 

C450 2013 Sep Sediment stream Paratyphi B    Paratyphi B  100 

C450 2013 Sep Sediment stream Typhimurium    Typhimurium 100 

C450 2013 Sep Sediment stream Newport Newport 100 

C451 2013 Sep Sediment stream Paratyphi B    Paratyphi B 100 

C451 2013 Sep Sediment stream Newport Newport 100 

C451 2013 Sep Sediment stream Paratyphi B    Paratyphi B 100 

C451 2013 Sep Sediment stream Newport Newport 100 
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Supplemental Table 4B: (continued).  
 
C451 2013 Sep Sediment stream Paratyphi B    Paratyphi B 100 

B301 2014 Sep Sediment stream Paratyphi B    Paratyphi B 100 

B301 2014 Sep Sediment stream Paratyphi B    Paratyphi B 100 

A3 2014 Aug Tomato fruit Javiana                                           Javiana 100 

A3 2014 Aug Tomato fruit Javiana                                           Javiana 100 

A3 2014 Aug Tomato fruit Javiana                                           Javiana 100 

A3 2014 Aug Tomato fruit Javiana                                           Javiana 100 

A6 2014 Aug Tomato fruit Javiana                                   Javiana 100 

A6 2014 Aug Tomato fruit Javiana                                   Javiana 100 

A6 2014 Aug Tomato fruit Javiana                                   Javiana 100 

A107 2014 Aug Tomato fruit Javiana                              Javiana 100 

A107 2014 Aug Tomato fruit Javiana                              Javiana 100 

A109 2014 Aug Tomato fruit Javiana Javiana 100 

A112 2014 Aug Tomato fruit Javiana                            Javiana 100 

A112 2014 Aug Tomato fruit Javiana                            Javiana 100 

C609 2012 Aug Tomato internal Montevideo                              Montevideo      100 

C609 2012 Aug Tomato internal Montevideo Montevideo 100 

C609 2012 Aug Tomato internal Montevideo Montevideo 100 
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Supplemental Table 4B: (continued).  
 
C608 2012 Aug Tomato surface  Montevideo Montevideo 100 

C420 2012 Aug Water stream Paratyphi B              Paratyphi B      100 

C420 2012 Aug Water stream Paratyphi B              Paratyphi B 100 

C420 2012 Aug Water stream Paratyphi B              Paratyphi B 100 

C420 2012 Aug Water stream Paratyphi B              Paratyphi B 100 

C420 2012 Aug Water stream Paratyphi B              Paratyphi B 100 

C421 2012 Aug Water stream Paratyphi B    Paratyphi B   100 

C421 2012 Aug Water stream Paratyphi B    Paratyphi B   100 

C421 2012 Aug Water stream Paratyphi B    Paratyphi B   100 

C421 2012 Aug Water stream Paratyphi B    Paratyphi B   100 

C421 2012 Aug Water stream Paratyphi B    Paratyphi B   100 

C421 2013 Aug Water stream Newport   Newport   100 

C421 2013 Aug Water stream Newport   Newport   100 

B261 2013 Aug Water stream Subspecies IV Subspecies IV 100 

C421 2013 Aug Water stream Newport                                Newport                                              100 

C421 2013 Aug Water stream Newport   Newport   100 

C421 2013 Aug Water stream Newport   Newport   100 

C421 2013 Aug Water stream Newport   Newport   100 
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Supplemental Table 4B: (continued).  
 
C421 2013 Jul Water stream Newport Newport 100 

B260 2014 Jul Water stream Newport Newport 100 

C420 2013 Jun Water stream Typhimurium        Typhimurium 100 

C420 2013 Jun Water stream Typhimurium Typhimurium 100 

C420 2013 Jun Water stream Typhimurium Typhimurium 100 

C421 2013 Jun Water stream Typhimurium Typhimurium 100 

B261 2014 Jun Water stream Typhimurium                         Typhimurium        100 

B261 2014 Jun Water stream Typhimurium                         Typhimurium        100 

B261 2012 Sep Water stream Hartford                                             Hartford              100 

B261 2012 Sep Water stream Hartford                                             Hartford              100 

B261 2012 Sep Water stream Hartford                                             Hartford              100 

C420 2013 Sep Water stream Paratyphi B    Paratyphi B           100 

C420 2013 Sep Water stream Paratyphi B    Paratyphi B           100 

C420 2013 Sep Water stream Paratyphi B    Paratyphi B           100 
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CHAPTER 5 

COMPARATIVE ANALYSIS OF DETECTION METHODS FOR SALMONELLA FROM 

NC TOMATO ENVIRONMENTS: 

FDA - BAM METHOD COMPARED WITH qPCR AND SEROTYPE PREDICTION. 

Abstract  

 Salmonella enterica is the most common cause of reported produce-associated foodborne 

disease outbreaks.  Over the years, there have been incremental improvements in methods to 

detect and subtype/strain-type Salmonella in support of public health initiatives like foodborne 

illness surveillance, outbreak detection and management, and identification of contamination 

sources.  The purpose of this study was to do a comparative analysis of methods used in the 

recovery, detection, and subtyping of Salmonella spp. from North Carolina tomato production 

environmental samples.  The first phase compared a conventional culture-based method (FDA-

BAM) with a commercially available nucleic acid-based assay (real-time qPCR) for 

identification of naturally-occurring Salmonella isolates.  The second phase investigated the 

value of incorporation of Whole Genome Sequencing (WGS) into strain typing by comparing it 

to Pulsed-field gel electrophoresis (PFGE) and Bioplex serotyping methods.  Utilizing a 

Salmonella spp. commercially available qPCR kit (MicroSEQ), 96% of the environmental 

samples from soil, water, and plant material were successfully screened.  Statistical association 

between BAM-culture and qPCR methods (n=1243 samples) revealed that 93.5% of the time, 

Salmonella contamination status were in alignment for both methods; 1.8% of the time the PCR 

method failed to detect culture-positives.  Comparison between enrichment broths and selective 

media indicated Rappaport-Vassiliadis (RV) performed better than to tetrathionate broth in 

selecting for Salmonella growth and isolation from these environmental samples.  Three different 
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methods were used to predict Salmonella serotypes, with Bioplex predicting 86% (148/172); 

PFGE- PulseNet predicting 71% (122/172); and WGS predicting 98% (168/172) of the isolates.  

Using all three methods with WGS as the ‘gold standard’ to predict Salmonella serovars, there 

were a 98.8% (170/172) agreement between the methods.  Side-by-side comparison of 

commonly used Salmonella detection and serotyping methods has value for future decision-

making on methods used for studies such as this one and for epidemiological surveillance and 

regulatory purposes.  

(Words: 295) 

Introduction  

 Salmonella enterica is the bacterial agent most commonly responsible for produce-

associated foodborne disease outbreaks (10).  Based on CDC’s National Outbreak Reporting 

System (NORS, 1998 to 2016), 727 outbreaks, which caused 13,602 illnesses, 2,229 

hospitalization, and 29 deaths, have been linked to Salmonella in tomatoes (13).  Traditional 

culture methods for detection of Salmonella in foods using the U.S. Food and Drug 

Administration (FDA) Bacteriological Analytical Manual (BAM) serve as the ‘gold standard’ 

(45).  FDA-BAM methods advance through a specific set of steps that involve cultural pre-

enrichment, enrichment, selective/differential plating, followed by biochemical identification, 

and further serological testing for confirmation of pathogen identity (43).  As recently as 

2018, FDA has made additions to BAM methods that include clarifications to protocols and 

validated changes specific to Salmonella detection in fruits and vegetables, however 

environmental surface testing is limited to methods that employ surface swabs or sponges 

(42).  When taken comprehensively, these traditional culture methods require 3-4 days to 

obtain a negative result, and several more days to obtain a confirmed positive (43).  While 
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rapid immunological (ELISA) and molecular-based (gene amplification) assays have decrease 

the time for the process of obtaining confirmed negative results, presumptively positive 

results from these screening methods requires further steps.  Obtaining an isolate, 

confirmation of its identity, serotyping, and further strain discrimination are necessary.  This 

is particularly true in the case of outbreak investigation and when regulatory/legal actions are 

being considered.  For highly perishable commodities, like some fruits and vegetables that 

move through the supply chain very quickly to consumers, the routine use of these methods 

can be particularly challenging.   

 Strain subtyping of Salmonella isolates provides a critical link to the short and long-

term epidemiological surveillance of this human pathogen (7).  The identification of 

Salmonella serovars not only identifies potential sources of contamination but shapes the 

foundation of surveillance networks, like the US National Salmonella Surveillance System 

(14,29).  Pulsed-field gel electrophoresis (PFGE) has been the “gold standard” strain subtyping 

tool for the last 20 years and forms the foundation of PulseNet, the national network of public 

health labs from CDC, USDA, and FDA that house the repository database of PFGE patterns 

attributed to foodborne outbreaks, which are used historically for surveillance and predictively 

for outbreak identification and investigation (9). 

 Building forward to improve subtyping resolution, Whole Genome Sequencing (WGS) 

provides more detailed and precise data based upon the analysis of the combination of 

nucleotides (A, T, C and G) from the isolate and allows for comparison to the entire genomic 

DNA sequence that potentially can trace major lineages and ecological origins (20).  Several 

initiatives with CDC, USDA and FDA have identified the improvements that WGS offers in 

detection of more clusters of illnesses, detection of more and smaller outbreaks, and 
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identifications of new contamination sources (15).  Given these developments, a coordinate 

initiative is underway for a system-wide transition of state laboratories from PFGE to WGS by 

March 2019.  FDA established an additional network and database, GenomeTrakr, to begin 

linking the public health labs and housing the more than 160,000 sequences generated from the 

WGS studies (16).  This database continues to grow at over 5000 sequences per month (23).  All 

data from PulseNet and GenomeTraker are shared in a public repository at the National Center 

for Biotechnology Information (NCBI) Pathogen Detection Website 

https://submit.ncbi.nlm.nih.gov/subs/genome/https://www.ncbi.nlm.nih.gov/genbank/wgs/) (28).    

 The purpose of this study was to do a comparative analysis of methods used in the 

recovery, detection, and subtyping of Salmonella spp. from NC tomato production environmental 

samples.  The first phase compares conventional culture-based method (FDA-BAM) with a 

commercially available nucleic-acid based assay (real-time qPCR) for identification of naturally-

occurring Salmonella isolates.  The second phase investigates the value of incorporation of WGS 

into strain typing by comparing it to the gold standard of PFGE and Bioplex serotyping methods.  

Methods and Materials  

Traditional BAM culture-based method compared to MicroSEQ PCR-based method.  The 

methods and data from a larger study of naturally-occurring Salmonella strains isolated from NC 

tomato production from 2012-2014 (n=1548) are provided in Chapter 4.  Importantly, these 

samples were taken from the production field environment (tomato fruits, flowers, leaves and 

stems, native vegetation around the fields and water sources, feces if present, and the farm soil) 

and production water samples (water sources, sediment below water source, and irrigation 

waters).  These results provide the data for comparison of Salmonella isolation using the FDA 

modified BAM protocol (Figure 1) and qPCR using MicroSEQ Salmonella spp. 
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FDA-Bam cultural method: The FDA-BAM method is described in detail in Chapter 4.   

Briefly, samples were placed in pre-enrichment broth of modified buffer peptone water (mBPW; 

10 g peptone, 5 g sodium chloride, 7g disodium phosphate, 3 g monopotassium phosphate per 

liter; 3M, St. Paul, MN) with 100 ml as the minimum volume for small samples.  A 1:1 ratio 

(w:v) was kept for all samples unless otherwise indicated and all pre-enriched samples were 

incubated overnight at 35°C.  Thereafter, pre-enrichments were inoculated into 10 ml of selective 

enrichment broths as follows: 1ml into tetrathionate (TT) and 0.1 ml of Rappaport-Vassiliadis 

(RV).  One ml of each pre-enrichment was retained for DNA isolation and subsequent PCR 

screening as described below.  RV samples were incubated at 42°C while TT samples with high 

microbial loads (vegetative, water, and soil samples) were incubated at 43°C and TT samples 

with low microbial loads (tomato samples) at 35°C; all overnight in water baths.  After 

incubation, each selective enrichment was streaked separately onto three selective media: 

Hektoen enteric agar with the addition of 5 μg /ml novobiocin (HE + N) agar; xylose-lysine-

tergitol 4 (XLT4) and Bismuth sulfite (BS) agar for a total of 6 plates for each sample processed. 

PCR Detection Method: Genomic DNA was extracted from 300 μl of all the pre-enriched 

samples after overnight incubation using the MicroSEQ Salmonella spp. Detection Kit without 

proteinase K (PK) according to the manufacturer’s protocol for the MagMax Express-96 system 

(Applied Biosystems, Foster City, CA).  The resultant DNA, 30 μl, was amplified using the 

Custom TaqMan Salmonella spp. Ultimate Assay (Life Technologies) which consists of 

lyophilized assay beads.  Two Salmonella specific target genes, invA and apeE, were amplified.  

The positive control was DNA obtained from Salmonella Typhimurium and an internal positive 

control (IPC) was also used to monitor for inhibition, PCR reagents working correctly, and 

proper amplification.  Negative controls of water (Ultrapure DNase RNas free molecular grade 
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water) and E. coli K-12 were also included in each assay.  The qPCR was done using an ABI 

7500 Fast Real-Time PCR system and 7500 Fast Software v2.04 with thermal cycling conditions 

of 95°C for 10 min; followed by 40 cycles of denaturation at 95°C, 15 s; and annealing/ 

extension at 60°C, 45 s.  Absorbance was read after each cycle on fast run mode.  qPCR analysis 

settings were set for a detection threshold of 0.2; this is the numerical value assigned for each run 

that reflects the exponential phase of the amplification curve. The baseline fluorescence levels 

are registered between qPCR cycles 3-15.  Successful qPCR would have the IPC crossing the 

threshold value between 30-32 cycles marking the initial DNA amplification.  Alternately, qPCR 

was considered Failed (F) or undetermined if the IPC was below the threshold value. Salmonella 

samples were assessed as Positive (P) if both target genes, invA and apeE, cross the threshold 

after the IPC and before the end of 40 cycles.  The samples were considered Negative (N) if only 

one target gene tested positive or if other values were not within the specified range for positives.  

Confirmation of Presumptively Positive Results: All plates were assessed for typical Salmonella 

colony morphology; if found, one colony per plate type were re-streaked for isolation onto XLT4 

and HE + N and incubated overnight at 35°C.  BS plates were allowed to incubate for an 

additional 24 hours and reassessed; re-streaked for isolation onto XLT4 and HE if typical 

Salmonella colonies were noted.  Positive identification from both the XLT4 and HE re-streaks 

were considered presumptively positive.  If atypical colonies were suspected as described by 

FDA BAM  (4), a colony were inoculated onto lysine iron agar (LIA) and triple sugar iron agar 

(TSI) slants.  Following incubation at 35°C for 24 h, hydrogen sulfide (H2S) production, alkaline 

and acid reactions were assessed.   

Confirmation Testing: All presumptively positive isolates were subjected to biochemical 

profiling (Vitek) for confirmation.  Isolates were further characterized and subtyped by 
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molecular serotyping (Bioplex) and pulsed-field gel electrophoresis (PFGE) with comparison to 

PulseNet for matching patterns.  

Biochemical profiling analysis: Isolates were verified as Salmonella using the VITEK 2 Gram-

negative (GN) microbial identification card in the Vitek 2 Compact system, version 7.01, 

(bioMerieux, Marcy l’Etoile, France) which provides automated biochemical testing for 

microbial identification (48).  The VITEK 2 automated system were run according to the 

manufacturer’s instructions (54).  Qualitative identification levels were assigned based upon 

estimates of how closely a given isolate corresponded to particular taxa; the numerical 

probabilities assigned to Excellent (96-99% probability) were used as positive identification of 

Salmonella in this study.  No further processing was done on the isolates below the 96-99% 

probability and all those isolates were removed from the continuing identification for molecular 

serotyping.    

Molecular serotyping: Serovars were determined for each confirmed Salmonella isolate based on 

the antigenic formula from the White-Kauffmann-Le minor scheme (27).  This scheme, used 

worldwide, recognizes the specific combinations of the 46 O serogroups and 114 H antigens to 

classify the isolate within the potential 2,587 Salmonella serotypes currently identified.  Using 

the CDC protocol with the Luminex 200 Bio-Plex platform (BIO-RAD, CA), PCR amplification 

of isolated DNA were done from the targeted regions within the fliC, fljB, rfb genes followed by 

the identification of antigen-specific DNA using hybridization (9, 20). 

PCR Amplification: One 3 mm loop of Salmonella-confirmed, culture-purified isolates were sub- 

cultured in 1 ml of yeast extract nutrient broth (YENB) with overnight incubation at 35°C.  To 

prepare cultures for PCR, cells were pelleted, 200 μl of InstaGene Matrix (BioRad, CA) was 

added.  Then tubes were incubated at 55°C for 30 min., vortexed, followed by heating at 100°C 
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for 5 min.  For PCR preparation, 2 μl of the cell lysate was added to 23 μl of Quigen HotStarTaq 

Master Mix (Quigen, Germany) with kit primers for O1, H1 and H2 groups.  Samples were 

thermocycled (Bio-RAD Tetrad 2, CA) under the following conditions: 95°C for 15 min; 30 

cycles of 94°C for 30 s, 48°C for 90 s, 72°C for 90 s; then 72°C for 10 min.   

Hybridization and identification: Of the PCR products, 5 μl were hybridized separately with 45 

μl of the specific Luminex xMAP Salmonella probe-based assay beads mixes (Luminex, TX); 

one for O-group-1 and one for H-group-fliC and fliB.  Hybridization was done at 94°C for 5 min 

then 52°C for 30 min in a DNA Engine Peltier Thermal Cycler (Bio-RAD, CA).  Upon 

completion, 50 μl of streptavidin-R-phycoerthrin (SAPE) was added and the solution incubated 

at 52°C for 10 min. in the Bio-Plex 200 Multiplex System (Bio-RAD, CA).  Plates were 

analyzed using the Bio-Plex protocol for respective O and H-antigen groups.  Data were 

exported into Microsoft Excel with positives determined by comparison to internal controls and 

serovars determined based on the White-Kauffmann-Le minor scheme (27).  Serotype names 

were attributed to isolates from the unique antigenic formula identified through this scheme.  

PFGE Analysis: Isolates were further genotyped using PFGE using Xbal as the primary 

restriction enzyme following CDC’s PulseNet PFGE protocol (9, 15, 18).  Swaminathan (57) and 

Ribot (51) reference methods were used.  In brief, Salmonella isolates were grown on TSA, cell 

suspensions were prepared for creation of PFGE plugs and XbaI as the primary restriction 

enzymes were used with the DNA size standard strain of Salmonella ser. Braenderup H9812 

(ATCC BAA-664).  After electrophoresis, gels were stained with ethidium bromide and TIFF 

files were created to capture band patterns with Gel Doc system (Bio-RAD, CA).  Representative 

PFGE patterns of the isolates were submitted to PulseNet for comparison.  If matches were 
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found, isolates were assigned with the appropriate PFGE PulseNet pattern designation based on 

patterns available in the system as of September 2015.  

Whole Genome Sequencing (WGS) 

 Salmonella isolates (n=172) were sent to the Food and Drug Administration’s Center for 

Food Safety and Applied Nutrition (FDA-CFSAN) Molecular Methods and Subtyping Branch 

and the FDA – Center for Biologics Evaluation and Research (FDA-CBER) for whole genome 

sequencing  (2, 3, 5, 7).  Isolates were purified using the Gram-Negative DNA extraction 

protocols described in the DNeasy Blood & Tissue Kit User Manual (Qiagen, Germantown, MD, 

USA).  Resulting DNA was quantified, fragmented, and tagged with specific sequence markers 

and constructed into DNA normalized libraries according to Nextera XT Sample Prep Kit 

(Illumina®, San Diego, CA, USA) manufacturer’s instructions with an initial DNA input of 0.2 

ng/µl.  Sequencing was accomplished at the FDA-CFSAN by one of two platforms: on the 

Illumina® MiSeq using the 2x500 cycles (V2) kit (n=20), or the NextSeq using the 2x300 cycle 

(High) kit (n=53) (Illumina®, San Diego, CA).  Sequencing was also accomplished at FDA-

CBER with the Illumina HiSeq using the 2X100 cycles (n=96) (Illumina®, San Diego, CA, 

USA).  Subsamples of a few isolates were consolidated down to one isolate submission for 

WGS.  Specifically for CFSAN008636, three samples with the same CFSAN number, sample 

type, and final serotype prediction of “Newport” were consolidated.  For CFSAN 0055406, three 

samples with same CFSAN number, sample type, and final serotype prediction of 

“Undetermined” were consolidated.  This reduced total isolates to 168 for WGS.  Metadata was 

collected for successfully sequenced isolates which included Microbial Strain Name (CFSAN 

Number), North Carolina Private Strain Number, Isolation Source, NCBI Biosample Accession 

Number, Short-read Archive Accession Number, QA Status, Predicted Serotypes, Illumina 
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Sequence Technology, WG Sequence Date, and the WG Sequence ID Number.  Quality control 

filters were applied to the data as follows: average sequencing depth of coverage higher than 

20X and average quality score for read 1 & 2 at 27 or higher.  Sequencing records passing these 

filters (n=168) were deposited into the GenomeTrakr database at the National Center for 

Biotechnology Information (NCBI) Sequence Short-Read Archive 

(https://www.ncbi.nlm.nih.gov/sra) under Salmonella designated Bioproject PRJNA186035 as of 

November 2016.  NCBI maintains a real-time phylogenetic tree comparing all of the Salmonella 

enterica sequences uploaded to its database (https://www.ncbi.nlm.nih.gov/pathogens/). 

Serotype prediction based on WGS analysis 

All WGS raw data (fastq files) were uploaded to a publicly available web application, 

SeqSero version 2, to provide serotype determination using a curated database from CDC strain 

collections  (47).  These WGS SeqSero results were used in comparison with other predictive 

serotypes from Bioplex and PFGE PulseNet for final serotype determination.  The three methods 

were equally weighted and compared; all three serovars in common provided a 100% (3/3) 

agreement.  If two of the three serotypes were in agreement, the serotype designation with the 

67% (2/3) agreement was used for the final serotype determination.  However, if no serotype 

matched between the 3 methods, the WGS prediction were used for the final determination with 

a 33% (1/3) agreement. 

Results  

Comparison of Detection Results for Isolation of Salmonella  

 All unique environmental samples (n =1548) were pre-enriched and immediately pre-

screened for Salmonella spp. by qPCR as depicted on Figure 5.1.  Those that screened by qPCR 

as presumptively positive were then moved forward to selective enrichment and 
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selective/differential plating.  Referencing Table 5.1, there were 55/1548 (3.5%) qPCR failures, 

of which had 38% (21/55) were not followed through to selective/differential plating due to 

presumed matrix-associated effects.  Specifically, these types of samples included native 

vegetation (n=12), blossoms (n=2), tomato leaves and stems (n=7).  As qPCR were used as a 

prescreening tool, unless the qPCR were positive, no additional plating was done to compliment 

the original BAM protocol of culturing the tomato fruit, soil, sediment and water samples.  

However, 62% (34/55) of the samples failing qPCR were actually plated on the selective 

/differential agar as per the BAM.  While no comparison can be made between methods, 12% 

(4/34) of these were found positive for Salmonella, two samples from stream sediment and two 

samples from stream water.  These positive samples all came from two farm locations; Farm B 

and C, during September of 2013 and were likely attributed to flooding events. 

 A total of 96% (1493/1548) of the unique samples were successfully run on qPCR based 

upon the analytical parameters (Tables 5.2 – 5.4).  Eighty-three percent (1243/1493) of the 

samples were carried through from qPCR into BAM (Tables 5.3 and 5.4) and this is the dataset 

used for comparative purposes.  The difference (n=250) represents those sample not followed 

through the BAM culture method due to sample type or because they were negative by qPCR 

(Table 5.2).  As per Table 5.3 of the effective qPCR run, qPCR was re unable to detect 1.9% 

(22/1154) of the samples that cultured positive for Salmonella.  These qPCR detection failures 

consisted of four sample types: source surface water [water from stream (n=6) and pond (n=2)], 

distribution irrigation water [end of drip tape (n=1) and after disk filer (n=1)]; stream sediment 

(n=6); and tomato [fruit (n=4), surface (n=1) and internalization (n=1)].  Alternately, 98% 

(1132/1154) of the time the samples that were negative for Salmonella by the qPCR method 

were also negative by the BAM cultural method  
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 For those unique samples with qPCR positive (n=89) (Table 5.4), these results aligned 

with BAM culture-positives 35% (31/89) of the time and 65% (58/89) of the time, we were 

unable to culture Salmonella from the enrichment broths using the modified BAM method.  To 

understand the statistical association between all the effective qPCR and BAM results (n=1243 

from Tables 5.3 and 5.4) a Pearson’s Chi-Square analysis (df=1) reveals that 93.5% (1163/1243) 

of the time, either the presence or absence of Salmonella were found to be in accordance 

between both methods (Table 5.5).  Finally, 1.8% (22/1243) of the time qPCR method failed to 

detect culture-positive Salmonella that were isolated by the BAM method.  At a percentage of 

4.7% (58/1243), a positive qPCR could not be confirmed by the modified BAM method. The 

sample types with positive correlations are detailed in Table 5.3 and 5.4  

Comparison of the selective media from the FDA-BAM modified methods  

 To better understand the utility of the different selective media, analysis revealed that 

74% (127/172) of the Salmonella isolations were obtained from selective plating of incubated 

RV broth; 26% were from TT broth.  RV broths plated on XLT-4 and BS media were most likely 

to result in Salmonella isolations, accounting for 28% (48/172) and 27% (47/172), respectively.  

The least abundant isolations were obtained from TT plated on BS (3%, 5/172).  Analysis across 

environmental samples, farm location, serovar and selective media yielded no statistically 

significant associations or patterns.   

Serotype comparison between Bioplex, PFGE PulseNet, and WGS 

 Serotype predictions were compared for three parallel methods: Bioplex, PFGE PulseNet, 

and WGS with SeqSero. Each of the methods independently predicted Salmonella serotypes as 

follows: Bioplex 86% (148/172); PFGE 71% (122/172); and WGS 98% (168/172) (Table 5.7).  

If basing final serotype determination using WGS as the gold standard, WGS predicted 



 

164 
 

Salmonella serotype 98.8% (170/172) of the time.  A total of fourteen serotypes emerged from 

using the comparison of all methods, with a very limited number of isolates (n=2) that could not 

be defined to serotypes.  In comparison, if PFGE were used as the gold standard instead of WGS 

when no serotype matched, the final serotype determination would be 89% (153/172) with nine 

serotypes identified.    

 There were a 67% (116/172) agreement in serotype when comparing PFGE to WGS.  

Twenty of the isolates (20/172), or 11.6% of the final serotype were determined solely by WGS 

predictions and indicated with 33% agreement in Table 5.7.  For these twenty isolates, Bioplex 

provided serotype predictions but none (0/20) of the predictions aligned with any of the WGS 

predictions.  For these same 20 isolates, all the PFGE-PulseNet predictions were undetermined.  

Using WGS, all (n=18) but two isolates could be predicted and were used for final serotype 

determination.   The two isolates deemed “Undetermined” originated from stream sediment in 

September 2014 on Farm B.  Of the 31.4% (54/172) of the isolates for which there were two 

methods in agreement on serotype prediction, Bioplex and WGS (n=29) were in agreement more 

often; PFGE and WGS (n=21) were ranked next in agreement followed by Bioplex and PFGE 

(n=4).  Finally, 57% (98/172) of the isolates were in complete agreement (100%) for all three 

predictions methods for Salmonella serotyping.   

 Final serotype determination from Table 5.7 is depicted graphically in Figure 5.2.  In 

comparison of PFGE-predicted serotypes from Figure 4.7 (Chapter 4, D. Ducharme 

Dissertation), more serotypes were defined.  This is largely from WGS predictions, with only 1% 

(2/172) of the isolates being “Undetermined” as compared to PFGE, in which case 29% (50/172) 

were undetermined.  Certain serotypes, like Give and Redlands IIIb, were not captured by PFGE 

at all.  The nine serotypes that had general agreement across methods were Newport, 
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Typhimurium, Paratyphi B, Javiana, Subspecies IV, Montevideo, Agona, Hartford, and Berta.  

With the final serotypes predicted from Table 5.7, three new serotypes were defined to include 

Give, Rubislaw, and Redlands IIIB.  In addition, increased frequency in two other serotypes, 

specifically Paratyphi B and Hartford were found using WGS.   

 Figures A-D in Figure 5.3 depict the final serotype predictions based on the month 

isolated across the collective years of 2012-2014.  Of the total 17 serotypes defined, July (n=10) 

and August (n=9) represent the two months with the most diversity of serovars followed by June 

(n=6) and September (n=6).  The Salmonella serovars of Newport and Typhimurium were found 

consecutively across all four months of years 2012-14 for NC tomato production.  A high 

percentage of the isolates in June were Newport (22%) and Typhimurium (30%), decreasing to 

between 4% and 16% for July through August and continuing to decline to 2% in September.  In 

June, these two serovars accounted for a majority of the isolates at 52% (12/23), with Rubislaw 

following at 31% (7/23) of the isolates and Type IV or IIIa observed for the first time.  It should 

be noted that samples were not taken in June 2012; the number of total isolates is reflective of 

this.  Much more diversity in serovars were observed in July, August and September as 

compared to June for all three years of sampling.  Interestingly, once the serovars of Newport, 

Typhimurium, and Subspecies IV were predicted it were found consecutively in the following 

months. 

 The final designated serotypes (Table 5.8) for Salmonella isolates (n=172) were aligned 

to environmental niches.  The five environmental niches had isolates identified from farm soil 

(n=4); irrigation water (n=28); stream sediment (n=52); surface source waters (n=71); and 

tomatoes (n=17).  In isolates recovered from farm soil between rows, only Salmonella serotype 

Rubislaw (n=4) were found.  Irrigation water isolates had six different Salmonella serotypes 
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identified as Paratyphi B (n=12), Typhimurium (n=5), Give (n=1), Rubislaw (n= 7), Javiana 

(n=1), and Newport (n=2) for a total of 28 isolates.  From stream sediment, the isolates (n=52) 

were recovered with the largest diversity (n=9) and included Agona (n=5), Berta (n=1), Give 

(n=5), Hartford (n=8), Newport (n=56), Paratyphi B (n=15) Rubislaw (n=3), Subspecies IV 

(n=1), Typhimurium (n=1), and Not defined (n=2).  Tomato fruit has isolates from serotype 

Javiana (n=12) recovered while both tomato surface (n=2), and internal tomato (n=3) had 

serotype Montevideo isolated. Finally, surface water sources had the largest number of isolates 

recovered (n=71) with nine Salmonella serotypes identified.  In pond water, two serotypes were 

recovered from isolates as Farmingdale (n=2) and Redlands IIIb (n=3).  In stream water, isolates 

represented eight serotypes identified as Give (n=8), Hartford (n=3), Newport (n=9), Paratyphi B 

(n=14), Redlands IIIb (n=4), Subspecies IV (n=19), Type IV or IIIa (n=1), Typhimurium (n=8). 

 Table 5.9 depicts the metadata for the whole genome sequenced isolates uploaded to the 

NCBI website.  By using the CFSAN Number or the Short-Read Archive Accession Number in 

the NCBI database, a real-time phylogenetic tree comparing all of the Salmonella enterica 

sequences identified in this study was produced (https://www.ncbi.nlm.nih.gov/pathogens/).  No 

further assembly of sequences were done for these isolates.  

Discussion  

 Major improvements in rapid detection and subtyping of Salmonella spp. have occurred 

over the last three decades (42).  For detection assays, screening for the presence of 

Salmonella in a variety of sample matrices has been performed with an assortment of spiked 

food samples; lack of environmental sample inclusion from naturally occurring niches, like 

water, sediment, soil, and foliage, is notable and limits generalizability of method 

applicability and performance to these sorts of samples (26, 45).  Current FDA- BAM methods 
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for Salmonella isolation are limited to fruits (cantaloupe, mango, tomato) and leafy green 

vegetables, herbs and sprouts with real guidance lacking for most types of environmental sample 

testing (except those derived from surfaces) (42).  This highlights the need for validation and 

comparative studies with identical sample matrices and identical test conditions, including the 

serovar and concentration of the pathogen.  

 The use of selective and differential plating media is considered the “gold standard” for 

isolation of Salmonella.  Other microorganisms, like Proteus and Citrobacter share some of 

Salmonella spp. characteristics like hydrogen sulfide production and the inability to ferment 

lactose (4).  There have been reports stating that certain Salmonella serotypes grow differently in 

selective media, as has been the case for bismuth sulfite agar and S. Typhi and other atypical 

lactose fermenting Salmonella (18).  No correlation between serovar and selective media (Table 

5.6) were observed in our study, although we were not specifically looking for this phenomenon.  

However, based upon recovery of Salmonella isolates only, the majority (74%) of isolates were 

recovered from RV selective enrichment broth.  Tetrathionate (TT) broth includes bile salts and 

brilliant green dye to inhibit Gram-positive bacterial grown, as well as calcium carbonate as an 

energy source.  This media also capitalizes on the fact that Salmonella produce the enzyme 

tetrathionate reductase.  Given that the majority (74%) of isolates originated from RV broth 

enrichments, this might suggest that these components offer less of a competitive advantage for 

Salmonella cells than previously thought.   

The most recent Bacteriological Analytical Manual (BAM) edition expands the use of 

RV broth to food samples with high and low levels of competitive microflora.  In some cases, the 

resident microflora has been found to provide a protective effect for Salmonella populations.  

This can make recovery of cells difficult due to the reduction of the bacterial growth phases, 
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especially the exponential-phase cells (1).  The characteristics of the entirety of the microflora in 

a sample can vary depending on the plant species, phenotype, geospatial aspect, season, and 

manipulation of environment due to agricultural activities, among other factors (44).  While the 

FDA-BAM methods acknowledge the presence of resident microflora with high microbial loads, 

specific methods for environmental samples that include water, soil, plant material, remain 

lacking as of Version 8.  Salmonella spp. from specific matrices, in this case environmental 

samples, may have differing needs for survival and proliferation as evidenced by the complex 

enrichment and selective media schemes (24).  This points to the continuing need for specific 

validated methods that can be used to effectively isolate Salmonella from the different sample 

types, especially environmental in nature.   

 Using enriched samples prevents quantification of target organism population using 

either the FDA-Bam or this qPCR method unless the method is adapted to a Most Probable 

Number (MPN) format.  The presence of inhibitory substances in complex environmental 

samples makes the enrichment of environmental samples necessary to obtain detectable levels of 

the pathogen (35).  For PCR, pre-enrichment steps can increase the concentration of target DNA 

to desirable concentrations, typically 104 cells mil -1, to overcome the effects of inhibitors (26).  

Alternately, the potential for enrichment bias may be introduced and modify the ability to 

recover Salmonella cells by affecting the fitness of competing bacteria, relative growth rates, 

presence of bacteriophages and growth inhibition (21,33).  The makeup and potential changes to 

the resident microflora and inhibitory substances within environmental samples on the dynamics 

of cultural enrichment is poorly understood (27,33).  While there are negatives to enriching 

samples, this step is necessary because of the need to resuscitate stressed or sub-lethally injured 
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cells, dilute out matrix-associated inhibitors, and to increase the probability of detecting low 

population levels of Salmonella species (19).  

 Rapid methods, like real-time quantitative PCR (qPCR) have advantages in reducing the 

time to detect Salmonella spp.by bypassing the need for selective plating which currently incurs 

a 4-7 day investment (42).  However, cultural enrichment, albeit sometimes abbreviated, is still 

necessary, so time-to-result is rarely less than 24 hours.  It is important to note that qPCR has the 

ability to rapidity screen out negative samples; but a positive by qPCR is presumptive.  

Presumptive positives from rapid methods, which include nucleic acid-based or antibody-based 

assays, must still be confirmed by standardized cultural methods like FDA-BAM (43,20).  As 

seen in the updated BAM, qPCR can be used as an alternative presumptive identification to 

conventional biochemical tube systems, but still, an isolate is required prior to its use (40).   

 An advantage in this study was using a lyophilized bead assay designed to amplify two 

specific Salmonella target genes, invA and apeE, which has a proven history of effective 

recovery (37,46).  qPCR interference with inhibitory substances that include a number of 

compounds in plant materials may yield an artificial signal from non-target background bacteria 

(false positives) or reaction inhibition (false negatives) and thus these types of samples were not 

run on this qPCR protocol (46).  An internal positive control (IPC) from the qPCR kit and the 

bacteria Salmonella Typhimurium are incorporated into the assay to demonstrate that the PCR 

reagents are working, amplifying properly, and to monitor for PCR inhibition in samples.  There 

was a total of PCR failures (n=55) in this study likely attributed residual matrix materials not 

fully removed during DNA extraction.  For example, it has been previously reported that 

Salmonella identification by PCR has been challenging due to residual contamination with plant 

chloroplast DNA (51, 52).  The complex nature and diversity of the samples represented by 
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water, soil, food, and vegetation make characterization of matrix-associated inhibition and its 

effect on PCR amplification dynamics an important area for future research (35).  

 Instances in which qPCR produced positive results, but the target organism was not 

isolated by culture methods may be due to detection of viable but not culture (VBNC) 

phenomenon.  Important to remember, qPCR detects the presence of DNA, whether or not the 

cells are metabolically active cultures.  The VBNC state has previously been reported in S. 

enterica (30, 34) and now extends across 68 other bacterial species (34).  It is thought that the 

VBNC state is a unique strategy employed by bacteria in response to harsh environmental 

conditions.  Previously reported as a dormant state, current research supports that the bacteria 

enters a distinct metabolically active survival state (37).  The significance of this is that VBNC 

bacteria can resuscitate under more favorable conditions.  Conventional cultural methods do not 

always detect bacteria in the VBNC state unless additional steps are taken to characterize 

metabolic activity (37).  

 As Bioplex and PFGE-PulseNet methods provide serovar predictions based on library of 

laboratory confirmed, clinically significant and frequently outbreaks-associated strains, the 

environmental isolates obtained in this study may constitute previously non-identified serovars.  

Over the recent past, it has been found that PulseNet-reported that S. enterica isolates share a 

considerable genetic homogeneity; approximately 45% of the predicted samples using XbaI with 

PFGE pattern JEGX01.0004 have been found to have this genetic homogeny (39).  The result of 

these findings indicates that the use of conventional PFGE does not effectively distinguish 

between subtle genotype differences in S. enterica strains (31, 48).  As mentioned previously, the 

ability to accurately identify Salmonella serovars and strains is paramount to aid epidemiological 

identification and investigation of foodborne disease outbreaks and currently provides the 
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foundation of the national surveillance programs.  Prediction methods having the discriminatory 

power to distinguish serovars and strains on a more refined level need to be continuously 

embraced as we seek to parse out the significance of isolates of environmental origins (48).   

With the advent of WGS, new pathways are forging forward for this pathogen’s detection and 

subtyping (47).  .   

With advances, whole genome sequencing (WGS) permits for a fast and reliable way to 

acquire serotype information, virulence, antimicrobial resistance, and pathogenicity from one 

sequencing run of the bacteria (20).  Millions of bases can be compared for determination of 

serotypes and strains, instead of comparison based upon the ability of restriction enzymes to 

cleave bacterial genomes yielding banding patterns of 15-30 bands.  Incorporating WGS into the 

sequencing of whole microbial communities associated with environmental origins allows for 

truly culture-independent detection of pathogens (32, 47).  The PulseNet program is now actively 

validating next-generation sequencing (NGS) technology and bioinformatics as the logical future 

replacement for PFGE (11).  The use of the SeqSero database offers the opportunity for robust 

comparison to curated sequences but most of those have come from clinical isolates, not those 

having environmental origins.  In fact, in most cases, the Bioplex, PFGE, and SeqSero databases 

have all been validated using isolates from laboratory-confirmed cases of illness.   

 The purpose of this study was to provide a comparative analysis of recovery, detection, 

and subtyping of Salmonella spp. from NC tomato production environmental samples from 

2012-2014. Comparative statistical analysis with the culture-dependent FDA BAM indicates that 

this qPCR effectively determined the presence or absence of Salmonella 93.5% of the time.  The 

qPCR method detection failures aligned with four environmental sample types that are purported 

to have inhibitory substances (surface waters, irrigation water, sediment, and tomato fruit) (6).  
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The incorporation of WGS into our comparative assay against the gold standard of PFGE, and 

Bioplex serotyping methods yielded advancement in identification of serovars from the 

environmental samples in this study.  WGS with the use of the SeqSero database predicted 

Salmonella serovars 98.8% (170/172) of the time.  Given the ability to compare millions of bases 

for determination of serotypes and strains, WGS were able to predict fourteen serovars from 

these sample types.  Three new serotypes were defined and increase frequency was seen across 

serovars Give, Rubislaw, Redlands IIIB, Paratyphi B and Hartford.  Of the fourteen, four 

serotypes (Typhimurium, Newport, Javiana, and Montevideo) are located in CDC’s Foodborne 

Diseases Active Surveillance Network (17).  The low diversity of serotypes at the beginning of 

season (June) increased over time, to peak in July and August.  This may be due to competition 

between serovars, availability of specific nutrients or the evolving environment over the tomato 

production season.  Interestingly, once the Salmonella serovars of Newport, Typhimurium, and 

Subspecies IV were recovered they were consecutively found in the following months and years.  

The consecutive isolation of a particular serovar (s) may indicate a resident population while 

intermittent isolation might indicate a responsible source input.   

Advancement of rapid and robust tools, like WGS, are necessary to support the 

epidemiological likage of human pathogens, like Salmonella, to environmental sources for the 

ultimate protection of public health.  This study provides a comparison of current methods and 

identifies areas of needed improvements.  These types of comparisons are essential as a 

combination of methods must be employed to integrate the requirements of rapid protection, 

regulatory evidence, and epidemiological tracking.  Given the lack of distinction power of PFGE 

method for genetic homogeneity between S. enterica isolates, the need for clearer identification 

of serotypes and distinction between serotypes is essential for understanding the association 



 

173 
 

between Salmonella transient and resident populations.  WGS can gather genomic information 

from geographic locations and offer a robust look at major lineages may assist with alignment to 

particular serovar identification (25,41).  This fact is particularly important with the study of 

environmental samples as databases used to predict Salmonella are primarily from clinical cases.  

Recognizing that enrichment bias may be introduced on the pathway to confirming presumptive 

positives within the rapid methods is an important concept as we address the role of other 

resident microflora.  Public health laboratory alignment with specific validated methods that can 

be used to effectively isolate Salmonella from different sample types, especially environmental 

in nature remains a need.  This study has provided critical sequencing metadata for 

environmental field and water samples to the public repository for sequences at the National 

Center for Biotechnology Information (NCBI).  A rapid, discriminatory genomic method, like 

the WGS and corresponding database SeqSero for identification, is critical for public health and 

regulatory agencies to advance the detection of outbreaks and designation of sources. 
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Figure 5.1: Detection of Salmonella in Environmental samples with a culture-dependent 

method using a modified FDA- BAM method for NC Farms for the three-year longitudinal 

study for Years of 2012 – 2014. 
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Figure 5.2: Frequency of final serotypea predicted for Salmonella isolates (n=172) based on 

comparison of predictions between Bioplex, PFGE with PulseNet and Whole Genome 

Sequencing through SeqSero for NC tomato production environmental samples from July 2012 – 

September 2014.   

 

a Final serovar predictions were predicted by comparison between three parallel methods: 
Bioplex, PFGE PulseNet, and WGS with SeqSero.  If none of the predictions agree, the final 
determination were taken from the WGS SeqSero prediction.   
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Figure 5.3: Final Prediction of Salmonella serovars (n=172) displayed by month cumulatively 

isolated from NC Tomato Production Environment across 2012-2014. 

A. June (n=23); B. July (n=45); C. August (n=57); and D. September (n=47) 
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Tables 
 
Table 5.1: Quantitative Polymerase Chain Reaction (qPCR) Failures from Unique Samples 

(n=55) a with FDA- BAM Method Results from NC Tomato Production Environmental Samples 

(n = 1548).  

 
BAM Plating 
 

Sample Type Number of Unique  
Samples 

BAM Culture  
Results  

Not Plated  21  

 Native Vegetation (field) 10 N/A 

 Native Vegetation (pond) 2 N/A 

 Tomato Blossoms 2 N/A 

 Tomato Leaves and stems 7 N/A 

Plated 
 

34 
 

 Goose Feces 1 Negative 

 Irrigation water b  1 Negative 

 Sediment Stream 2 Positive 

 Tomato Internalized  10 Negative 

 Tomatoes 15 Negative 

 Water Pond 2 Negative 

 Water Stream 2 Positive 

 Water Stream 1 Negative 

a  qPCR failure were due to the internal positive control (IPC) being below threshold values or 

undetermined based on the analysis parameters.  

b Irrigation water taken from after sand filter in 1 Liter Thermo Wide Mouth Bottles.  
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Table 5.2: Effective Quantitative Polymerase Chain Reaction (qPCR) with Negative qPCR 

Results from Unique Samples (n=250) with no corresponding FDA BAM Cultures Due to 

Sample Type from 2012-2014 NC Tomato Environmental Samples (n=1548).  

Sample Type Number of Unique Samples 

Native Vegetation around field 98 

Native Vegetation Around Pond 5 

Native Vegetation Around Stream 3 

Tomato Blossoms 24 

Tomato Leaves and stems 120 
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Table 5.3: Effective Quantitative Polymerase Chain Reaction (qPCR) with No qPCR Detection 

of Salmonella from Unique Samples (n=1154) with FDA BAM Culture Results from 2012-2014 

NC Tomato Environmental Samples (n=1548). 

 
Sample Type 

Number of Unique Samples 
BAM Culture 

Results 

Farm soil between rows 64 Negative 

Farm Soil under plastic 65 Negative 

Goose Feces 8 Negative 

Stream Gelatinous Mass  1 Negative 

Irrigation swab  32 Negative 

Irrigation water a    30 Negative 

Irrigation water  a   1 Positive 

Irrigation water  b  12 Negative 

Irrigation water c  1 Negative 

Irrigation water c 1 Positive 

Irrigation water d 15 Negative 

Farm soil between rows 64 Negative 

Farm Soil under plastic 27 Negative 

Native Vegetation  10 Negative 

Sediment Pond 21 Negative 

Sediment Stream 20 Negative 

Sediment Stream 6 Positive 

 



 

187 
 

Table 5.3: (continued). 
 
Tomato Blossoms 7 Negative 

Tomato Internalized  110 Negative 

Tomato Internalized  1 Positive 

Tomato Leaves and stems 16 Negative 

Tomato Surface  112 Negative 

Tomato Surface  1 Positive 

Tomatoes 463 Negative 

Tomatoes 4 Positive 

Water Pond 40 Negative 

Water Pond 2 Positive 

Water Stream 14 Negative 

Water Stream 6 Positive 

a Irrigation water taken at end of distribution drip tape in 1 Liter Thermo Bottles. 

b Irrigation water taken after sand filter in 1 Liter Thermo Bottles. 

c Irrigation water taken after disk filter in two 20 Liter Thermo Carboys.  

d Irrigation water taken after sand filter in two 20 Liter Thermo Carboys. 
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Table 5.4: Effective Quantitative Polymerase Chain Reaction (qPCR) with Salmonella Detected 

from NC Tomato Environmental Samples (n=89) with Results from Unique Samples Compared 

to FDA BAM Culture Results from 2012-2014. 

Sample Type Number of Unique Samples BAM Culture Results 

Farm soil between rows 2 Negative 

Farm soil between rows 2 Positive 

Farm Soil under plastic 1 Negative 

Irrigation swab  2 Negative 

Irrigation water a 1 Positive 

Irrigation water b 1 Negative 

Irrigation water b 1 Positive 

Irrigation water c 4 Negative 

Irrigation water c 3 Positive 

Sediment Pond 1 Negative 

Sediment Stream 6 Negative  

Sediment Stream 10 Positive 

Tomato Internalized  1 Negative 

Tomato Surface  5 Negative 

Tomatoes 27 Negative 

Tomatoes 1 Positive 

Water Stream 8 Negative 

Water Stream 13 Positive 
a Irrigation water taken after sand filter in 1 Liter Thermo Bottles.  
b Irrigation water taken at end of distribution drip tape in 1 Liter Thermo Bottles. 
c Irrigation water taken after disk filter in two 20 Liter Thermo Carboys.  
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Table 5.5: Correlation of qPCR and FDA BAM Methodologies samples (n=1243) for detection 

of Salmonella spp. using Pearson’s Chi-Square (df = 1) from 2012-2014 from NC Tomato 

Production Environmental Samples. 

  
 

BAM 

  Positive Negative 

PCR 

Positive 2.5% 
(31/1243) 

4.7%  
(58/1243) 

Negative 1.8% 
(22/1243) 

91% 
(1132/1243) 
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Table 5.6: Salmonella Isolates (n=172) Recovered from NC Environmental Samples (n=1548) Sorted by PFGE Predicted Serotype 

Displayed with Selective Media, Farm location, Year, and Sample Types in 2012a, 2013b, 2014c. 
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450 RB C 2012 

    
1 

   
Agona 

450 RH C 2012 
    

1 
   

Agona 
450 RX C 2012 

    
1 

   
Agona 

450 TB C 2012 
    

1 
   

Agona 
450 TX C 2012 

    
1 

   
Agona 

300 RX B 2012 
    

1 
   

Berta 
261 RB B 2012 

  
1 

     
Hartford 

300 RB B 2012 
    

1 
   

Hartford 
301 RB B 2012 

    
1 

   
Hartford 

261 RH B 2012 
  

1 
     

Hartford 
300 RH B 2012 

    
1 

   
Hartford 

261 RX B 2012 
  

1 
     

Hartford 
300 RX B 2012 

    
1 

   
Hartford 

300 TX B 2012 
    

1 
   

Hartford 
3 RH A 2014 

 
1e 

      
Javiana 

6 RH A 2014 
 

1e 
      

Javiana 
107 RH A 2014 

 
1e 

      
Javiana 
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Table 5.6: (continued). 
 
112 RH A 2014 

 
1e 

      
Javiana 

112 RX A 2014 
 

1e 
      

Javiana 
3 RX A 2014 

 
1e 

      
Javiana 

6 RX A 2014 
 

1e 
      

Javiana 
107 RX A 2014 

 
1e 

      
Javiana 

3 TH A 2014 
 

1e 
      

Javiana 
3 TX A 2014 

 
1e 

      
Javiana 

6 TX A 2014 
 

1e 
      

Javiana 
109 TX A 2014 

 
1e 

      
Javiana 

609 RB C 2012 
 

1g 
      

Montevideo 
609 RH C 2012 

 
1g 

      
Montevideo 

608 RX C 2012 
 

1f 
      

Montevideo 
609 RX C 2012 

 
1g 

      
Montevideo 

608 TX C 2012 
 

1f 
      

Montevideo 
421 RH C 2013 

  
1 

     
Newport 

421 RH C 2013 
  

1 
     

Newport 
450 RH C 2013 

    
1 

   
Newport 

450 RH C 2013 
    

1 
   

Newport 
451 RH C 2013 

    
1 

   
Newport 

451 RH C 2013 
    

1 
   

Newport 
451 RH C 2014 

    
1 

   
Newport 

780 RH C 2014 
      

1 
 

Newport 
260 RX B 2014 

  
1 

     
Newport 

421 RX C 2013 
  

1 
     

Newport 
421 RX C 2013 

  
1 

     
Newport 

421 RX C 2013 
  

1 
     

Newport 
450 RX C 2013 

    
1 

   
Newport 

451 RX C 2014 
    

1 
   

Newport 
780 RX C 2014 

      
1 

 
Newport 
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Table 5.6: (continued). 
 
421 TH C 2013 

  
1 

     
Newport 

451 TH C 2013 
    

1 
   

Newport 
421 TX C 2013 

  
1 

     
Newport 

450 TX C 2013 
    

1 
   

Newport 
450 TX C 2013 

    
1 

   
Newport 

451 TX C 2013 
    

1 
   

Newport 
260 RB B 2012 

  
1 

     
Undetermined 

261 RB B 2012 
  

1 
     

Undetermined 
300 RB B 2012 

    
1 

   
Undetermined 

300 RB B 2012 
    

1 
   

Undetermined 
270 RB B 2013 

   
1 

    
Undetermined 

301 RB B 2014 
    

1 
   

Undetermined 
301 RB B 2014 

    
1 

   
Undetermined 

301 RB B 2014 
    

1 
   

Undetermined 
300 RB B 2014 

    
1 

   
Undetermined 

430 RB C 2014 
       

1 Undetermined 
430 RB C 2014 

       
1 Undetermined 

420 RB C 2014 
  

1 
     

Undetermined 
101 RH A 2012 

   
1 

    
Undetermined 

221 RH B 2013 1 
       

Undetermined 
260 RH B 2012 

  
1 

     
Undetermined 

261 RH B 2012 
  

1 
     

Undetermined 
300 RH B 2012 

    
1 

   
Undetermined 

301 RH B 2012 
    

1 
   

Undetermined 
301 RH B 2012 

    
1 

   
Undetermined 

270 RH B 2013 
   

1 
    

Undetermined 
301 RH B 2014 

    
1 

   
Undetermined 

260 RH B 2014 
  

1 
     

Undetermined 
261 RH B 2014 

  
1 

     
Undetermined 
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Table 5.6: (continued). 
 
301 RH B 2014 

    
1 

   
Undetermined 

420 RH C 2014 
  

1 
     

Undetermined 
430 RH C 2014 

       
1 Undetermined 

430 RH C 2014 
       

1 Undetermined 
430 RH C 2014 

       
1 Undetermined 

450 RH C 2014 
    

1 
   

Undetermined 
101 RX A 2012 

   
1 

    
Undetermined 

221 RX B 2013 1 
       

Undetermined 
260 RX B 2012 

  
1 

     
Undetermined 

261 RX B 2012 
  

1 
     

Undetermined 
300 RX B 2012 

    
1 

   
Undetermined 

301 RX B 2012 
    

1 
   

Undetermined 
301 RX B 2012 

    
1 

   
Undetermined 

270 RX B 2013 
   

1 
    

Undetermined 
261 RX B 2014 

  
1 

     
Undetermined 

301 RX B 2014 
    

1 
   

Undetermined 
420 RX C 2014 

  
1 

     
Undetermined 

430 RX C 2014 
       

1 Undetermined 
430 RX C 2014 

       
1 Undetermined 

450 RX C 2014 
    

1 
   

Undetermined 
450 RX C 2014 

      
1 

 
Undetermined 

430 TB C 2014 
       

1 Undetermined 
221 TH B 2013 1 

       
Undetermined 

420 TH C 2014 
  

1 
     

Undetermined 
430 TH C 2014 

       
1 Undetermined 

221 TX B 2013 1 
       

Undetermined 
420 TX C 2014 

  
1 

     
Undetermined 

301 RB B 2012 
    

1 
   

Paratyphi B 
420 RB C 2012 

  
1 

     
Paratyphi B 
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Table 5.6: (continued). 
 
421 RB C 2012 

  
1 

     
Paratyphi B 

430 RB C 2013 
       

1 Paratyphi B 
430 RB C 2013 

       
1 Paratyphi B 

450 RB C 2013 
    

1 
   

Paratyphi B 
451 RB C 2013 

    
1 

   
Paratyphi B 

780 RB C 2013 
      

1 
 

Paratyphi B 
301 RH B 2014 

    
1 

   
Paratyphi B 

420 RH C 2012 
  

1 
     

Paratyphi B 
421 RH C 2012 

  
1 

     
Paratyphi B 

420 RH C 2013 
  

1 
     

Paratyphi B 
430 RH C 2013 

       
1 Paratyphi B 

780 RH C 2013 
      

1 
 

Paratyphi B 
301 RX B 2012 

    
1 

   
Paratyphi B 

301 RX B 2014 
    

1 
   

Paratyphi B 
420 RX C 2012 

  
1 

     
Paratyphi B 

421 RX C 2012 
  

1 
     

Paratyphi B 
430 RX C 2013 

       
1 Paratyphi B 

450 RX C 2013 
    

1 
   

Paratyphi B 
451 RX C 2013 

    
1 

   
Paratyphi B 

451 RX C 2013 
    

1 
   

Paratyphi B 
780 RX C 2013 

      
1 

 
Paratyphi B 

421 TB C 2012 
  

1 
     

Paratyphi B 
420 TH C 2012 

  
1 

     
Paratyphi B 

421 TH C 2012 
  

1 
     

Paratyphi B 
420 TH C 2013 

  
1 

     
Paratyphi B 

430 TH C 2013 
       

1 Paratyphi B 
780 TH C 2013 

      
1 

 
Paratyphi B 

301 TX B 2012 
    

1 
   

Paratyphi B 
420 TX C 2012 

  
1 

     
Paratyphi B 
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Table 5.6: (continued). 
 
421 TX C 2012 

  
1 

     
Paratyphi B 

420 TX C 2013 
  

1 
     

Paratyphi B 
430 TX C 2013 

       
1 Paratyphi B 

451 TX C 2013 
    

1 
   

Paratyphi B 
780 TX C 2013 

      
1 

 
Paratyphi B 

260 RB B 2012 
  

1 
     

Subspecies IV 
260 RB B 2013 

  
1 

     
Subspecies IV 

261 RB B 2013 
  

1 
     

Subspecies IV 
261 RB B 2013 

  
1 

     
Subspecies IV 

260 RH B 2012 
  

1 
     

Subspecies IV 
260 RH B 2013 

  
1 

     
Subspecies IV 

261 RH B 2013 
  

1 
     

Subspecies IV 
261 RH B 2013 

  
1 

     
Subspecies IV 

260 RX B 2012 
  

1 
     

Subspecies IV 
261 RX B 2012 

  
1 

     
Subspecies IV 

260 RX B 2013 
  

1 
     

Subspecies IV 
261 RX B 2013 

  
1 

     
Subspecies IV 

260 TH B 2013 
  

1 
     

Subspecies IV 
261 TH B 2013 

  
1 

     
Subspecies IV 

261 TH B 2013 
  

1 
     

Subspecies IV 
260 TX B 2012 

  
1 

     
Subspecies IV 

301 TX B 2012 
    

1 
   

Subspecies IV 
260 TX B 2013 

  
1 

     
Subspecies IV 

261 TX B 2013 
  

1 
     

Subspecies IV 
261 TX B 2013 

  
1 

     
Subspecies IV 

420 RB C 2013 
  

1 
     

Typhimurium 
421 RB C 2013 

  
1 

     
Typhimurium 

781 RB C 2014 
      

1 
 

Typhimurium 
420 RH C 2013 

  
1 

     
Typhimurium 
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Table 5.6: (continued). 
 
430 RH C 2014 

       
1 Typhimurium 

420 RH C 2014 
  

1 
     

Typhimurium 
781 RH C 2014 

      
1 

 
Typhimurium 

420 RX C 2013 
  

1 
     

Typhimurium 
430 RX C 2014 

       
1 Typhimurium 

420 RX C 2014 
  

1 
     

Typhimurium 
261 TB B 2014 

  
1 

     
Typhimurium 

290 TB B 2014 
     

1 
  

Typhimurium 
261 TH B 2014 

  
1 

     
Typhimurium 

450 TH C 2013 
    

1 
   

Typhimurium 
Total 

   
4 17 66 5 52 1 10 17 172 

a total of 59 Salmonella isolates were obtained from environmental samples in 2012  
 

b a total of 58 Salmonella isolates were obtained from environmental samples in 2013 
 

c a total of 55 Salmonella isolates were obtained from environmental samples in 2014 
 

d On TT: XLT4 (TX); HE  (TH); BS (TB)  On RV: XLT4 (RX); HE (RH); BS (RB) 
e Tomatoes were collectively sampled and quartered 
f Surface of tomato 

         

g Internalization of tomato 
        

 
 

 

 

 

 

 



 

197 
 

Table 5.7:  Final Serotype for Salmonella Isolates (n=172) from NC Tomato Production Environments Listed in Chronological Order 

(July 2012 - September 2014) Indicating the Three Serotyping Method Predictions, Final Serotypes, and Percent Correlation between 

Serotyping Results.   

CFSAN ID Year Month Location Bioplex a 
 

PFGE WGS SeqSero 
a 

Final 
Serotype 

ab 

 
% 

CFSAN008685 2012 Jul Water pond Non Type 1                    Undetermined Farmingdale  Farmingdale 33 

CFSAN008686 2012 Jul Water pond Non Type 1                    Undetermined Farmingdale  Farmingdale 33 

CFSAN008677 2012 Jul Sediment stream Give/Parkroyal                         Undetermined Give Give 67 

CFSAN008678 2012 Jul Sediment stream Give/Parkroyal                         Undetermined Give Give 67 

CFSAN008679 2012 Jul Sediment stream Non Type 1                    Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008687 2012 Jul Water stream Non Type 1                    Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008688 2012 Jul Water stream Non Type 1                    Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008689 2012 Jul Water stream Non Type 1                    Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008690 2012 Jul Water stream Non Type 1                    Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008691 2012 Jul Water stream Non Type 1                    Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008672 2012 Jul Sediment stream Hartford                       Hartford                       Hartford                       Hartford 100 

CFSAN008673 2012 Jul Sediment stream Hartford                       Hartford                       Hartford                       Hartford 100 
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Table 5.7: (continued). 
 
CFSAN008674 2012 Jul Sediment stream Hartford                       Hartford                       Hartford                       Hartford 100 

CFSAN008675 2012 Jul Sediment stream Hartford                       Hartford                       Hartford                       Hartford 100 

CFSAN008676 2012 Jul Sediment stream Hartford                          Hartford                                                                                                    Hartford                                                                                                    Hartford 100 

CFSAN008680 2012 Jul Sediment stream Agona                                           Agona                                                                              Agona Agona 100 

CFSAN008681 2012 Jul Sediment stream Agona Agona Agona Agona 100 

CFSAN008682 2012 Jul Sediment stream Agona Agona Agona Agona 100 

CFSAN008683 2012 Jul Sediment stream Agona Agona Agona Agona 100 

CFSAN008684 2012 Jul Sediment stream Agona Agona Agona Agona 100 

CFSAN008699 2012 Aug Water stream Redlands IIIb           Undetermined Give Give 33 

CFSAN008696 2012 Aug Water stream Redlands IIIb           Undetermined IIIb Redlands IIIb 67 

CFSAN008697 2012 Aug Water stream Redlands IIIb           Undetermined IIIb Redlands IIIb 67 

CFSAN008698 2012 Aug Water stream Redlands IIIb           Undetermined IIIb Redlands IIIb 67 

CFSAN008700 2012 Aug Water stream Redlands IIIb           Undetermined IIIB Redlands IIIb 67 

CFSAN008701 2012 Aug Water stream Give/Parkroyal  Undetermined Give Give 67 

CFSAN008692 2012 Aug Sediment stream Berta Berta Berta Berta 100 

CFSAN008693 2012 Aug Sediment stream Paratyphi B              Paratyphi B      Paratyphi B Paratyphi B 100 

CFSAN008694 2012 Aug Sediment stream Paratyphi B              Paratyphi B    Paratyphi B Paratyphi B 100 

CFSAN008695 2012 Aug Sediment stream Paratyphi B              Paratyphi B    Paratyphi B Paratyphi B 100 
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Table 5.7: (continued). 
 
CFSAN008702 2012 Aug Water stream Paratyphi B              Paratyphi B      Paratyphi B Paratyphi B 100 

CFSAN008703 2012 Aug Water stream Paratyphi B              Paratyphi B Paratyphi B Paratyphi B 100 

CFSAN008704 2012 Aug Water stream Paratyphi B              Paratyphi B Paratyphi B Paratyphi B 100 

CFSAN008705 2012 Aug Water stream Paratyphi B              Paratyphi B Paratyphi B Paratyphi B 100 

CFSAN008706 2012 Aug Water stream Paratyphi B              Paratyphi B Paratyphi B Paratyphi B 100 

CFSAN008707 2012 Aug Water stream Redlands IIIb                         Paratyphi B      Paratyphi B Paratyphi B 100 

CFSAN008708 2012 Aug Water stream Paratyphi B    Paratyphi B   Paratyphi B Paratyphi B 100 

CFSAN008709 2012 Aug Water stream Paratyphi B    Paratyphi B   Paratyphi B Paratyphi B 100 

CFSAN008710 2012 Aug Water stream Paratyphi B    Paratyphi B   Paratyphi B Paratyphi B 100 

CFSAN008711 2012 Aug Water stream Paratyphi B    Paratyphi B   Paratyphi B Paratyphi B 100 

CFSAN008712 2012 Aug Water stream Paratyphi B    Paratyphi B   Paratyphi B Paratyphi B 100 

CFSAN008713 2012 Aug Tomato surface  Redlands IIIb                   Montevideo                Montevideo Montevideo 100 

CFSAN008714 2012 Aug Tomato surface  Montevideo Montevideo Montevideo Montevideo 100 

CFSAN008715 2012 Aug Tomato internal Montevideo                              Montevideo      Montevideo Montevideo 100 

CFSAN008716 2012 Aug Tomato internal Montevideo Montevideo Montevideo Montevideo 100 

CFSAN008717 2012 Aug Tomato internal Montevideo Montevideo Montevideo Montevideo 100 

CFSAN008718 2012 Sep Sediment stream Paratyphi B    Undetermined Paratyphi B Paratyphi B 67 

CFSAN008719 2012 Sep Sediment stream Paratyphi B    Undetermined Paratyphi B Paratyphi B 67 
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Table 5.7: (continued). 
 
CFSAN008720 2012 Sep Sediment stream Paratyphi B    Undetermined Paratyphi B Paratyphi B 67 

CFSAN008721 2012 Sep Sediment stream Hartford                           Undetermined Hartford Hartford 67 

CFSAN008722 2012 Sep Sediment stream Hartford                           Undetermined Hartford Hartford 67 

CFSAN008723 2012 Sep Sediment stream Hartford                           Undetermined Hartford Hartford 67 

CFSAN008724 2012 Sep Water stream Hartford                                             Hartford              Hartford Hartford 100 

CFSAN008725 2012 Sep Water stream Hartford                                             Hartford              Hartford Hartford 100 

CFSAN008726 2012 Sep Water stream Hartford                                             Hartford              Hartford Hartford 100 

CFSAN008616 2013 Jun Sediment stream Undetermined Paratyphi B  Paratyphi B Paratyphi B 67 

CFSAN008612 2013 Jun Sediment stream Newport  Newport                               Newport Newport 100 

CFSAN008613 2013 Jun Sediment stream Newport  Newport                               Newport Newport 100 

CFSAN008614 2013 Jun Sediment stream Newport  Newport                               Newport Newport 100 

CFSAN008615 2013 Jun Sediment stream Newport                                           Newport                               Newport Newport 100 

CFSAN008617 2013 Jun Sediment stream Newport  Newport  Newport Newport 100 

CFSAN008618 2013 Jun Water stream Typhimurium        Typhimurium Typhimurium Typhimurium 100 

CFSAN008619 2013 Jun Water stream Typhimurium Typhimurium Typhimurium Typhimurium 100 

CFSAN008620 2013 Jun Water stream Typhimurium Typhimurium Typhimurium Typhimurium 100 

CFSAN008621 2013 Jun Water stream Typhimurium Typhimurium Typhimurium Typhimurium 100 

CFSAN008622 2013 Jul Farm soil in rows Rubislaw Undetermined Rubislaw Rubislaw 67 
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Table 5.7: (continued). 
 
CFSAN008623 2013 Jul Farm soil in rows Rubislaw Undetermined Rubislaw Rubislaw 67 

CFSAN008624 2013 Jul Farm soil in rows Rubislaw Undetermined Rubislaw Rubislaw 67 

CFSAN008625 2013 Jul Farm soil in rows Rubislaw Undetermined Rubislaw Rubislaw 67 

CFSAN008626 2013 Jul Water pond  IIIb Undetermined IIIb Redlands IIIb 67 

CFSAN008627 2013 Jul Water pond  IIIb Undetermined IIIb Redlands IIIb 67 

CFSAN008628 2013 Jul Water pond  IIIb Undetermined IIIb Redlands IIIb 67 

CFSAN008629 2013 Jul Water stream Newport Newport Newport Newport 100 

CFSAN008631 2013 Aug Water stream Undetermined Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008632 2013 Aug Water stream Undetermined Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008633 2013 Aug Water stream Undetermined Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008634 2013 Aug Water stream Undetermined Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008636 2013 Aug Water stream Newport   Newport   Undetermined Newport 67 

CFSAN008636 2013 Aug Water stream Newport   Newport   Undetermined Newport 67 

CFSAN008630 2013 Aug Water stream Subspecies IV Subspecies IV Subspecies IV Subspecies 
IV 

100 

CFSAN008635 2013 Aug Water stream Newport                                Newport                                              Newport Newport 100 

CFSAN008636 2013 Aug Water stream Newport   Newport   Newport Newport 100 

CFSAN008637 2013 Aug Water stream Newport   Newport   Newport Newport 100 
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Table 5.7: (continued). 
 
CFSAN008638 2013 Aug Water stream Newport   Newport   Newport Newport 100 

CFSAN008655 2013 Sep Water stream Undetermined Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008656 2013 Sep Water stream Undetermined Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008657 2013 Sep Water stream Undetermined Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008658 2013 Sep Water stream Undetermined Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008659 2013 Sep Water stream Undetermined Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008660 2013 Sep Water stream Undetermined Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008661 2013 Sep Water stream Undetermined Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008662 2013 Sep Water stream Undetermined Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008663 2013 Sep Water stream Undetermined Subspecies IV Subspecies IV Subspecies 
IV 

67 

CFSAN008639 2013 Sep Irrigation-1 L-drip  Paratyphi B    Paratyphi B      Paratyphi B Paratyphi B 100 

CFSAN008640 2013 Sep Irrigation-1 L-drip  Paratyphi B    Paratyphi B      Paratyphi B Paratyphi B 100 

CFSAN008641 2013 Sep Irrigation-1 L-drip  Paratyphi B    Paratyphi B      Paratyphi B Paratyphi B 100 

CFSAN008642 2013 Sep Irrigation-1 L-drip  Paratyphi B    Paratyphi B      Paratyphi B Paratyphi B 100 

CFSAN008643 2013 Sep Irrigation-1 L-drip  Paratyphi B    Paratyphi B      Paratyphi B Paratyphi B 100 

CFSAN008644 2013 Sep Irrigation-1 L-drip  Paratyphi B    Paratyphi B      Paratyphi B Paratyphi B 100 

CFSAN008645 2013 Sep Sediment stream Paratyphi B    Paratyphi B                               Paratyphi B Paratyphi B 100 
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Table 5.7: (continued). 
 
CFSAN008646 2013 Sep Sediment stream Newport       Newport  Newport Newport 100 

CFSAN008647 2013 Sep Sediment stream Paratyphi B    Paratyphi B  Paratyphi B Paratyphi B 100 

CFSAN008648 2013 Sep Sediment stream Typhimurium    Typhimurium Typhimurium Typhimurium 100 

CFSAN008649 2013 Sep Sediment stream Newport Newport Newport Newport 100 

CFSAN008650 2013 Sep Sediment stream Paratyphi B    Paratyphi B Paratyphi B Paratyphi B 100 

CFSAN008651 2013 Sep Sediment stream Newport Newport Newport Newport 100 

CFSAN008652 2013 Sep Sediment stream Paratyphi B    Paratyphi B Paratyphi B Paratyphi B 100 

CFSAN008653 2013 Sep Sediment stream Newport Newport Newport Newport 100 

CFSAN008654 2013 Sep Sediment stream Paratyphi B    Paratyphi B Paratyphi B Paratyphi B 100 

CFSAN008664 2013 Sep Water stream Paratyphi B    Paratyphi B           Paratyphi B Paratyphi B 100 

CFSAN008665 2013 Sep Water stream Paratyphi B    Paratyphi B           Paratyphi B Paratyphi B 100 

CFSAN008666 2013 Sep Water stream Paratyphi B    Paratyphi B           Paratyphi B Paratyphi B 100 

CFSAN008667 2013 Sep Irrigation-1 L-disk Paratyphi B    Paratyphi B     Paratyphi B Paratyphi B 100 

CFSAN008668 2013 Sep Irrigation-1 L-disk Paratyphi B    Paratyphi B     Paratyphi B Paratyphi B 100 

CFSAN008669 2013 Sep Irrigation-1 L-disk Paratyphi B    Paratyphi B     Paratyphi B Paratyphi B 100 

CFSAN008670 2013 Sep Irrigation-1 L-disk Paratyphi B    Paratyphi B     Paratyphi B Paratyphi B 100 

CFSAN008671 2013 Sep Irrigation-1 L-disk Paratyphi B    Paratyphi B     Paratyphi B Paratyphi B 100 

CFSAN055356 2014 Jun Irrigation-1 L-drip  Undetermined Undetermined Rubislaw Rubislaw 33 
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Table 5.7: (continued). 
 
CFSAN055357 2014 Jun Irrigation-1 L-drip  Undetermined Undetermined Rubislaw Rubislaw 33 

CFSAN055358 2014 Jun Irrigation-1 L-drip  Undetermined Undetermined Rubislaw Rubislaw 33 

CFSAN055359 2014 Jun Irrigation-1 L-drip  Non-Type 1      Undetermined Paratyphi B Paratyphi B 33 

CFSAN055360 2014 Jun Irrigation-1 L-drip  Undetermined Undetermined Rubislaw Rubislaw 33 

CFSAN055361 2014 Jun Irrigation-1 L-drip  Undetermined Undetermined Rubislaw Rubislaw 33 

CFSAN055362 2014 Jun Irrigation-1 L-drip  Undetermined Undetermined Give Give 33 

CFSAN055363 2014 Jun Irrigation-1 L-drip  Undetermined Undetermined Rubislaw Rubislaw 33 

CFSAN055364 2014 Jun Irrigation-1 L-drip  Give/Parkroyal    Undetermined Rubislaw Rubislaw 33 

CFSAN055367 2014 Jun Water stream Non-type I Undetermined Type IV or 
IIIa 

Type IV or 
IIIa 

33 

CFSAN055355 2014 Jun Irrigation swab  Typhimurium Typhimurium Typhimurium Typhimurium 100 

CFSAN055365 2014 Jun Water stream Typhimurium                         Typhimurium        Typhimurium Typhimurium 100 

CFSAN055366 2014 Jun Water stream Typhimurium                         Typhimurium        Typhimurium Typhimurium 100 

CFSAN055368 2014 Jul Sediment stream Undetermined Undetermined Rubislaw Rubislaw 33 

CFSAN055371 2014 Jul Sediment stream Give/Parkroyal  Undetermined Rubislaw Rubislaw 33 

CFSAN055372 2014 Jul Sediment stream Undetermined                                               Undetermined Rubislaw Rubislaw 33 

CFSAN055375 2014 Jul Water stream Drogana                                Undetermined Newport Newport 33 

CFSAN055383 2014 Jul Irrigation-40 L-disk  Newport  Undetermined Javiana Javiana 33 

CFSAN055369 2014 Jul Sediment stream Give/Parkroyal Undetermined Give Give 67 
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Table 5.7: (continued). 
 
CFSAN055370 2014 Jul Sediment stream Give/Parkroyal Undetermined Give Give 67 

CFSAN055374 2014 Jul Water stream Newport Newport Rubislaw Newport 67 

CFSAN055378 2014 Jul Water stream Give/Parkroyal Undetermined Give Give 67 

CFSAN055379 2014 Jul Water stream Give/Parkroyal Typhimurium Give Give 67 

CFSAN055380 2014 Jul Water stream Give/Parkroyal Typhimurium Give Give 67 

CFSAN055381 2014 Jul Water stream Give/Parkroyal Undetermined Give Give 67 

CFSAN055382 2014 Jul Irrigation-40 L-disk  Newport                                 Newport Javiana Newport 67 

CFSAN055376 2014 Jul Water stream Give/Parkroyal Undetermined Give Give 100 

CFSAN055377 2014 Jul Water stream Give/Parkroyal Undetermined Give Give 100 

CFSAN055384 2014 Jul Irrigation-40 L-disk  Typhimurium            Typhimurium Typhimurium Typhimurium 100 

CFSAN055385 2014 Jul Irrigation-40 L-disk  Typhimurium Typhimurium Typhimurium Typhimurium 100 

CFSAN055393 2014 Aug Irrigation-1 L-drip  Undetermined Typhimurium               Typhimurium Typhimurium 67 

CFSAN055398 2014 Aug Water stream Typhimurium Undetermined Typhimurium Typhimurium 67 

CFSAN055399 2014 Aug Water stream Typhimurium                        Undetermined Typhimurium Typhimurium 67 

CFSAN055386 2014 Aug Tomato fruit Javiana                                           Javiana Newport Javiana 100 

CFSAN055387 2014 Aug Tomato fruit Javiana                                           Javiana Newport Javiana 100 

CFSAN055388 2014 Aug Tomato fruit Javiana                                           Javiana Javiana Javiana 100 

CFSAN055389 2014 Aug Tomato fruit Javiana                                           Javiana Javiana Javiana 100 



 

206 
 

Table 5.7: (continued). 
 
CFSAN055390 2014 Aug Tomato fruit Javiana                                   Javiana Javiana Javiana 100 

CFSAN055391 2014 Aug Tomato fruit Javiana                                   Javiana Javiana Javiana 100 

CFSAN055392 2014 Aug Tomato fruit Javiana                                   Javiana Javiana Javiana 100 

CFSAN055394 2014 Aug Irrigation-1 L-drip  Typhimurium                            Typhimurium               Typhimurium Typhimurium 100 

CFSAN055395 2014 Aug Sediment stream Give/Parkroyal Undetermined Give Give 100 

CFSAN055396 2014 Aug Sediment stream Newport                        Newport Newport Newport 100 

CFSAN055397 2014 Aug Sediment stream Newport                        Newport Newport Newport 100 

CFSAN055400 2014 Aug Tomato fruit Javiana                              Javiana Javiana Javiana 100 

CFSAN055401 2014 Aug Tomato fruit Javiana                              Javiana Javiana Javiana 100 

CFSAN055402 2014 Aug Tomato fruit Javiana Javiana Javiana Javiana 100 

CFSAN055403 2014 Aug Tomato fruit Javiana                            Javiana Javiana Javiana 100 

CFSAN055404 2014 Aug Tomato fruit Javiana                            Javiana Javiana Javiana 100 

CFSAN055405 2014 Aug Irrigation-40 L-disk  Newport Newport Newport Newport 100 

CFSAN055406 2014 Sep Sediment stream Paratyphi B    Undetermined Undetermined Undetermined 33 

CFSAN055406 2014 Sep Sediment stream Paratyphi B    Undetermined Undetermined Undetermined 33 

CFSAN055406 2014 Sep Sediment stream Paratyphi B    Undetermined Paratyphi B    Paratyphi B 67 

CFSAN055407 2014 Sep Sediment stream Paratyphi B    Paratyphi B Paratyphi B    Paratyphi B 100 

CFSAN055408 2014 Sep Sediment stream Paratyphi B    Paratyphi B Paratyphi B    Paratyphi B 100 
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Table 5.7: (continued). 
 

a Designation of Paratyphi B are further identified to monophasic Paratyphi B.  
  

b If none of the predictions agree, the final determination were taken from the WGS  
SeqSero.  
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Table 5.8: Final serotype for Salmonella isolates (n=172) aligned to field sample number, farm location, year, month, sample 

environment and number of isolates from the NC tomato production environments (n=5) recovered from during 2012=2014.   

Field No. Farm Year Month Location Final 
Serotype a 

Isolates 

Farm Soil 

B221 B 2013 July Farm soil between rows Rubislaw 4 

Irrigation 
C780 C 2013 September Irrigation 1 L after disk filter Paratyphi B 5 
C430 C 2014 August Irrigation 1 L at end of drip Typhimurium 2 
C430 C 2014 June Irrigation 1 L at end of drip  Give 1 
C430 C 2013 September Irrigation 1 L at end of drip  Paratyphi B 6 
C430 C 2014 June Irrigation 1 L at end of drip  Paratyphi B 1 
C430 C 2014 June Irrigation 1 L at end of drip  Rubislaw 7 
C780 C 2014 July Irrigation 40 L after disk filter Javiana 1 
C780 C 2014 August Irrigation 40 L after disk filter Newport 1 
C780 C 2014 July Irrigation 40 L after disk filter Newport 1 
C781 C 2014 July Irrigation 40 L after disk filter Typhimurium 2 
B290 B 2014 June Irrigation swab  Typhimurium 1 

Sediment 
C450 C 2012 July Sediment stream Agona 5 
B300 B 2012 August Sediment stream Berta 1 
B301 B 2012 July Sediment stream Give 2 
B301 B 2014 July Sediment stream Give 2 
B301 B 2014 August Sediment stream Give 1 
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Table 5.8: (continued). 
 
B300 B 2012 July Sediment stream Hartford 5 
B301 B 2012 September Sediment stream Hartford 3 
C450 C 2013 June Sediment stream Newport 5 
C450 C 2013 September Sediment stream Newport 4 
C451 C 2014 August Sediment stream Newport 2 
B301 B 2014 September Sediment stream Not Defined 2 
B301 B 2012 August Sediment stream Paratyphi B 3 
B300 B 2012 September Sediment stream Paratyphi B 3 
C451 C 2013 June Sediment stream Paratyphi B 1 
C450 C 2013 September Sediment stream Paratyphi B 2 
C451 C 2013 September Sediment stream Paratyphi B 3 
B301 B 2014 September Sediment stream Paratyphi B 3 
B300 B 2014 July Sediment stream Rubislaw 1 
C451 C 2014 July Sediment stream Rubislaw 1 
C450 C 2014 July Sediment stream Rubislaw 1 
B301 B 2012 July Sediment stream Subspecies IV 1 
C450 C 2013 September Sediment stream Typhimurium 1 

Tomato 

A3 A 2014 August Tomato fruit Javiana 4 
A6 A 2014 August Tomato fruit Javiana 3 
A107 A 2014 August Tomato fruit Javiana 2 
A109 A 2014 August Tomato fruit Javiana 1 
A112 A 2014 August Tomato fruit Javiana 2 
C609 C 2012 August Tomato internalized isolation Montevideo 3 
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Table 5.8: (continued). 
 
C608 C 2012 August Tomato surface isolation Montevideo 2 

Surface Source Water 
A101 A 2012 July Water pond Farmingdale 2 
B270 B 2013 July Water pond  Redlands IIIb 3 
B261 B 2012 August Water stream Give 2 
B261 B 2014 July Water stream Give 2 
C420 C 2014 July Water stream Give 4 
B261 B 2012 September Water stream Hartford 3 
C421 C 2013 August Water stream Newport 6 
C421 C 2013 July Water stream Newport 1 
B260 B 2014 July Water stream Newport 2 
C420 C 2012 August Water stream Paratyphi B 5 
C421 C 2012 August Water stream Paratyphi B 6 
C420 C 2013 September Water stream Paratyphi B 3 
B260 B 2012 August Water stream Redlands IIIb 3 
B261 B 2012 August Water stream Redlands IIIb 1 
B260 B 2012 July Water stream Subspecies IV 4 
B261 B 2012 July Water stream Subspecies IV 1 
B261 B 2013 August Water stream Subspecies IV 5 
B260 B 2013 September Water stream Subspecies IV 5 
B261 B 2013 September Water stream Subspecies IV 4 
C420 C 2014 June Water stream Type IV or IIIa 1 
C420 C 2013 June Water stream Typhimurium 3 
C421 C 2013 June Water stream Typhimurium 1 
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Table 5.8: (continued). 
 
C420 C 2014 August Water stream Typhimurium 2 
B261 B 2014 June Water stream Typhimurium 2 
a Designation of Paratyphi B are further identified to monophasic Paratyphi B.  

  



 

212 
 

Table 5.9: Whole Genome Sequences for NC Environmental Isolates designated as Bioproject Accession Number PRJNA186035 in 

the National Center for Biotechnology Information (NCBI) Sorted by Microbial CFSAN Strain Number. 

Microbial 

Strain Name 

(CFSAN) 

North Carolina Private 

Strain No. 

Isolation 

Source  

NCBI 

BioSample 

Accession No. 

Short-Read 

Archive 

Accession 

No. (SRA) 

Predicted 

Serotype a 

Sequence 

CFSAN008612 NCC450RVH062013 Str. Sediment SAMN02900044 SRR1567296 Newport HiSeq  

CFSAN008613 NCC450RVX062013 Str. Sediment SAMN02900045 SRR1566301 Newport HiSeq  

CFSAN008614 NCC450TTX062013 Str. Sediment SAMN02900046 SRR1566343 Newport HiSeq  

CFSAN008615 NCC451RVH062013 Str. Sediment SAMN02900047 SRR1566322 Newport HiSeq  

CFSAN008616 NCC451RVX062013 Str. Sediment SAMN02900048 SRR1566364 Paratyphi B HiSeq  

CFSAN008617 NCC451TTX062013 Str. Sediment SAMN02900049 SRR1566521 Newport HiSeq  

CFSAN008618 NCC420RVB062013 Str. Water SAMN02900050 SRR1566330 Typhimurium HiSeq  

CFSAN008619 NCC420RVH062013 Str. Water SAMN02900051 SRR1567249 Typhimurium HiSeq  

CFSAN008620 NCC420RVX062013 Str. Water SAMN02900052 SRR1566578 Typhimurium HiSeq  

CFSAN008621 NCC421RVB062013 Str. Water SAMN02900053 SRR1566309 Typhimurium HiSeq  
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Table 5.9: (continued). 
 
CFSAN008622 NCB221RV2H07122013 Farm soil SAMN02900054 SRR1567276 Rubislaw HiSeq  

CFSAN008623 NCB221RV2X07122013 Farm soil SAMN02900055 SRR1566334 Rubislaw HiSeq  

CFSAN008624 NCB221TT2H07122013 Farm soil SAMN02900056 SRR1567131 Rubislaw HiSeq  

CFSAN008625 NCB221TT2X07122013 Farm soil SAMN02900057 SRR1567153 Rubislaw HiSeq  

CFSAN008626 NCB270RVB07122013 Pond Water SAMN02900058 SRR1566477 IIIb 16:z10:enxz15 HiSeq 

CFSAN008627 NCB270RVHH07122013 Pond Water SAMN02900059 SRR1567193 IIIb 16:z10:enxz15 HiSeq 

CFSAN008628 NCB270RVHX07122013 Pond Water SAMN02900060 SRR1567117 IIIb 16:z10:enxz15 HiSeq 

CFSAN008629 NCC421RVH07122013 Str. Water SAMN02900061 SRR1566536 Newport HiSeq  

CFSAN008630 NCB261RVB08162013 Str. Water SAMN02900062 SRR1566596 IV 44:z36[z38]:- HiSeq 

CFSAN008631 NCB261RVH08162013 Str. Water SAMN02900063 SRR1567178 IV 44:z36[z38]:- HiSeq 

CFSAN008632 NCB261RVX08162013 Str. Water SAMN02900064 SRR1566495 IV 44:z36[z38]:- HiSeq 

CFSAN008633 NCB261TTH08162013 Str. Water SAMN02900065 SRR1566430 IV 44:z36[z38]:- HiSeq 

CFSAN008634 NCB261TTX08162013 Str. Water SAMN02900066 SRR1566318 IV 44:z36[z38]:- HiSeq 

CFSAN008635 NCC421RVH08162013 Str. Water SAMN02900067 SRR1566365 Newport HiSeq  

CFSAN008636 NCC421RVX08162013 Str. Water SAMN02900068 SRR1566302 Newport HiSeq  

 



 

214 
 

Table 5.9: (continued). 
 
CFSAN008637 NCC421TTH08162013 Str. Water SAMN02900069 SRR1566597 Newport HiSeq  

CFSAN008638 NCC421TTX08162013 Str. Water SAMN02900070 SRR1566344 Newport HiSeq  

CFSAN008639 NCC430RVB109132013 Irrigation  SAMN02900071 SRR1566496 Paratyphi B HiSeq  

CFSAN008640 NCC430RVB209132013 Irrigation  SAMN02900072 SRR1566360 Paratyphi B HiSeq  

CFSAN008641 NCC430RVH09132013 Irrigation  SAMN02900073 SRR1566384 Paratyphi B HiSeq  

CFSAN008642 NCC430RVX09132013 Irrigation  SAMN02900074 SRR1566323 Paratyphi B HiSeq  

CFSAN008643 NCC430TTH09132013 Irrigation  SAMN02900075 SRR1566454 Paratyphi B HiSeq  

CFSAN008644 NCC430TTX09132013 Irrigation  SAMN02900076 SRR1566478 Paratyphi B HiSeq  

CFSAN008645 NCC450RVB09132013 Str. Sediment SAMN02900077 SRR1566356 Paratyphi B HiSeq 

CFSAN008646 NCC450RVH09132013 Str. Sediment SAMN02900078 SRR1566613 Newport HiSeq  

CFSAN008647 NCC450RVX09132013 Str. Sediment SAMN02900079 SRR1566479 Paratyphi B HiSeq  

CFSAN008648 NCC450TTH09132013 Str. Sediment SAMN02900080 SRR1567297 Typhimurium HiSeq  

CFSAN008649 NCC450TTX09132013 Str. Sediment SAMN02900081 SRR1566327 Newport HiSeq  

CFSAN008650 NCC451RVB09132013 Str. Sediment SAMN02900082 SRR1566366 Paratyphi B HiSeq  

CFSAN008651 NCC451RVH09132013 Str. Sediment SAMN02900083 SRR1567371 Newport HiSeq  
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Table 5.9: (continued). 
 
CFSAN008652 NCC451RVX09132013 Str. Sediment SAMN02900084 SRR1566324 Paratyphi B HiSeq  

CFSAN008653 NCC451TTH09132013 Str. Sediment SAMN02900085 SRR1567250 Newport HiSeq  

CFSAN008654 NCC451TTX09132013 Str. Sediment SAMN02900086 SRR1567215 Paratyphi B HiSeq  

CFSAN008655 NCB260RVB09132013 Str. Water SAMN02900087 SRR1566280 IV 44:z36[z38]:- HiSeq 

CFSAN008656 NCB260RVH09132013 Str. Water SAMN02900088 SRR1566345 IV 44:z36[z38]:- HiSeq 

CFSAN008657 NCB260RVX09132013 Str. Water SAMN02900089 SRR1567132 IV 44:z36[z38]:- HiSeq 

CFSAN008658 NCB260TTH09132013 Str. Water SAMN02900090 SRR1567277 IV 44:z36[z38]:- HiSeq 

CFSAN008659 NCB260TTX09132013 Str. Water SAMN02900091 SRR1566310 IV 44:z36[z38]:- HiSeq 

CFSAN008660 NCB261RVB09132013 Str. Water SAMN02900092 SRR1566339 IV 44:z36[z38]:- HiSeq 

CFSAN008661 NCB261RVH09132013 Str. Water SAMN02900093 SRR1566288 IV 44:z36[z38]:- HiSeq 

CFSAN008662 NCB261TTH09132013 Str. Water SAMN02900094 SRR1566293 IV 44:z36[z38]:- HiSeq 

CFSAN008663 NCB261TTX09132013 Str. Water SAMN02900095 SRR1567233 IV 44:z36[z38]:- HiSeq 

CFSAN008664 NCC420RVH09132013 Str. Water SAMN02900096 SRR1566320 Paratyphi B HiSeq  

CFSAN008665 NCC420TTH09132013 Str. Water SAMN02900097 SRR1566283 Paratyphi B HiSeq  

CFSAN008666 NCC420TTX09132013 Str. Water SAMN02900098 SRR1566307 Paratyphi B HiSeq  
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Table 5.9: (continued). 
 
CFSAN008667 NCC780RVB09132013 Irrigation  SAMN02900099 SRR1566385 Paratyphi B HiSeq  

CFSAN008668 NCC780RVH09132013 Irrigation  SAMN02900100 SRR1566331 Paratyphi B HiSeq  

CFSAN008669 NCC780RVX09132013 Irrigation  SAMN02900101 SRR1566335 Paratyphi B HiSeq  

CFSAN008670 NCC780TTH09132013 Irrigation  SAMN02900102 SRR1567154 Paratyphi B HiSeq  

CFSAN008671 NCC780TTX09132013 Irrigation  SAMN02900103 SRR1566455 Paratyphi B HiSeq 

CFSAN008672 NCB300RVB072012 Str. Sediment SAMN02900104 SRR1567315 Hartford HiSeq 

CFSAN008673 NCB300RVH072012 Str. Sediment SAMN02900105 SRR1566606 Hartford HiSeq 

CFSAN008674 NCB300RVX072012 Str. Sediment SAMN02900106 SRR1567183 Hartford HiSeq 

CFSAN008675 NCB300TTX072012 Str. Sediment SAMN02900107 SRR1567372 Hartford HiSeq 

CFSAN008676 NCB301RVB072012 Str. Sediment SAMN02900108 SRR1566431 Hartford HiSeq 

CFSAN008677 NCB301RVH072012 Str. Sediment SAMN02900109 SRR1566537 Give HiSeq 

CFSAN008678 NCB301RVX072012 Str. Sediment SAMN02900110 SRR1567118 Give HiSeq 

CFSAN008679 NCB301TTX072012 Str. Sediment SAMN02900111 SRR1567234 IV 44:z36[z38]:- HiSeq 

CFSAN008680 NCC450RVB072012 Str. Sediment SAMN02900112 SRR1566456 Agona HiSeq 

CFSAN008681 NCC450RVH072012 Str. Sediment SAMN02900113 SRR1566522 Agona HiSeq 
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Table 5.9: (continued). 
 
CFSAN008682 NCC450RVX072012 Str. Sediment SAMN02900114 SRR1566386 Agona HiSeq 

CFSAN008683 NCC450TTB072012 Str. Sediment SAMN02900115 SRR1566332 Agona HiSeq 

CFSAN008684 NCC450TTX072012 Str. Sediment SAMN02900116 SRR1566523 Agona HiSeq 

CFSAN008685 NCA101RVH072012 Pond Water SAMN02900117 SRR1566368 IV 43:z4z23:- HiSeq 

CFSAN008686 NCA101RVX072012 Pond Water SAMN02900118 SRR1566524 Farmingdale HiSeq 

CFSAN008687 NCB260RVB072012 Str. Water SAMN02900119 SRR1566347 IV 44:z36[z38]:- HiSeq 

CFSAN008688 NCB260RVH072012 Str. Water SAMN02900120 SRR1566328 IV 44:z36[z38]:- HiSeq 

CFSAN008689 NCB260RVX072012 Str. Water SAMN02900121 SRR1567316 IV 44:z36[z38]:- HiSeq 

CFSAN008690 NCB260TTX072012 Str. Water SAMN02900122 SRR1566281 IV 44:z36[z38]:- HiSeq 

CFSAN008691 NCB261RVX072012 Str. Water SAMN02900123 SRR1566336 IV 44:z36[z38]:- HiSeq 

CFSAN008692 NCB300RVX082012 Str. Sediment SAMN02900124 SRR1566289 Berta HiSeq 

CFSAN008693 NCB301RVB082012 Str. Sediment SAMN02900125 SRR1566357 Paratyphi B HiSeq  

CFSAN008694 NCB301RVX082012 Str. Sediment SAMN02900126 SRR1566432 Paratyphi B HiSeq  

CFSAN008695 NCB301TTX082012 Str. Sediment SAMN02900127 SRR1566614 Paratyphi B HiSeq  

CFSAN008696 NCB260RVB082012 Str. Water SAMN02900128 SRR1566337 IIIb 16:z10:enxz15 HiSeq 

 



 

218 
 

Table 5.9: (continued). 
 
CFSAN008697 NCB260RVH082012 Str. Water SAMN02900129 SRR1567155 IIIb 16:z10:enxz15 HiSeq 

CFSAN008698 NCB260RVX082012 Str. Water SAMN02900130 SRR1566358 IIIb 16:z10:enxz15 HiSeq 

CFSAN008699 NCB261RVB082012 Str. Water SAMN02900131 SRR1566538 Give HiSeq 

CFSAN008700 NCB261RVH082012 Str. Water SAMN02900132 SRR1567157 IIIb 16:z10:enxz15 HiSeq 

CFSAN008701 NCB261RVX082012 Str. Water SAMN02900133 SRR1566387 Give HiSeq 

CFSAN008702 NCC420RVB082012 Str. Water SAMN02900134 SRR1566615 Paratyphi B HiSeq  

CFSAN008703 NCC420RVH082012 Str. Water SAMN02900135 SRR1566284 Paratyphi B HiSeq  

CFSAN008704 NCC420RVX082012 Str. Water SAMN02900136 SRR1566359 Paratyphi B HiSeq  

CFSAN008705 NCC420TTH082012 Str. Water SAMN02900137 SRR1567350 Paratyphi B HiSeq  

CFSAN008706 NCC420TTX082012 Str. Water SAMN02900138 SRR1566303 Paratyphi B HiSeq  

CFSAN008707 NCC421RVB082012 Str. Water SAMN02900139 SRR1567377 Paratyphi B HiSeq  

CFSAN008708 NCC421RVH082012 Str. Water SAMN02900140 SRR5366628 Paratyphi B MiSeq 

CFSAN008709 NCC421RVX082012 Str. Water SAMN02900141 SRR5366665 Paratyphi B MiSeq 

CFSAN008710 NCC421TTB082012 Str. Water SAMN02900142 SRR5366657 Paratyphi B MiSeq 

CFSAN008711 NCC421TTH082012 Str. Water SAMN02900143 SRR5366661 Paratyphi B MiSeq 
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Table 5.9: (continued). 
 
CFSAN008712 NCC421TTX082012 Str. Water SAMN02900144 SRR5366666 Paratyphi B MiSeq 

CFSAN008713 NCC608RVX082012 Tomato (s) SAMN02900145 
 

Montevideo MiSeq  

CFSAN008714 NCC608TTX082012 Tomato (s) SAMN02900146 SRR5366659 Montevideo MiSeq  

CFSAN008715 NCC609RVB082012 Tomato (i)  SAMN02900147 SRR5366660 Montevideo MiSeq  

CFSAN008716 NCC609RVH082012 Tomato (i) SAMN02900148 
 

Montevideo MiSeq  

CFSAN008717 NCC609RVX082012 Tomato (i) SAMN02900149 SRR5366663 Montevideo MiSeq  

CFSAN008718 NCB300RVB092012 Str. Sediment SAMN02900150 
 

Paratyphi B MiSeq 

CFSAN008719 NCB300RVH092012 Str. Sediment SAMN02900151 
 

Paratyphi B MiSeq 

CFSAN008720 NCB300RVX092012 Str. Sediment SAMN02900152 
 

Paratyphi B MiSeq 

CFSAN008721 NCB301RVB092012 Str. Sediment SAMN02900153 
 

Hartford MiSeq  

CFSAN008722 NCB301RVH092012 Str. Sediment SAMN02900154 
 

Hartford MiSeq  

CFSAN008723 NCB301RVX092012 Str. Sediment SAMN02900155 
 

Hartford MiSeq  

CFSAN008724 NCB261RVB092012 Str. Water SAMN02900156 SRR5366670 Hartford MiSeq  

CFSAN008725 NCB261RVH092012 Str. Water SAMN02900157 SRR5366671 Hartford 

CFSAN008726 NCB261RVX092012 Str. Water SAMN02900158 SRR5366673 Hartford 
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Table 5.9: (continued). 
 
CFSAN055355 NCB290TTB061214 Irrigation (s) SAMN05733250 SRR5065394 Undetermined 

CFSAN055356 NCC430RVH061214 Irrigation  SAMN05733249 SRR5065390 Undetermined 

CFSAN055357 NCC4302RB061214 Irrigation  SAMN05733248 SRR5385934 Undetermined MiSeq 

CFSAN055358 NCC4302RH061214 Irrigation  SAMN05733247 SRR5065392 Undetermined NextSeq 

CFSAN055359 NCC4302RX061214 Irrigation  SAMN05733246 SRR5065391 Paratyphi B NextSeq  

CFSAN055360 NCC4303TH061214 Irrigation  SAMN05733245 SRR5065707 Undetermined NextSeq 

CFSAN055361 NCC4303TB061214 Irrigation  SAMN05733244 SRR5065389 Undetermined NextSeq 

CFSAN055362 NCC4303RH061214 Irrigation  SAMN05733243 SRR5065552 Undetermined NextSeq 

CFSAN055363 NCC4303RX061214 Irrigation  SAMN05733242 SRR5065393 Undetermined NextSeq 

CFSAN055364 NCC4303RB061214 Irrigation  SAMN05733241 SRR5065553 Undetermined NextSeq 

CFSAN055365 NCB261TTB061214 Str. Water SAMN05733240 SRR5065180 Undetermined NextSeq 

CFSAN055366 NCB261TTH061214 Str. Water SAMN05733239 SRR5065182 TyphimuriumO5- NextSeq 

CFSAN055367 NCC420TH061214 Str. Water SAMN05733292 SRR5065183 IV [1]40:z4z32:- NextSeq  

CFSAN055368 NCB300RVB071014 Str. Sediment SAMN05733291 SRR5065184 Rubislaw NextSeq  

CFSAN055369 NCB301RVX071014 Str. Sediment SAMN05733290 SRR5065186 Give NextSeq  
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Table 5.9: (continued). 
 
CFSAN055370 NCB301RVH071014 Str. Sediment SAMN05733289 SRR5065185 Give NextSeq  

CFSAN055371 NCC450RVX071014 Str. Sediment SAMN05733288 SRR5065188 Rubislaw NextSeq  

CFSAN055372 NCC450RVH071014 Str. Sediment SAMN05733287 SRR5065187 Undetermined NextSeq 

CFSAN055374 NCB260RVX071014 Str. Water SAMN05733285 SRR5064888 Undetermined NextSeq 

CFSAN055375 NCB260RVH071014 Str. Water SAMN05733284 SRR5064885 Undetermined NextSeq 

CFSAN055376 NCB261RVX071014 Str. Water SAMN05733283 SRR5064890 Undetermined NextSeq 

CFSAN055377 NCB261RVH071014 Str. Water SAMN05733282 SRR5064891 Undetermined NextSeq 

CFSAN055378 NCC420TTX071014 Str. Water SAMN05733281 SRR5064887 Undetermined NextSeq 

CFSAN055379 NCC420RVH071014 Str. Water SAMN05733280 SRR5064889 Undetermined NextSeq 

CFSAN055380 NCC420RVX071014 Str. Water SAMN05733279 SRR5064892 Undetermined NextSeq 

CFSAN055381 NCC420RVB071014 Str. Water SAMN05733278 SRR5064894 Undetermined NextSeq 

CFSAN055382 NCC780RVH071014 Irrigation  SAMN05733277 SRR5064896 Javiana NextSeq  

CFSAN055383 NCC780RVX071014 Irrigation  SAMN05733276 SRR5064893 Undetermined NextSeq 

CFSAN055384 NCC781RVB071014 Irrigation  SAMN05733275 SRR5064895 Undetermined NextSeq 

CFSAN055385 NCC781RVH071014 Irrigation  SAMN05733274 SRR5064898 Undetermined NextSeq 
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Table 5.9: (continued). 
 
CFSAN055386 NCA3TTX081514 Tomato SAMN05733273 SRR5064897 Undetermined NextSeq 

CFSAN055387 NCA3TTH081514 Tomato SAMN05733272 SRR5064899 Undetermined NextSeq 

CFSAN055388 NCA3RVX081514 Tomato SAMN05733271 SRR5064900 Undetermined NextSeq 

CFSAN055389 NCA3RVH081514 Tomato SAMN05733270 SRR5064901 Undetermined NextSeq 

CFSAN055390 NCA6RVX081514 Tomato SAMN05733269 SRR5064902 Undetermined NextSeq 

CFSAN055391 NCA6RVH081514 Tomato SAMN05733268 SRR5064904 Undetermined NextSeq 

CFSAN055392 NCA6TTX081514 Tomato SAMN05733267 SRR5064903 Undetermined NextSeq 

CFSAN055393 NCC430RVX081414 Irrigation  SAMN05733266 SRR5064905 Undetermined NextSeq 

CFSAN055394 NCC430RVH081414 Irrigation  SAMN05733265 SRR5064906 Undetermined NextSeq 

CFSAN055395 NCB301RVH081414 Str. Sediment SAMN05733264 SRR5065176 Undetermined NextSeq 

CFSAN055396 NCC451RVH081414 Str. Sediment SAMN05733263 SRR5065170 Undetermined NextSeq 

CFSAN055397 NCC451RVX081414 Str. Sediment SAMN05733262 SRR5065172 Undetermined NextSeq 

CFSAN055398 NCC420RVX081414 Str. Water SAMN05733261 SRR5064882 Undetermined NextSeq 

CFSAN055399 NCC420RVH081414 Str. Water SAMN05733260 SRR5064871 Undetermined NextSeq 

CFSAN055400 NCA107RVX081514 Tomato SAMN05733259 SRR5064872 Undetermined NextSeq 
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Table 5.9: (continued). 
 
CFSAN055401 NCA107RVH081514 Tomato SAMN05733258 SRR5064873 Undetermined NextSeq 

CFSAN055402 NCA109TTX081514 Tomato SAMN05733257 SRR5064874 Javiana NextSeq  

CFSAN055403 NCA112RVX081514 Tomato SAMN05733256 SRR5064875 Javiana NextSeq  

CFSAN055404 NCA112RVH081514 Tomato SAMN05733255 SRR5064879 Undetermined NextSeq 

CFSAN055405 NCC780RVX081414 Irrigation  SAMN05733254 SRR5064878 Undetermined NextSeq 

CFSAN055406 NCB301RVB091814 Str. Sediment SAMN05733253 SRR5064876 Undetermined NextSeq 

CFSAN055407 NCB301RVX091814 Str. Sediment SAMN05733252 SRR5064877 Undetermined NextSeq 

CFSAN055408 NCB301RVH091814 Str. Sediment SAMN05733251 SRR5064870 Undetermined NextSeq 

a Designation of Paratyphi B are further identified to monophasic Paratyphi B. 
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CHAPTER 6 

ASSESSMENT OF AGRICULTURAL WATER QUALITY ON NC TOMATO FARMS 

USING GENERIC E. COLI AS A FECAL INDICATOR AND BACTEROIDALES AS A 

NOVEL MICROBIAL SOURCE TRACKING (MST) METHOD  

Abstract   

 Water represents a potential route of human pathogen contamination resulting in 

subsequent disease outbreaks associated with the fruit and vegetable industry.  Currently, 

microbial monitoring efforts for pre- and post-harvest water quality used on produce farms rely 

on the use of microbial indicator organisms as well as measurement of various physiochemical 

water characteristics.  Relationships between microbial indicators, like E. coli, and pathogens 

remain complex and challenge the use of indicators for predicting human pathogens of 

consequence.  The purpose of this study is to provide baseline microbial water quality data using 

microbial indicators and to assess the sanitary quality of pre-harvest production water on three 

NC tomato farms using microbial indicator organisms, then comparing these results with the 

occurrence of pathogenic Salmonella to determine if the indicator organisms could be used as 

index organisms.   

 While no significant association were found between the physiochemical characteristics, 

generic E. coli provided the strongest prediction of Salmonella presence but lacks the sensitivity 

to be predictive by itself.  Using the Food Safety Modernization Act (FSMA) - Produce Safety 

Rule (PSR) provisions that rely on developing a Microbial Water Quality Profile (MWQP) by 

computing the geometric mean (GM) and Statistical Threshold Values (STV) for generic E. coli, 

three years of data from this study indicate that 67% (2/3) of the farms exceeded these water 

quality criteria.  Using 410 MPN/100 ml as the upper level, generic E. coli predictive or over-
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predicted the presence of Salmonella 93% of the time.  When Bacteroidales were used as an 

alternate microbial indicator, 35% (25/72) of the environmental production water samples tested 

positive for fecal contamination (AllBac) and 42% (26/63) tested positive for human fecal 

contamination (BFD).  The dominant source of fecal contamination based on AllBac positives 

were surface waters, with mean concentrations of 4.94 – 4.98 Log10 GEC/100ml, and the 

dominant sources of fecal contamination as measured by BFD were predominately water 

recovered after filtration units, with mean concentrations 5.83 – 6.63 Log10 GEC/100ml.   

These studies indicate Bacteroidales were predictive or over-predicted the presence of 

Salmonella 95% of the time.  Using two indicators, specifically generic E. coli and Bacteroidales 

in tandem, were predictive or over-predicted of Salmonella 100% of the time.  These results 

provide support using a suite of indicators to provide the necessary specificity.  This study 

provides insights on the levels of microbial indicators as compared to the presence of Salmonella 

not previously reported regarding agricultural waters used for tomato production on NC farms. 

 (Words: 400) 

Introduction 

 The microbiological quality of water used in produce growing systems represents a 

potential route for contamination with human pathogens and has been implicated in numerous 

outbreaks associated with fresh fruits and vegetables (20).  The complexity of agricultural water 

used within the farming community creates a quandary of potential inputs, the potential for 

cross-contamination, and potential reservoirs for investigation.  Surface waters, including 

streams and ponds, used for agricultural water represent the highest risk for microbial 

contamination hazards, second only to raw or improperly treated wastewater (39).  A recent 
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survey indicates that an increasing number of fruit and vegetable farms are utilizing surface 

waters for irrigation (60).   

 Monitoring environmental water for all pathogens is unrealistic for many reasons, 

including the diversity of pathogens that could be present, lack of standard test methods, the 

prohibitive cost for isolation, detection, and quantification of microbial pathogens in 

environmental water samples, and the inadequacy of relying on one pathogen to provide an 

overall assessment of microbial safety of agricultural production waters (51).  Direct approaches 

for monitoring infectious microbial pathogens in surface waters are hampered by the sheer 

number of pathogens that could be present, the difficulty in detecting and culturing 

environmental pathogens at low concentrations, and the sporadic distribution of microbial 

contaminants in environmental waters used on farms (15).  Current standards for monitoring the 

sanitary quality of environmental surface waters is based largely on data gathered using 

microbial indicator organisms along with various physiochemical water characteristics (32, 39).  

Physiochemical measurements that are often measured. including turbidity, temperature, pH, 

electrical conductivity, and total dissolved solids, can be easily measured and can sometimes be 

correlated with microbial water quality or possibly even with specific pathogens (32).  

Additionally, these physiochemical measurements can often impact the survival of both indicator 

and microbial pathogens found in environmental surface waters (57).    

 Microbial indicators, such as fecal coliforms, Escherichia coli, and enterococci, have 

previously been associated with fecal contamination of water from humans and warm-blooded 

animals (21).  However, these indicators have often lacked the ability to correlate with the 

presence or concentration of a specific pathogen, any resulting human health consequences, and 

lack host specificity as well as the ability to determine source attribution for outbreaks attributed 
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to farm environments (22, 49).  Despite widely observed differences in the literature, a weak 

correlation were found between microbial indicators and Salmonella species found in water used 

for agricultural applications (45).  With the range of factors to consider, relationships among 

microbial indicators and pathogens remain complex and challenge the functionality of using 

microbial indicators to universally predict the sanitary quality of water with regards to pathogens 

of human health importance.  

 Bacteroidales are alternate microbial indicators approved by US EPA that are limited to 

warm-blooded animals, represent key components of the intestinal flora, and do not proliferate in 

the environment (22).  Additional, Bacteroidales contain a conserved16S rRNA gene sequence 

that can provide information to discriminate host as well as geographical associations (29).  

Furthermore, the detection limits of these host-specific markers are comparable to those of 

culture-confirmed E. coli (5, 16).  Correlation between this indicator and different microbial 

pathogens have had varied results. Campylobacter remained the only pathogen that correlated 

with BacHum-UCD in a study of Hawaii coastal streams analyzed for the human Bacteroides 

marker, BacHum-UCD as well as the human pathogens, C. perfringens, Campylobacter, and 

Salmonella (61).  In another study, human-associated Bacteroidales markers showed significant 

correlation with E. coli, Salmonella, Shigella, Clostridium perfringens, Staphylococcus aureus 

and V. cholerae in freshwater and wastewater (48).  Contrary to these results, other studies using 

human-associated Bacteroidales markers (HF183, BacHum) or general Bacteroidales markers 

(Bac32F) did not find any associations with human pathogens (22).  

 Under the Food Safety Modernization Act (FSMA), the “Produce Safety Rule” (PSR) 

establishes food safety regulations that rely on the 2012 US EPA recreational water quality 

standards to establish the microbial quality of agricultural waters (58).  These regulations assess 



 

228 
 

water quality based on the use of generic E. coli as the microbial indicator for determining the 

sanitary quality of water used in the pre-harvest growing environment for covered produce on 

farms that fall within the farm definition (56).  There has been an abundance of studies reporting 

the linkage of microbial contamination in drinking and recreational waters with generic E. coli, 

but relatively little is known about water used to irrigate produce on farms prior to the 

occurrence of foodborne disease outbreaks. (37,40).  Past research has indicated that pathogenic 

bacteria are ubiquitous in surface waters, but other studies have shown their presence to be rare 

and their sporadic distribution make routine pathogen prediction and isolation difficult (2, 16).  

While the presence of pathogens has been reported in the southeast United States, no strong 

correlations or trends have emerged (17, 19, 27, 30, 32, 33, 41, 52).  Rather, evidence specific to 

growing fields, conditions, crops, and water sources is critical to the assessment of actual 

microbial risks associated with the use of agricultural water on farms and has proven important 

in the design of effective monitoring programs for risk reduction (40).   

 The purpose of this study is to provide baseline microbial water quality data using two 

microbial indicators then comparing this information with the occurrence of Salmonella in 

agricultural waters on NC tomato farm production environments.  Specific objectives include:  i) 

evaluating of the relationship between microbial indicators (generic E. coli) and physiochemical 

water quality indicators; ii) comparing of generic E. coli levels with Salmonella occurrence in 

agricultural waters used on NC tomato farms; iii) measurement of Bacteroidales occurrence and 

levels by targeting the conserved 16s rRNA gene region with universal Bacteroidales marker 

(AllBac) and human-specific marker (BFD) to identify and quantify dominant sources of fecal 

contamination in water used on farms; and iv) evaluating the efficacy of generic E. coli and 
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Bacteroidales (AllBac and BFD) for predicting Salmonella species found in agricultural waters 

used on farms.  

Methods and Materials  

Generic E. coli detection and enumeration:  Water samples (n=256) were collected from three 

NC tomato farms over 3 growing seasons.  Water samples from farm production environments 

(n=84) were analyzed for Salmonella spp. as well as for two microbial indictor organisms, 

generic E. coli and Bacteroidales.  In NC, the typical tomato production season ranged from 

August through September in 2012 (n= 12), from June through September in 2013 (n=35), and 

from June through September in 2014 (n=37).  Samples included surface water sources (pond, 

stream), before and after sand or disk filtration systems, and at the end of the water distribution 

system (i.e., drip tape) that supplies water to plants within the production fields, as depicted in 

Table 6.1.  

Sample Collection and Analysis: Nitrile gloves were used to collect samples in sterile 200 ml 

containers with lids; samples that were immediately placed in coolers with blue ice packs 

following collection.  Samples were transported to the NCSU University lab and quantitatively 

analyzed within 24 hours of collection.  Samples were analyzed quantitatively for generic E. coli 

and fecal coliform bacteria, as well as for physiochemical measurements of water quality, 

including temperature, pH, turbidity, electrical conductivity (EC), total dissolved solids), using a 

Multiparameter pH/ORP/EC/TDS/Salinity/DO/Pressure/ Temperature Waterproof Meter 

(HANNA Instruments, Ann Arbor, MI) and a Portable Turbidimeter (HACH, Loveland, CO).  

Calibration of equipment were done prior to each monthly sampling per manufacture’s 

specifications.  
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 The levels of fecal coliform bacteria and generic E. coli were determined using the 

IDEXX Colilert and Quanti-Tray 2000 system (IDEXX Laboratories, Inc., Westbrook, ME), 

with a detection level of 1 viable coliform or E. coli per 100 mL water sample.  This is an 

equivalent testing method to the Produce Safety Rule requirement for agricultural water (§ 

112.151(a)) (58).  Per the manufacturer’s specifications, Colilert reagent were added to 100 ml of 

sample water then poured into a Quanti-Tray/2000, sealed using a Quanti-Tray Sealer, and 

finally incubated at 44.5°C ± 0.5°C for 24 hours.  Trays were scored for the presence of fecal 

coliform as indicated by yellow cells, E. coli by yellow and fluorescent cells, or as negative cells 

with no color.  The resulting positive counts for large and small cells were used to calculate a 

Most Probable Number (MPN) value for fecal coliform and generic E. coli levels in the samples 

expressed as an MPN/100 ml, with 95% confidence limits.   

Salmonella Detection: Salmonella was detected in each of the corresponding water samples as 

previously described by Ducharme et al. (Chapter 4).  Briefly, the FDA-BAM method were 

followed, which consisted of pre-enrichment, followed by the use of a selective enrichment 

broth, then selective plating, for presumptive Salmonella positives (55).  Isolates were confirmed 

biochemically, were subjected to molecular serotyping, genotyped with pulsed-field gel 

electrophoresis (PFGE), and submitted for whole genome sequencing (WGS). 

Statistical analysis: Following industry standards, the levels of microbial indicators and 

physiochemical parameters were log10 transformed and analyzed by logistical regression using 

the R statistical software package, version 2.11.1 (R Foundation for Statistical Computing, 

Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org), with p = 0.05, which 

yields 95% confidence intervals.  Further, to better understand the statistical relationships 

between the presence and absence of Salmonella (dependent variable) and E. coli (independent 
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variable), a Pearson’s Chi Square analysis were performed.  For these analyses, generic E. coli 

were considered positives if their value exceeded 410 MPN/100 ml – this is the upper protective 

limit, currently suggested by the FSMA Produce Safety Rule, as well as by the current EPA 

Recreational Water Quality Criteria, representing the 90th percentile for generic E. coli within a 

water sampling distribution that should not be exceeded by more than 10 percent of the samples 

(58) .     

 The EPA Recreational Water Quality Criteria of 2012, currently adopted by the Food 

Safety Modernization Act (FSMA) under Subpart E of the Product Safety Rule (PSR), were 

applied to the surface water source samples (n=30) collected over the course of this study to 

establish geometric means (GM) and statistical threshold values (STV) for each farm location.  

The PSR establishes action levels for generic E. coli, based on a geometric mean (GM) of ≤ 126 

CFU/100ml and a statistical threshold value (STV) of   ≤ 410 CFU/100ml, in order to determine 

if remediation is needed before the water can be used on a farm.  Once the surface water samples 

were collected and analyzed using the equivalent water testing method (IDEXX Colilert Test Kit 

with Quanti-Tray/2000) approved for use by the FDA to assess water quality under the Produce 

Safety Rule, results were entered into an excel sheet and converted to Log10 values then the 

geometric mean (GM) of the dataset was calculated.  These results were then converted back 

from log scale (antilog) to obtain the final GM.  To calculate the STV for each group of water 

samples, 1.282 were added to the previously calculated GM, multiplied by the Standard 

Deviation (SD), then converted back to log scale (antilog) to obtain the final STV.  For each of 

the groups of farm water samples, if the final GM and STV values are above the action levels 

stated within the PSR (GM≥126 MPN/100ml and STV≥410 MPN/100ml), then corrective 

actions would be warranted.  It should be noted that a microbial water quality profile (MWQP) 
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for the PSR is calculated based on the GM and STV values of 20 water samples to determine if 

corrective actions are needed (39).    

Microbial Source Tracking (MST) detection and quantification:  

Sample Collection: Monthly water samples were collected from the source (pond or creek), after 

sand/disk filter, and at the end of irrigation drip tape in production fields during the tomato 

seasonal months of June through September 2013 (n=36) and 2014 (n= 36).  Samples were 

collected in 1000 ml sterile Thermo Widemouth Packaging Bottles – HDPE (Thermo- Fisher, 

GA) and immediately placed in coolers with ice packs.  Samples were transported to the NCSU 

laboratories and stored at -20oC until they could be further processed.  

Filtration: Frozen water samples were thawed over the course of 2 hours and mixed by slow 

inversion of bottles. 250 ml subsamples were filtered through 47 mm 0.45 μm-pore-size Microfil 

S filters using a Millipore vacuum (3 orifices set at 25 kpa).  Filters were removed aseptically, 

placed into sterile 50 ml centrifuge tubes, and store at -20°C until DNA could be extracted from 

the sample concentrates.   

DNA extraction: DNA were isolated from each sample using a FastPrep Instrument (MP 

Biomedicals, Santa Ana, CA) along with a FastDNA SPIN Kit for Soil, with some modification 

as described by Ravaliya (8).  Filters from the 50 ml conical tube (-20°C) were aseptically cut in 

half and rolled together to go inside Lysing Matrix E tubes.  Sodium Phosphate Buffer (978 μl) 

and MT buffer (122 μl) were added and homogenized using a Vortex Genie 2 for 60 minutes at 

1560 rpm, followed by centrifugation at 13,000 x g for 10 minutes.  The supernatant was 

transferred to a separate 1.25 ml eppendorf tube; Protein Precipitate Solution (PPS) was added 

(250 μl) and mixed by inverting the tube (10X) which was then centrifuged again at 13,000x g 

for 5 minutes.  Following centrifugation, supernatant was transferred to a 15.0 ml conical tube; 
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DNA binding matrix were added (1.0 ml), and the tubes were inverted by hand for 2 minutes.  

Samples were allowed to sit for 3 minutes then 500 μl of the supernatant was discarded.  The 

remaining mixture were re-suspended and transferred (600 μl) to a spin filter tube column that 

were centrifuged at 13,000x g for 1 minute.  A wash solution (proprietary name “SEW-M”) (500 

μl) were added to tubes and allowed to sit for 30 seconds; tubes were then centrifuged at 13,000x 

g for 1 minute.  The spin tube of liquid was emptied, and tubes centrifuged at 13,000x g for 2 

minutes.  The filter basket was removed and placed into a 2.0 ml microcentrifuge tube, DEPC 

Treated Water (60 μl) were added and the pellet were re-suspended by pipetting.  Tubes were 

placed in a heat block at 55°C for 5 minutes, after which samples were centrifuged at 13,000 x g 

for 1 minute.  Filter baskets were removed, and isolated DNA were stored in -80°C until further 

analyzed.  

Bacteroidales Detection and Real-time PCR: Preparation of the quantitative PCR (qPCR) mix 

(Integrated DNA Technologies, Coralville, IA) for detection of Bacteroidales were created as 

previously described by Ravaliya (47).  Briefly, working solutions (10mM) of stocks (100mM) 

for AllBac gene-specific primers [Forward (AllBac296f), Reverse (AllBac412r), and BFDf and 

r] and AllBac Probe (AllBac375Bh qr) were made by dilution with DNase-free water.  The 22.5 

μl of master mix for the qPCR reactions contain 1X PCR buffer (Life Technologies, Grand 

Island, NY), 1.5 nM MgCl2, 200 nM deoxynucleoside triphosphate (dNTP) mix, 200 nM of 

primers, 80 nM of probe, 200 nM of internal amplification control (IAC) probe, 1.0 U Platinum 

Taq polymerase, 2.5 μl of environmental water sample DNA, and DNase-free water to bring to 

volume.  Bacteroidales primer, probe, and internal amplification control (IAC) sequences for the 

two real-time PCR assays are described in Table 6.5.   
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 The DNA conserved sequence regions for all Bacteroides species were detected first 

using the AllBac assay; positives were further analyzed for species specificity using specific 

primers and probes for human fecal sources.  Competitive internal amplification controls (IAC) 

were synthesized using the Hoorfar protocol and were incorporated into the master mix  (25) .  In 

order to limit the competition with the target DNA product, dilutions of working solution were 

made to achieve a target IAC cycle threshold (CT) of 35.  If CT values were below the target IAC, 

the sample were diluted in a total of three 10-fold increments and checked by amplification.   

Standard curves for quantification were developed using the protocol previously described by 

Ravaliya (47).  Samples were run using the Cepheid SmartCycler® PCR System (Sunnyvale, 

CA) with cycling conditions of initial denaturation at 95°C for 2 minutes, followed by 45 cycles 

of denaturing at 95°C for 15 seconds, annealing at 53°C for 30 seconds, and extension at 72°C 

for 30 seconds.  All assays were performed using the same master mix and qPCR cycling 

conditions.    

 Initially, ten-fold dilutions of environmental water samples (10-1 to 10-3) were made in 

order to meet the IAC CT value of 35 and Negative Control TET CT of <40.  Samples were 

considered “positive and quantifiable” if the TET CT were within 1.8 CT of the negative control 

and a FAM CT <35.  Samples were considered “positive and unquantifiable” or false positives if 

the TET CT were within 1.8 CT of the negative control and FAM CT >35.  Samples were 

determined to be “uninterpretable” if samples required dilutions in excess of 1:1,000-fold and 

were largely considered inhibited due to fulvic or humic acid contained within the original 

samples. 

Statistical Analysis: Statistical analyses were performed using JMP version 11 (SAS Institute, 

Inc., Cary, NC).  All sample concentrations for AllBac and BFD markers were converted to 
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Log10 Genome Equivalence Copies (GEC)/100 ml.  Pearson chi-square analyses were performed 

to compare the presence or absence of Bacteroidales (AllBac and BFD) marker positives to the 

occurrence of Salmonella within the environmental water samples. 

Results 

Generic E. coli Results 

 Water samples were collected from three NC tomato production farms over a 3-year 

period and analyzed for the occurrence and levels of generic E. coli.  Under the Produce Safety 

Rule subpart § 112.151(a), FDA published the method of analysis to test the quality of 

water (EPA Method 1603: Escherichia coli (E. coli) in Water by Membrane Filtration 

Using Modified membrane-Thermotolerant Escherichia coli Agar (Modified mTEC)) 

required to determine the microbial quality for agricultural water.  Updated equivalent 

testing methods were released in July 2018 that included both quantitative and 

presence-absence methods.  This study used one of the quantitative equivalent testing 

methods: the IDEXX Colilert Test Kit with the IDEXX Quanti-Tray 2000 system.  Eighty-four 

water samples were analyzed to determine if generic E. coli could effectively predict the 

presence of S. enterica.  Of the samples collected, 48% (40/84) were taken from surface water 

sources (irrigation pond or stream), 24% (20/84) were from before/after field filtration systems, 

and 28% (24/84) were collected at the end of the drip tape used for field irrigation (Table 6.1).  

Comparison of samples collected from the three farms showed even sample distribution across 

the four summer months and three farm locations (Figure 6.2).  

Water Attributes and Environmental Characteristics 

 Physiochemical characteristics of the environmental waters sampled were measured to 

gain a better understanding of how these water quality parameters might relate to the presence of 

Salmonella at each of the three farm locations.  The physiochemical attributes measured in the 
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water samples included turbidity, temperature, pH, specific conductivity and total dissolved 

solids.  Descriptive statistics were compared collectively based on farm location (Table 6.2).  

Attributes varied greatly among each of the three farm locations, which might be expected due to 

the diversity of agriculture at each location.  Mean Log10 concentrations of generic E. coli for the 

3 farm locations show a range of 0 to 3.38, with the highest average mean (2.31) at Farm C.  

Water temperatures were similar across all farms.  Turbidity were highest on Farm B, as were 

specific conductivity and total dissolved solids.  No significant association were found among 

the physiochemical characteristics, sample type, or fecal coliform values when compared to the 

presence of Salmonella using logistical regression.  Although generic E. coli provided the 

strongest association (P>0.0191) for the presence of Salmonella in these water samples, it was 

not significant at the 95% confidence level and thus should not be considered a singular predictor 

of Salmonella.   

 The proximity of the tomato production fields within the whole farm and the neighboring 

farms agricultural activities were reviewed for factors that could impact the water quality used 

for the production of produce.  Factors such as proximity to animal agriculture as well as non-

point sources of fecal contamination from rural area septic systems were considered.  All farms 

included in this study have a history of integrated agricultural production.  Farm A’s production 

includes livestock, poultry, fruits, vegetables, and grains on a relative rolling landscape at an 

elevation of 700 feet above sea level on just over 1,044 acres.  A singular irrigation pond 

(surface source) served as the water source for this farm and utilized sand filtration before water 

entered the respective fields.  Farm B has the longest record of growing fruits and vegetables of 

any of the farms included in this studied, with production beginning in the 1960s.  Farm B is 

located at an elevation of 2067 feet above sea level on 344 acres and receives surface water from 
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two sources, a flowing creek and a retention pond.  Surrounding land use includes agriculture 

production, commercial vegetable production, horse dwellings, rural housing (upstream), and 

grain production.  Farm C has integrated beef cattle, sheep, and goats on high elevation (2,600-

3,200 feet above sea level) fields on 411 acres overlooking bottomland fruit and vegetable 

production.  The surface water stream flowing through the farm and an upper level pond serve as 

the source of water used for agricultural irrigation on the farm.  Evidence of turtles, snakes, and 

fish were frequently observed around the surface water sources for all three farms.   

Salmonella Prediction using the FSMA Produce Safety Rule Water Quality Indicator 

 To better understand the statistical association between levels of generic E. coli and the 

sanitary quality of pre-harvest water used for tomato production on farms (i.e., the presence of 

Salmonella), a Pearson’s Chi-Square analysis (Table 6.3) were used.  Generic E. coli levels were 

transformed to categorical data based on the current recommendations in the Produce Safety 

Rule.  In this study, the “action level” for the sanitary quality of water based on generic E. coli 

levels was 410 MPN/100ml; levels above this were considered positive (+) for the indictor and 

thus “unsanitary” while levels less than this were considered negative (-) for the indictor and 

acceptable for pre-harvest use on the farm.   From the combined water samples on all three farms 

(n=84) and using this criteria, generic E. coli over-predicted the presence of Salmonella 14.29% 

(12/84) of the time and was able to predict the presence or absence of Salmonella 78.6% (66/84) 

of the time. Possibly more important from a public health standpoint, generic E. coli failed to 

predict the presence of Salmonella 7.1% of the time. 

 In order to establish a microbial water quality profile (MWQP) under the current FDA 

Produce Safety Rule water provisions, a minimum of 20 representative water samples should be 

collected and analyzed as close to harvest as possible over a period of no less than 2 years and no 
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more than 4 years.  The GM and STV values computed from the ten surface water samples 

collected from each of these farms over a 3-year period (2012-2014) serve as beginning values 

for establishing a MWQP for each of these farms (Table 6.4).  The MWQP is not representative 

of a complete MWQP due to having only 10 surface water source samples per site used for these 

calculations, as compared to 20 samples needed for computing the MWQP under the current 

PSR.  However, data garnered from these real-world scenarios using water samples collected as 

close to harvest as practicable during typical tomato production months offers some insights as to 

the suitability of generic E. coli as an index organism for the presence of Salmonella on these 

farms.  For the 10 samples analyzed at each farm, GM values ranged from 10 to 445 CFU/100 ml 

and STV values ranged from 100 to3380 CFU/100ml.  Farm A’s calculated values for GM and 

STV were under the PSR limits and represent the lowest values for all three farms.  Using the 

available data collected during this study, two of the three farms exceeded the current criteria 

under the FSMA Produce Safety Rule (PSR) [21CFR112.44(b)] for a GM ≤126 CFU/100ml and 

a STV of ≤410 CFU/100ml.  Specifically, the GM of 445 CFU/100ml and STV of 3380 

CFU/100ml and GM of 300 CFU/100ml and STV of 1500 CFU/100ml exceed the current FDA-

PSR criteria on Farm B and Farm C, respectively.  If this initial water quality trend continued 

following collection of 20 samples, corrective actions would be warranted in order for this water 

to be used on these farms.  The need for corrective actions on Farm B and C could include 

discontinued use of agricultural water from these sources or application of corrective measures, 

such as the use of a disinfectant.  Alternately under the current FDA- PSR, corrective measures 

could also allow for a time interval for microbial-die off (0.5 log10 dieoff per day for up to 4 

consecutive days) following the last use of the water for irrigation and harvest of produce from 

the fields.  In order to meet these provisions using the microbial die-off, Farm B would have to 
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allow 2 days and Farm C would need 1 day between the last irrigation event and harvest of any 

covered produce for which the water was used 

Microbial Source Tracking (MST) 

 A total of 72 environmental water samples, including source water  (n=24), filtered water 

(sand/disk) (n=24), and water from the end of irrigation drip tape (n=24) in tomato production 

fields, were analyzed for the presence of Bacteroidales from 3 farm locations during the 

production seasons (June through September) of 2013 (n=36) and 2014 (n=36).  Using 

Bacteroidales 16S rRNA gene markers, universal fecal contamination (AllBac) as well as 

human-specific contamination (BFD) was detected in water samples from the farms and results 

are summarized in Table 6.5.  Of the 135 total samples analyzed (AllBac, n=72 and BFD, n=63), 

67% (91/135) were successfully amplified for all Bacteroidales (AllBac, n=44 and BFD, n=47).  

AllBac Prevalence: In order to obtain interpretable results with the Bacteroidales AllBac 

universal fecal indicator, all DNA extracts (72/72) required dilution (Table 6.6).  Of these 

samples, 61% (44/72) had results that were successfully amplified and translatable.  The 

remaining samples (28/72; 39%) required dilution beyond 1,000-fold and were considered 

uninterpretable for the purposes of this study.  Based on experimental parameters, samples with 

the Bacteroidales AllBac universal fecal contamination marker were identified and quantifiable 

in a total of 35% (25/72) of the samples, while the remaining 26% (19/72) were considered 

positive yet unquantifiable or were false positives.  Fecal contamination, as determined using the 

AllBac markers, occurred in 58% (14/24) of the source waters, 25% (6/24) of water after the 

sand/disk filters, and in 21% (5/24) of samples collected at the end of the irrigation drip tape.  

Recovery of the AllBac marker in these samples is indicative of fecal contamination within the 

respective samples. 



 

240 
 

BFD Prevalence: As with the AllBac analyses, all DNA extracts (63/63) required dilution to 

obtain interpretable results with the human Bacteroidales marker, BFD.  Of the AllBac 

uninterpretable samples (n=28), nine samples were not analyzed by qPCR for the BFD marker.  

In eight of the nine cases, the samples required dilution beyond the protocol’s limit of 1:1000.  In 

the remaining case, the FAM Ct reading (0) indicated no contamination was present. Successful 

amplification and translation of qPCR was accomplished for 75% (47/63) of the samples, while 

25% (16/63) remained inhibited and were considered uninterpretable (Table 6.7).  Of those 

samples successfully amplified using the human specific marker BFD, 42% (26/63) were 

identified and quantifiable and 33% (21/63) were considered false positives.  Human fecal 

contamination as scored using the Bacteroidales BFD marker was found to be highest in water 

samples collected after the sand or disk filters at 62% (13/21), followed by samples collected 

from the end of irrigation drip tape at 31% (6/19), and in source waters at a prevalence of 30% 

(7/23).    

AllBac and BFD Bacteroidales: All positive samples containing the Bacteroidales AllBac and 

BFD markers, including the dilutions used for analyses and quantification, is summarized in 

Table 6.8.  A total of 10 water samples tested positive for both the Bacteroidales AllBac and 

BFD marker.  Sample types with the highest prevalence occurred 50% (5/10) of the time after 

filtration units, 30% (3/10) from the source waters, and 20% (2/10) from the end of irrigation 

drip tape.  In all cases where samples were positive for both markers, those found with the 

human BFD marker were higher in concentration than the AllBac concentrations (Table 6.8).  Of 

the BFD identified positives, 16 of the samples did not have the universal fecal indicator 

(AllBac) identified; this is likely due to excessive dilution to counter interference from PCR 

inhibitors.  For Farm A (Table 6.9), there were no significant differences in the quantifiable 
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samples (25%; 6/24) for Bacteroidales AllBac marker concentrations (4.94 GEC/100ml) across 

sample type, month, or year.  Three samples, source water (June 2014), after filtration 

(September 2014) and end of irrigation drip tape (June 2014), tested positive for both AllBac and 

BFD markers.  For the June 2014 positive samples, concentrations from the source waters and 

from the end of irrigation drip tape were similar.  Of the quantifiable samples for Bacteroidales 

BFD marker (42%; 10/24), concentrations ranged from 5.77 to 7.08 GEC/100ml, with 29% 

(7/24) of the samples solely expressing BFD marker.  Bacteroidales AllBac concentrations from 

samples collected at Farm B (Table 6.10) range from 4.66 to 5.67 GEC/100 ml, with 

corresponding BFD marker concentrations ranging from 5.71 to 6.61 GEC/100m.  AllBac 

marker positives were detected in 46% (11/24) of the samples, while AllBac and BFD samples 

accounted for 17% (4/24) and BFD marker positives accounted for 29% (7/24), with BFD 

marker positives alone accounting for 12.5% (3/24).  Samples that have designated positives for 

both Bacteroidales AllBac and BFD markers in July 2014 indicate higher concentrations after 

the filter and lower at the end of irrigation drip tape.  Farm C (Table 6.11) had 33% (8/24) of 

samples positive for the Bacteroidales AllBac marker, 12.5% (3/24) samples positive for both 

AllBac and BFD markers, 37.5% (9/24) positive for the BFD marker and 25% (6/24) of these 

were positive to the BFD marker solely.  Bacteroidales AllBac concentrations ranged from 4.94 

to 5.36 GEC/100ml and BFD concentrations ranged from 5.50 to 6.44 GEC/100 ml.   

Human pathogen association with Bacteroidales: A Pearson chi-square analysis was done to 

determine the statistical relationships between the presence of Salmonella and Bacteroidales 

(AllBac and BFD).  Using corresponding samples between culture-determined Salmonella and 

qPCR Bacteroidales markers, it was found that 39% (25/64) of the time Bacteroidales over-

predicted the presence of Salmonella (Table 6.12).  Bacteroidales was predictive of the presence 
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or absence of Salmonella 56% (36/64) of the time ; however, 5% (3/64) of the time, 

Bacteroidales failed to predict the presence of Salmonella.     

 Further, a Pearson chi-square analysis was done using both generic E. coli with 

Bacteroidales (AllBac and BFD) markers to understand the advantage of using a suite of 

indicators for predicting the presence of Salmonella.  For generic E. coli, data was converted 

from quantitative to categorical results with samples considered positive (+) if they had greater 

than 410 MPN/100ml of generic E. coli and negative if they had 410 MPN/100ml or less.  For 

both AllBac and BFD Bacteroidales markers, all samples scored positive for the either of the 

markers (positive and quantifiable as well as those positive and unquantifiable) were used to 

determine presence (+).  Of the corresponding samples (n=57), the indicator suite was found to 

over predict the presence of Salmonella 68% (39/57) of the time.  However, Bacteroidales and 

generic E. coli were predictive of the presence or absence of Salmonella 32% (18/57) of the time.  

This indicator suite effectively did not fail (0%, 0/57) to predict the presence of Salmonella.   

Discussion 

 The purpose of this study was to assess the sanitary quality of pre-harvest production 

water on three NC tomato farms using microbial indicator organisms, then comparing these 

results with the occurrence of pathogenic Salmonella to determine if the indicator organisms 

could be used as index organisms.  The farms included in this study are located in rural NC and 

are bordered by adjacent agricultural lands with diverse crop and animal agriculture as well as 

rural housing.    

 Previous studies have not attempted to develop relationships between generic E. coli used 

as a microbial indicator with physiochemical water quality parameters in source and irrigation 

waters used for produce grown on NC farms.  No significant association were found between the 
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physiochemical parameters measured (turbidity, pH, temperature, specific conductivity and total 

dissolved solids), sample type, or fecal coliform values when compared to the presence of 

Salmonella.  Generic E. coli showed the strongest association with the occurrence of Salmonella, 

but even this association lacked the resolution to be a sole predictor of pathogenic Salmonella.  

In previous studies in other geographical locations, similar correlations varied greatly based on 

water sources and locations.  Additionally, physiochemical characteristics did not prove to be 

predictive of microbial levels in these surface waters and did not have consistent positive 

relationships (11).  Precipitation levels, recent rain events, and temperature have been reported to 

provide positive correlation with microbial indicator populations (14, 19, 31).  Generic E. coli 

were poorly correlated with conductivity, pH and turbidity in closed system ponds in Florida 

(54).  In contrast, surface waters in Florida had site-specific correlations between Salmonella 

concentrations and turbidity, ORP, conductivity  (32).  A microbial survey that included an 

assessment of physiochemical characteristics in Pennsylvania surface waters used for irrigation 

on farms indicated that there was high variablity between sampling locations and correlations 

were generally poor  (11).  Analysis of open surface irrigation canals in central Washington and 

northern California showed a strong, positive, univariate association between Log10 turbidity and 

Salmonella occurrence (40).  This variability in correlations among geographic locations 

highlights the great complexity of influences such as hydrology, location, agricultural uses, soil 

characteristics, erosion, point source inputs, cultivation practices and many other inputs on 

microbial indicators (11) . 

 The relationship between generic E. coil occurrence and levels when used as an indicator 

organism of enteric pathogens, like Salmonella, can be highly variable; understanding the extent 

to which these indicators can be relied upon, conditions under which they can be used, and their 
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limitations is essential when using them to predict the presence of a pathogenic microbe or the 

sanitary quality of water (48, 57).  According to the US Environmental Protection Agency, the 

state of the science has not sufficiently been developed to provide distinctions between 

environmental sources of microbial indicator bacteria nationally (57).  Certain characteristics of 

fecal indicator bacteria (FIB), namely being of fecal origin and being detectable using simple 

methods,  are useful for indirectly assessing the presence of fecal pathogens capable of causing 

GI illnesses  (57).  The Clean Water Act section 502(23) furthers defines the use of FIB as 

indicators of pathogenic organisms as “a substance that indicates the potential for human 

infectious diseases”(57).  Inference of FIB as direct indicators of pathogens in produce 

contamination events have been challenged due to the lack of specific relationships linking FIB 

and human pathogens, like Salmonella.  New recommendations for measuring the sanitary 

quality of surface water under the CWA, whose goal is to be protective of primary contact 

activities involving bodily contact with water, where immersion and ingestion were likely, set 

forth criteria for protection of public health based on the levels of bacterial indicators in 

recreational water described by a geometric mean (GM) and statistical threshold value (STV).   

 The Food Safety Modernization Act (FSMA)- Produce Safety Rule (PSR) establishes 

regulations for agricultural waters using generic E. coli as the microbial indicator to be used for 

developing a microbial water quality profile (MWQP), with corrective actions needed for waters 

that exceed a GM ≤ 126 CFU/100 ml and a STV ≤ 410 CFU/100ml (58,56).  Under the PSR, a 

microbial water quality profile (MWQP) for each surface water source used in the pre-harvest 

production of covered commodities initially requires 20 water samples over a period of no less 

than 2 years and no longer than 4 years – if the generic E. coli levels are below these threshold 

values, then the MWQP would be computed as a rolling GM and STV, with 5 samples required 



 

245 
 

each year thereafter.  Using the three years of agricultural water data in this report consisting of 

10 samples from 3 different farms, 67% (2/3) of the farms exceeded the action level for the 

FSMA Produce Safety Rule (PSR) [21CFR112.44(b)].  One additional year would be allowed to 

collect the remaining 10 samples (i.e. 20 samples total) for developing a MWQP under the 

FSMA PSR.  Using 410 MPN/100 ml as the upper action level for a single sample, generic E. 

coli were evaluated for its ability to predict the occurrence of pathogenic Salmonella spp. in this 

study.  Under this criteria, generic E. coli were able to predict or over-predicted the presence of 

Salmonella 93% of the time but failed to predict Salmonella 7% of the time from these samples.   

 Comprehensive microbial occurrence and subsequent levels of contamination found in 

agricultural water across the US are currently unavailable (50).  This study helps to provide 

information regarding the occurrence of generic E. coli in agricultural water used for tomato 

production in NC.  From a review of the literature, five surveys of agricultural waters from other 

locations, which included pond, surface, and irrigation water sources, indicated weak or no 

significant association between generic E. coli and microbial pathogens of public health 

significance  (4, 12, 32, 63).  One exception (4) to this observation found generic E. coli as a 

significant predictor of Salmonella prevalence in Southeastern ponds (30).  Surface waters used 

for pre-harvest agricultural purposes have been shown to pose significant food safety risks to 

produce production systems across the United States.  Salmonella in the environment has 

generally been found in relatively low numbers with sporadic distribution in environmental 

waterways (8).  FIB have historically been used to indicate fecal contamination in water, not 

specifically the presence of a particular pathogen; however, the additional wording contained in 

the CWA definition indicates indicators should correlate with the presence of pathogens of 

public health importance.  This study provides additional information to show some of the 
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limitations of FIB and the need for microbial indicators that can better predict the occurrence of 

pathogens in agricultural waters.  

 In 2017, the EPA issued a review on the 2012 Recreational Water Quality Profile 

(RWQP) criteria that focused on scientific updates related to the protection of human health in 

primary contact waters  (59).  While no revisions were recommended, priorities for 

advancements in research and analysis of methods were suggested.  One significant limitation of 

using FIB is their inability to identify sources of contamination; use of microbial source tracking 

and quantification methods, using fecal source-specific markers, may offer valuable 

improvements over current methods (59).  The development of source-specificity can improve 

water quality information that would enhance management of those waters and provide 

opportunities for their remediation prior to use on farms.  For instance, MST would be useful in 

identifying the presumed source of fecal contamination if results from a sanitary survey indicate 

contamination (58).    

  In this study, the universal fecal marker (AllBac) and human fecal marker (BFD) were 

successfully used to detect and quantify Bacteroidales on all three farming environments where 

fecal contamination was measured at mean concentrations of 4.94 to 4.98 Log10 GEC/100ml and 

5.83 to 6.63 Log10 GEC/100ml, respectively.  A total of ten water samples tested positive for 

both AllBac and BFD markers from each of the three farms.  Data indicates that 35% (25/72) of 

the agricultural production waters sampled were positive for and yielded quantifiable results for 

the Bacteroidales universal fecal marker (AllBac).  Over half of the positive samples were from 

surface waters (58%), followed by after filtration units (25%), and samples from the end of drip 

irrigation lines (21%), respectively.  Of the samples tested for BFD, 42% (26/63) of the samples 

were positive for this human specific marker, with positives predominately after filtration units 
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(62%), followed by samples at the end of drip irrigation (31%), and source waters (30%), 

respectively.   

 While MST markers used in this study found both general fecal contamination and 

human-specific contamination, there are additional source markers that could be used to provide 

further information about fecal sources found in these waters, with markers available that can 

detect equestrian, bovine, avian, and rodent fecal contamination.  Ideally, a universal fecal source 

marker could be used to screen samples for fecal contamination, then further testing with these 

other source-specific markers could be used for source identification.  In the case of this study, 

there are instances where there were positives for the human-specific marker (BFD) but the 

universal marker (AllBac) were absent.  All surface and irrigation water samples (AllBac n=72 

and BFD n=63) required dilutions of 2 to 3-fold to minimize sample inhibition and obtain 

successful qPCR amplification.  Dilutions of this magnitude increase the chance of losing DNA, 

thus detectability and increase the chance of false-negative sample results.  Additionally, 

analytical sensitivity limits of the two Bacteroidales markers may differ (5) , as well as the 

specificity of these markers for DNA within the samples.  BFD markers are constructed to 

amplify a 110 bp fragment primarily from B. thetaiotaomicron (9).  The AllBac marker, created 

in 2006, were constructed to amplify a 106bp fragment originating from members of the 

Bacteroides from human, bovine, avian, canine, and swine 16S rRNA gene libraries that have 

been identified at that time (29).  Changes in animal digestive tract physiology and diet (20) may 

account for samples that could not be identified using the AllBac marker.  These results suggest 

AllBac might be selective for certain fecal contaminants; rather than specific for all fecal 

contamination.  In addition, sample size was limited (1 L), and it has been shown that larger 
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volume water samples are more representative of conditions within the water being sampled and 

would have a higher chance of predicting the presence of pathogen (11) .  

 Results from this study indicate that Bacteroidales were predictive of Salmonella 

occurrence 56% of the time, over-predicted its presence 39% of the time, and failed to predict 

Salmonella 5% of the time.  Unlike other studies, these results demonstrate an association 

between the presence or absence of Salmonella with the Bacteroidales markers AllBac and BFD.   

Ideally, a microbial indicator would predict the presence of pathogen all the time, thus providing 

the greatest protection of public health.  This study shows more than  50% correlation for 

Salmonella, while previous studies have found no correlation between Bacteroidales and 

pathogens (47).  When two indicator species, specifically generic E. coli and Bacteroidales 

(AllBac and BFD), were analyzed for their combined predictability of the occurrence of 

Salmonella spp., there was a greater over prediction of Salmonella at 68%, with accurate 

predictions of the presence or absence of Salmonella at 32%, and no failures in prediction of 

Salmonella.  These results provide support for the use of a suite of indicators to provide the 

necessary specificity for Salmonella spp. in environmental samples.  

 A growing body of literature has suggested that microbial indicators alone cannot provide 

conclusive evidence of the presence of pathogens without considering ecological information, 

water sources and delivery systems, specific pathogen occurrence data, as well as production and 

crop-specific management information  (37, 38).  Further, the current water criteria do not take 

into account the contributions of sediment to production systems; higher numbers of indicator 

and pathogenic bacteria have been found to survive in sediments compared to survival in their 

overlying waters.  This is said to be a combination of sedimentation and sorption (providing 

protection from bacteriophage and microbial toxicants) that correlate to an in-situ phenomenon 
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of extended survival in sediment  (14).  Rather, suggestions of combining methods or providing a 

“suite” of indicators, as successfully done in this study, that would enhance discrimination or 

provide confirmation of results have surfaced over the years (15) .  Importantly, the resultant 

improvement of water quality must be directly linked back to the applicable methods in order 

that the comparative performance and accuracy can be measured (15, 18) .  
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Figures 

 

Figure 6.1: Monthly corresponding generic E. coli samples to Salmonella water samples (n=84) 

compared across three NC tomato production farms during August – September 2012, June  – 

September 2013 and 2014a. 

a Total samples collected June 18, July 17, August 23, and September 26.   
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Figure 6.2: Yearly depiction of corresponding generic E. coli and Salmonella (n=84) water 

samples according to collection months from three NC tomato farm production environments.  

a Corresponding samples aligned as follows:  2012, August (n=6) and September ( n=6); 2013, 
June (n=9), July (n=8), August (n=8) and September ( n=10); 2014, June (n=9), July (n=9), 
August (n=9) and September ( n=10).   
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Tables 
 
Table 6.1: Number of corresponding generic E. coli samples (n=84) to Salmonella water 

samples and locations on three NC tomato production farms across 3 years (August – September 

2012; June – September 2013 and 2014).  
 

Number of Samples 

Location Farm A Farm B Farm C 

Source Water: Pond 10 10 
 

Source Water: Creek 
 

10 10 

Before Sand Filter 6 
  

After Sand Filter 7 5 
 

After Disk Filter 
  

2 

End of Drip Tape  7 7 10 

Total 30 32 22 
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Table 6.2: Descriptive statistics for generic E. coli, fecal coliform and physiochemical characteristics from water samples (n=84) 

taken from surface source water, after and before water filtration systems, and from the end of the drip tape in three NC tomato farm 

production systems. 

Farm   
Log 10 

Generic          
E. coli  

Log 10   
Fecal     

Coliform  

Log 10 
Turbidity    pH Temp. Specific 

Conductivity  

Total  
Dissolved  

Solids    

 
    MPN/  

100 ml 
CFU/   
100 m NTU   Cº µS/cm mg/L 

A 

(n=30) 
mean (SD) 

0.46 (0.70) 1.93 (1.15) 1.06 (0.63) 7.42 (0.35) 23.06 (0.76) 93.54 (82.56) 65.48 (57.79) 

 
min.-max. 0-2.82 0-3.38 0.22-2.72 6.8-8.33 20.6-24 14.5-510.0 10.2-103.6 

B 

(n=32) 
mean (SD) 

1.72 (0.98) 2.61 (1.05) 1.27 (0.73) 6.93 (0.31) 22.98 (0.45) 2983.10 (16444.99) 

2088.17 

(11511.50) 

 
min.-max. 0-3.38 0-3.38 0-2.84 6.52-7.53 22.1-23.8 37.3-93100 26.6-65170 

C 

(n=22) 
mean (SD) 

2.31 (1.02) 2.77 (0.77) 1.07 (0.62) 7.06 (0.28) 22.90 (0.76) 574.98 (2233.36) 402.49 (1563.35) 

  min.-max. 0-3.38 0-3.38 0-2.35 6.54-7.39 21.6-23.8 56.6-10570 39.62-7399 
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Table 6.3: Correlation of generic E. coli and Salmonella from surface source water, after and 

before filtration systems and end of drip irrigation water samples in three NC tomato production 

systems for year 2012 - 2014ab 
  

Salmonella spp. 
  

  
Presence (+) Absence (-) 

  

Generic  

E. coli c 

Presence (+) 
8.33% (7/84) 14.29% (12/84) 

  

Absence (-) 
7.14% (6/84) 70.24% (59/84) 

  

      

a For comparison to Salmonella, generic E. coli data were taken on water samples for three       

  years during typical tomato production months (2012: August-September; 2013 and 2014:  

  June - September).  

b Eighty-four corresponding water samples (2012: 12 samples; 2013: 35 samples and 2014:     

   37 samples) that include all tomato production system waters.                                                                                  

c Generic E. coli positives based on single water samples measured at greater than 410  

   MPN/100 ml as the upper protective limit.  
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Table 6.4: Summary of geometric means (GM) and statistical threshold values (STV) for three NC tomato farms from production 

water source samples (n=30) for comparison to the Food Safety Modernization Act (FSMA) Produce Safety Rule (PSR), subpart E 

agricultural water requirements using the parameters that constitute a partial microbial water quality profile (MWQP) a, b 
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Farm A  

8/2012/A1 1 0.000 
         

9/2012/A1 35 1.544          

6/2013/A1 8 0.903          

7/2013/A1 666 2.823          

8/2013/A1 7 0.845 0.790 0.992 9.817 10 2.004 101 100 Yes Yes 

9/2013/A1 10 1.000          

6/2014/A1 2 0.301          

7/2014/A1 3 0.477          

8/2014/A1 21 1.322          
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Table 6.4: (continued).  
 

9/2014/A1 5 0.699          

Farm B d 

8/2012/B1 

 

2420 

 

3.38 
         

9/2012/B1 613 2.79          

6/2013/B1 248 2.39          

7/2013/B1 866 2.94          

8/2013/B1 365 2.56 0.687 2.648 444.631 445 3.529 3381 3380 No No 

9/2013/B1 816 2.91          

6/2014/B1 435 2.64          

7/2014/B1 770 2.89          

8/2014/B1 1300 3.11          

9/2014/B1 7.27 0.86          

Farm C e 

8/2012/C6 

 

25 

 

1.40 
         

9/2012/C6 72 1.86          
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Table 6.4: (continued).  
 

6/2013/C6 816 2.91          

7/2013/C6 517 2.71          

8/2013/C6 2420 3.38 0.545 2.477 299.916 300 3.176 1500 1500 No No 

9/2013/C6 236 2.37          

6/2014/C6 387 2.59          

7/2014/C6 291 2.46          

8/2014/C6 261 2.42          

9/2014/C6 461 2.66          

a The FSMA, Produce Safety Rule (21CFR 112) requires a minimum of 20 initial water source samples to constitute a microbial water  

  quality profile (MWQP); these data are limited to 10 samples from each of 3 farms.   

b If 20 samples were present and the agricultural water does not meet the microbial quality criteria required under the Produce Safety 

Rule [21CRF112.44(b)], corrective measures from 112.45(b)(1)(i)(A) allow for time intervals between last irrigation and harvest using 

a microbial-die off rate of 0.5 log per day to achieve calculated log reductions of GM and STV. 

c EC is abbreviated for generic E. coli. 

d If 20 samples were present, this farm could use microbial-die off calculations of 2-days interval to meet the required numerical GM 

and STV criteria under the 21CFR112.44(b).  
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Table 6.4: (continued).  
 
e If 20 samples were present, this farm could use microbial-die off calculations of 1-day interval to meet the required numerical GM 

and STV criteria under the 21CFR112.44(b). 
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Table 6.5: Real-time PCR primer and probe sequences used for Bacteroidales 16S rRNA genes detection from NC tomato production 

waters. 

 
Origin Assay Primer/probe  Oligonucleotide Sequence (5′-3′) Reference /Year 

General  AllBac  AllBac296f GAGAGGAAGGTCCCCCAC′ Layton, A. /2006 

Fecal 
 

AllBac412r CGCTACTTGGCTGGTTCAG 
 

  
AllBac375Bhqr (FAM)-CCATTGACCAATATTCCTCACTGCTGCCT- (BHQ-1) 

 
     
Human BFD BFDf CGTTCCATTAGGCAGTTGGT Converse, R. /2009 

  
BFDr CGTAGGAGTTTGGACCGTGT 

 

  
BFDFAM (FAM)-CTGAGAGGAAGGTCCCCCACATTGGA-(BHQ-1) 

 
     
IAC    IACProbe  (TET)-ATCTCAGTTCGGTGTAGGTCGTTCGCTCC-(BHQ-1)  Ravaliya, K. /2014 
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Table 6.6: Bacteroidales AllBac marker qPCR results depicting percent and number of samples positive and quantifiable, positive and 

unquantifiable, and uninterpretable for the water samples (n=72) from three farms for 2013-2014. 

  % (Number) of Samples 

Production  
Environment 

Sample Type Positive  

and  

Quantifiable a 

Positive  

and  

Unquantifiable a 

Uninterpretable b Total 

Tomato Source surface water 58 (14) 21 (5)  21 (5) 100 (24) 

 After sand/disk filter 25 (6) 33 (8) 42 (10) 100 (24) 

 End of drip tape  21 (5) 25 (6) 54 (13) 100 (24) 

a Of the 72 Bacteroidales 16SrRNA runs, the successfully amplification of AllBac samples are quantified from the compilation of the 

positive and quantifiable and the positive and unquantifiable to yield a total of 44.  

b Uninterpretable samples (n=28) are the result of inhibition in the samples and require dilutions beyond the 1000-fold used in this 

study’s protocols.  
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Table 6.7: Bacteroidales BFD marker qPCR results depicting percent and number of samples positive and quantifiable, positive and 

unquantifiable, and uninterpretable for the water samples (n=63) from three NC tomato farms for 2013-2014. 

 

  % (Number) of Samples 

Production 

Environment 

Sample Type Positive 

and 

Quantifiable a 

Positive 

and 

Unquantifiable a 

Uninterpretable 
 

Total 

Tomato Source surface water 30 (7) 57 (13) 13 (3) 100 (23) 

 After sand/disk filter 62 (13) 24 (5) 14 (3) 100 (21) 

 End of drip tape 31 (6)  16 (3) 53 (10) 100 (19) 

a Of the 63 Bacteroidales 16SrRNA runs, the successfully amplification of BFD samples are quantified from the compilation of the 

positive and quantifiable and the positive and unquantifiable to yield a total of 47.   

b Uninterpretable samples (n=16) are the result of inhibition in the samples and require dilutions beyond the 1000-fold used in this 

study’s protocols.  
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Table 6.8: Summary of Bacteroidales AllBac and BFD marker positives with Log10 genome equivalent copies (GEC/100ml) and final 

dilutions for qPCR amplification.   

Sample Farm Month Year Sample Location AllBac 

Final 

Dilution 

AllBac Log10 

GEC/100 ml 

BFD 

Final 

Dilution 

BFD Log10 

GEC/100 ml 

A902 A 6 2014 End of Drip 3 4.94 2 6.91 

A900 A 6 2014 Source Water: Pond 2 4.94 2 6.94 

A901 A 9 2014 After Filtration (Sand) 3 4.94 1 5.77 

B950 B 6 2014 Source Water: Stream 2 4.94 2 6.48 

B951 B 7 2014 After Filtration (Sand) 2 4.94 2 6.61 

B952 B 7 2013 End of Drip 2 4.66 1 5.71 

B951 B 8 2013 After Filtration (Sand) 2 4.81 1 5.79 

C971 C 7 2014 After Filtration (Disk) 3 4.94 1 5.71 

C971 C 8 2014 After Filtration (Disk) 3 4.94 2 6.37 

C970 C 8 2013 Source Water: Stream 2 5.18 1 5.77 
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Table 6.9: Summaries of positive water samples and concentration of Bacteroidales AllBac and BFD marker for NC tomato 

production farm A a.  

 
Sample Month Year Sample Location AllBac Final 

Dilution 
AllBac Log10 
GEC/100 ml 

BFD Final 
Dilution 

BFD Log10 
GEC/100 ml 

A900  July 2013 Source Water: Pond 3 . 1 5.82 
A900  June 2014 Source Water: Pond 2 4.94 2 6.94 
A900  July 2014 Source Water: Pond 2 4.94 2 . 
A900  August 2014 Source Water: Pond 2 4.94 2 . 
A900  September 2014 Source Water: Pond 2 4.94 2 . 
     .   

A901  June 2014 After Filtration (Sand) 3 . 2 6.86 
A901  July 2014 After Filtration (Sand) 3 . 2 7.21 
A901  August 2014 After Filtration (Sand) 3 . 2 6.45 
A901 September 2014 After Filtration (Sand) 3 4.94 1 5.77 
     .   

A902  June 2013 End of Drip 3 . 2 6.89 
A902  June 2014 End of Drip 3 4.94 2 6.91 
A902  July 2014 End of Drip 3 . 2 7.08 
A902  September 2014 End of Drip 3 . 2 6.50 
Stdev.     0.00  0.502 
Mean     4.94  6.63 

a On Farm A, a total of 24 water samples were taken with 8 samples of each sample type 
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Table 6.10: Summaries of positive water samples and concentration of Bacteroidales AllBac and BFD marker for NC tomato 

production farm B a. 

 
Sample Month Year Sample Location AllBac Final 

Dilution 
AllBac Log10 
GEC/100 ml 

BFD Final 
Dilution 

BFD Log10 
GEC/100 ml 

B950  June 2013 Source Water: Stream 2 4.94 3 . 
B950  August 2013 Source Water: Stream 3 5.67 2 . 
B950  September 2013 Source Water: Stream 2 4.94 2 . 
B950  June 2014 Source Water: Stream 2 4.94 2 6.48 
B950  August 2014 Source Water: Stream 2 4.94 2 . 
B950  September 2014 Source Water: Stream 3 . 1 5.81 
        

B951  June 2013 After Filtration (Sand) 3 . 2 6.39 
B951  August 2013 After Filtration (Sand) 2 4.81 1 5.79 
B951  June 2014 After Filtration (Sand) 2 4.94 2 . 
B951  July 2014 After Filtration (Sand) 2 4.94 2 6.61 
B951  August 2014 After Filtration (Sand) 3 . 2 6.42 
        

B952  July 2013 End of Drip 2 4.66 1 5.71 
B952  June 2014 End of Drip 2 4.94 3 . 
B952  August 2014 End of Drip 2 4.94 2 . 
Stdev.     0.25  0.38 
Mean     4.97  6.16 

a On Farm B, a total of 24 water samples were taken with 8 samples of each sample type 
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Table 6.11: Summaries of positive water samples and concentration of Bacteroidales AllBac and BFD marker for NC tomato 

production farm C a.  

Sample Month Year Sample Location AllBac Final 

Dilution 

AllBac Log10 

GEC/100 ml 

BFD Final 

Dilution 

BFD Log10 

GEC/100 ml 

C970  June 2013 Source Water: Stream 2 5.36 2 . 
C970  July 2013 Source Water: Stream 3 . 1 5.60 
C970  August 2013 Source Water: Stream 2 5.18 1 5.77 
C970  September 2013 Source Water: Stream 1 4.94 1 . 
C970  June 2014 Source Water: Stream 3 . 1 5.80 
C970  August 2014 Source Water: Stream 2 4.94 2 . 
C970  September 2014 Source Water: Stream 2 4.94 3 . 
        

C971  June 2013 After Filtration (Disk) 2 . 1 5.72 
C971  September 2013 After Filtration (Disk) 2 . 1 5.50 
C971  July 2014 After Filtration (Disk) 3 4.94 1 5.71 
C971  August 2014 After Filtration (Disk) 3 4.94 2 6.37 
C971  September 2014 After Filtration (Disk) 3 . 1 5.63 
        

C972  September 2013 End of Drip 2 4.94 2 . 
C972  June 2014 End of Drip 3 . 2 6.44 
Stdev.     0.16  0.33 
Mean     4.98  5.83 

a On Farm C, a total of 24 water samples were taken with 8 samples of each sample type 
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Table 6.12: Correlation of qPCR Bacteroidales AllBac and BFD marker assay results with 

Salmonella determined by FDA-BAM methods for NC tomato production waters (n=64) during 

2013 – 2014a. 

  Salmonella 

  
Presence Absence 

Bacteroidales 

Presence 22% (14/64) 39% (25/64) 

Absence  5% (3/64) 34% (22/64) 

  
  
a For consideration as presence for Bacteroidales, the compilation of the positive and quantifiable 
and the positive and unquantifiable were used.  
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Table 6.13: The use of Generic E. coli and Bacteroidales as two microbial indicators to predict 

Salmonella from corresponding water samples (n=57) in NC tomato production waters during 

2013 – 2014. 

    Salmonella spp. 
 

   Presence (+) Absence (-)  

Bacteroidales a                       

and                                  

Generic E. coli b 

Presence (+) 
14%                 

(8/57) 

68%                 

(39/57) 

  

Absence (-) 
0%                      

(0/57) 

18%                  

(10/57) 

  

          

a For Bacteroidales, both AllBac and BFD data were compiled and deemed presence (+) for the 

positive and quantifiable and the positive and unquantifiable. 

b Generic E. coli determined present (+) by using greater than 410 MPN/100ml as the level for 

classification and less than this limit for absence (-) in water samples   

 

 

 



 

275 
 

Supplemental Table 6-A:  Generic E. coli data for corresponding samples (n=84) 
 
Salmonella 
Sample # 

Code Sample Location Sample 
Date 

E. coli Fecal 
coliform 

Temp Turbidity EC TDS pH 

    
MPN/
100ml 

CFU/ 
100ml 

Cº NTU µS/cm mg/L 
 

2012 
          

A100-101 A1 Pond 8/16/12 1 165 20.6 11.6 67.1 47.0 7.70 
A100-101 A1 Pond 9/13/12 35 146 22.3 11.0 77.6 54.3 7.04 

A110 A2 Before Sand filter  8/16/12 7 50 20.6 10.1 70.2 49.1 6.80 
A110 A2 Before Sand filter  9/13/12 5 40 22.3 11.2 77.1 54.0 7.17 

B260-261 B1 Butler Creek 8/17/12 >2420 >2420 22.4 222.00 45.4 31.78 6.95 
B260-261 B1 Butler Creek 9/14/12 613 >2420 22.0 277.00 41.9 29.33 7.06 
B270-271 B2 Butler Pond 8/17/12 18 159 22.2 5.37 49.3 34.51 7.12 
B270-271 B2 Butler Pond 9/14/12 20 150 22.1 5.87 54.3 38.01 7.37 
C420-421 C6 Raccoon Creek  8/17/12 25 152 21.6 17.90 92.1 64.47 6.94 
C420-421 C6 Raccoon Creek  9/13/12 72 150 21.4 9.66 82.4 57.68 7.21 

C430 C1 End of drip tape  8/17/12 2 187 21.7 68.10 56.6 39.62 6.54 
C430 C1 End of drip tape  9/13/12 1 1 21.0 15.50 65.6 45.92 6.65 

2013 
          

A100-101 A1 Pond 6/14/13 8 >2420 23.0 17.6 14.5 10.2 7.36 
A100-101 A1 Pond 7/12/13 666 >2420 24.0 12.7 69.1 48.4 7.42 
A100-101 A1 Pond 8/16/13 7 >2420 23.5 80.3 66.8 46.8 7.23 
A100-101 A1 Pond 9/13/13 10 >2420 23.3 5.21 65.1 45.6 7.15 

A110 A2 Before Sand filter  6/14/13 0 0 23.1 529 19.1 13.37 7.37 
A110 A2 Before Sand filter  7/12/13 0 0 23.8 5.97 106.3 74.41 7.34 
A110 A2 Before Sand filter  8/16/13 0 18 23.0 412 107.3 75.11 8.33 
A110 A2 Before Sand filter  9/13/13 0 120 23.3 2.25 97.4 68.18 7.53 
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Supplemental Table 6-A:  (continued).  
 

A120 A4 End of drip tape 6/14/13 0 10 23.3 10.4 148.0 103.6 7.47 
A120 A4 End of drip tape 7/12/13 1 1 23.7 114.0 510.0 357.0 7.41 
A120 A4 End of drip tape 8/16/13 3 9 23.1 14.0 104.0 72.8 7.96 
A120 A4 End of drip tape 9/13/13 0 29 23.2 2.59 98.5 68.95 7.56 

A700-701 A3 After sand filter 8/16/13 0 6 22.8 6.20 105.9 74.13 8.18 
A700-701 A3 After sand filter 9/13/13 0 17 23.2 1.66 96.8 67.76 7.47 
B260-261 B1 Butler Creek 6/13/13 248 613 22.7 9.51 51.9 36.33 7.17 
B260-261 B1 Butler Creek 7/12/13 866 >2420 23.7 12.00 40.4 28.28 7.15 
B260-261 B1 Butler Creek 8/16/13 365 649 22.6 17.30 42.7 29.89 7.53 
B260-261 B1 Butler Creek 9/13/13 816 >2420 23.1 2.53 40.1 28.07 7.21 
B270-271 B2 Butler Pond 6/13/13 64 251 22.7 104.00 58.7 41.09 6.63 
B270-271 B2 Butler Pond 7/12/13 172 >2420 23.7 68.50 50.1 35.07 7.01 
B270-271 B2 Butler Pond 8/16/13 117 >2420 22.2 113.00 50.1 35.07 6.58 
B270-271 B2 Butler Pond 9/13/13 0 54 23.1 8.72 70.8 49.56 6.62 
B740-741 B7 After sand filter 7/12/13 n/a >2420 23.7 Overrange 895.0 626.5 6.37 

B280 B12 End of drip tape  9/13/13 7 . 23.4 Overrange 93100 65170 6.52 
B280 B8 End of drip tape 6/13/13 36 517 23.1 691.0 79.6 55.72 6.52 
B280 B8 End of drip tape 7/12/13 n/a >2420 23.8 531.0 801.0 560.7 6.53 

B740-741 B11 After sand filter  9/13/13 7 
 

23.2 18.3 98.6 69.02 6.54 
C420-421 C6 Raccoon Creek  6/13/13 816 1733 22.9 15.60 76.7 53.69 7.24 
C420-421 C6 Raccoon Creek  7/12/13 517 1733 23.4 17.80 71.9 50.33 7.38 
C420-421 C6 Raccoon Creek  8/16/13 >2420 >2420 22.7 15.60 74.6 52.22 7.27 
C420-421 C6 Raccoon Creek  9/13/13 236 291 23.3 11.40 75.1 52.57 7.19 

C430 C1 End of drip tape  6/13/13 2 >2420 23.3 10.30 72.9 51.03 6.80 
C430 C1 End of drip tape  7/12/13 >2420 >2420 23.8 226.00 318 222.6 6.68 
C430 C1 End of drip tape  8/16/13 34 517 22.8 15.40 153.9 107.73 6.72 
C430 C1 End of drip tape  9/13/13 1300 >2420 23.6 Overrange 10570 7399 6.80 



 

277 
 

Supplemental Table 6-A:  (continued).  
 
2014 

          

A100-101 A1 Pond 6/13/14 2 6 23.2 21.8 68.3 47.8 7.27 
A100-101 A1 Pond 7/11/14 3 >2420 23.5 5.8 70.3 49.2 7.57 
A100-101 A1 Pond 8/15/14 21 >2420 23.2 18.8 61.6 43.1 8.13 
A100-101 A1 Pond 9/12/14 5 >2420 23.3 6.64 68.8 48.2 7.34 

A120 A4 End of drip tape 6/13/14 1 12 23.2 4.69 91.3 63.91 7.17 
A120 A4 End of drip tape 7/11/14 0 204 23.4 6.74 76.0 53.2 7.34 
A120 A4 End of drip tape 9/12/14 0 >2420 23.4 83.2 67.3 47.11 7.13 

A700-701 A3 After sand filter 6/13/14 0 7 23.0 2.87 89.0 62.3 6.99 
A700-701 A3 After sand filter 7/11/14 0 43 23.5 3.22 77.5 54.25 7.15 
A700-701 A3 After sand filter 8/15/14 1 160 23.3 3.82 84.1 58.87 7.37 
A700-701 A3 After sand filter 9/12/14 86 >2420 23.3 2.73 68.2 47.74 7.18 
B260-261 B1 Butler Creek 6/13/14 435 488 23.0 4.81 42.1 29.47 7.35 
B260-261 B1 Butler Creek 7/11/14 770 >2420 23.2 10.70 42.7 29.89 7.34 
B260-261 B1 Butler Creek 8/15/14 1300 >2420 23.2 3.47 44.7 31.29 7.33 
B260-261 B1 Butler Creek 9/12/14 7.27 2420 22.7 3.11 46.1 32.27 7.33 
B270-271 B2 Butler Pond 6/13/14 12 15 22.7 4.94 54.2 37.94 7.04 
B270-271 B2 Butler Pond 7/11/14 34 >2420 23.3 10.50 45.7 31.99 7.29 
B270-271 B2 Butler Pond 8/15/14 8 46 23.1 7.71 53.2 37.24 7.04 
B270-271 B2 Butler Pond 9/12/14 49 >2420 23.0 12.00 52.8 36.96 6.8 

B280 B11 End of drip tape  7/11/14 21 >2420 23.3 173.00 56.5 39.55 6.67 
B280 B11 End of drip tape  8/15/14 26 >2420 23.2 14.40 52.6 36.82 6.65 
B280 B11 End of drip tape  9/12/14 1 37 23.0 24.80 53.3 37.31 6.64 
B280 B8 End of drip tape 6/13/14 248 727 23.0 3.42 38.0 26.6 6.93 

B740-741 B12 After sand filter  7/11/14 90 >2420 23.2 107.00 58.1 40.67 6.70 
B740-741 B12 After sand filter  8/15/14 40 152 23.3 32.40 52.8 36.96 6.78 
B740-741 B12 After sand filter  9/12/14 1 2 23.1 12.20 54.3 38.01 6.65 
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Supplemental Table 6-A:  (continued).  
 

B740-741 B7 After sand filter 6/13/14 461 >2420 23.0 4.74 37.3 26.11 6.69 
C420-421 C6 Raccoon Creek  6/13/14 387 435 23.0 4.46 71.5 50.05 7.21 
C420-421 C6 Raccoon Creek  7/11/14 291 435 23.3 3.35 74.8 52.36 7.37 
C420-421 C6 Raccoon Creek  8/15/14 261 261 23.2 2.66 78.2 54.74 7.34 
C420-421 C6 Raccoon Creek  9/12/14 461 517 23.1 3.71 78.7 55.09 7.39 

C430 C1 End of drip tape  6/13/14 >2420 >2420 23.2 Overrange 73.4 51.38 6.89 
C430 C1 End of drip tape  7/11/14 1203 >2420 23.3 96.0 75.0 52.5 7.12 
C430 C1 End of drip tape  8/15/14 >2420 >2420 23.4 29.6 76.7 53.69 7.10 
C430 C1 End of drip tape  9/12/14 400 >2420 23.3 109 260 182 6.78 

C780-781 C7 After Sand Filter 8/15/14 214 248 23.2 3.63 74.9 52.43 7.27 
C780-781 C7 After Sand Filter 9/12/14 488 580 23.2 6.93 76.6 53.62 7.39 
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Supplemental Table 6-B: Quantification for positive microbial source tracking markers AllBac and BFD from three farms on NC 

tomato production environment for 2013-2014. 
    

AllBac Marker  BFD Marker 
Sample Month Year Sample Location Final 

Dilutio
n 

TET 
Ct 

FAM 
Ct 

AllBac 
Log10 
GEC/1
00 ml 

 Final 
Dilution 

TET 
Ct 

FAM 
Ct 

BFD 
Log10 

GEC/100 
ml 

A901  June 2014 After Filtration (Sand) 3 0 28.39 .  2 34.39 32.56 6.86 
A901  July 2014 After Filtration (Sand) 3 0 23.34 .  2 36.66 31.02 7.21 
A901  August 2014 After Filtration (Sand) 3 0 33.06 .  2 35.68 34.39 6.45 
A901  September 2014 After Filtration (Sand) 3 35.29 35.51 4.94  1 34.47 32.95 5.77 
B951  June 2013 After Filtration (Sand) 3 36.05 42.93 .  2 34.07 34.69 6.39 
B951  August 2013 After Filtration (Sand) 2 36.69 34.4 4.81  1 35.2 32.9 5.79 
B951  June 2014 After Filtration (Sand) 2 35.9 32.65 4.94  2 34.89 38.69 . 
B951  July 2014 After Filtration (Sand) 2 36.07 34.27 4.94  2 33.87 33.7 6.61 
B951  August 2014 After Filtration (Sand) 3 0 33.4 .  2 35.09 34.53 6.42 
C971  June 2013 After Filtration (Disk) 2 33.76 39.22 .  1 37.89 33.19 5.72 
C971  September 2013 After Filtration (Disk) 2 35.18 36.74 .  1 35.3 34.18 5.50 
C971  July 2014 After Filtration (Disk) 3 36.33 35.54 4.94  1 36.87 33.24 5.71 
C971  August 2014 After Filtration (Disk) 3 35.37 35.32 4.94  2 34.68 34.75 6.37 
C971  September 2014 After Filtration (Disk) 3 0 35.47 .  1 35.2 33.6 5.63 
A902  June 2013 End of Drip 3 37.07 36.5 .  2 34.35 32.42 6.89 
A902  June 2014 End of Drip 3 36.15 35.69 4.94  2 35.13 32.33 6.91 
A902  July 2014 End of Drip 3 0 33.1 .  2 35.61 31.6 7.08 
A902  September 2014 End of Drip 3 0 33.33 .  2 34.99 34.18 6.50 
B952  July 2013 End of Drip 2 34.47 34.89 4.66  1 35.13 33.24 5.71 
B952  June 2014 End of Drip 2 37.72 32.24 4.94  3 34.34 0 . 
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Supplemental Table 6-B:  (continued).  
 
B952  August 2014 End of Drip 2 35.31 32.73 4.94  2 34.85 42.67 . 
C972  September 2013 End of Drip 2 36.64 32.88 4.94  2 36 0 . 
C972  June 2014 End of Drip 3 0 33.53 .  2 34.77 34.45 6.44 
A900  July 2013 Source Water: Pond 3 36.03 39.78 .  1 35.63 32.77 5.82 
A900  June 2014 Source Water: Pond 2 38.84 32.07 4.94  2 34.94 32.23 6.94 
A900  July 2014 Source Water: Pond 2 36.29 31.5 4.94  2 35.31 36.38 . 
A900  August 2014 Source Water: Pond 2 36.51 30.67 4.94  2 36.2 0 . 
A900  September 2014 Source Water: Pond 2 36.86 30.99 4.94  2 34.29 36.85 . 
B950  June 2013 Source Water: Stream 2 33.45 33.95 4.94  3 36.22 37.75 . 
B950  August 2013 Source Water: Stream 3 35.14 34.84 5.67  2 35.98 38.51 . 
B950  September 2013 Source Water: Stream 2 35.71 32.17 4.94  2 36.41 36.47 . 
B950  June 2014 Source Water: Stream 2 37.45 31.94 4.94  2 34.64 34.27 6.48 
B950  August 2014 Source Water: Stream 2 36.57 32.23 4.94  2 34.8 36.4 . 
B950  September 2014 Source Water: Stream 3 0 28.71 .  1 34.76 32.78 5.81 
C970 June 2013 Source Water: Stream 2 34.09 32.59 5.36  2 35.6 37.54 . 
C970  July 2013 Source Water: Stream 3 35.09 38.76 .  1 38.66 33.72 5.60 
C970  August 2013 Source Water: Stream 2 35.22 33.16 5.18  1 36.65 32.99 5.77 
C970  September 2013 Source Water: Stream 1 34.31 32.83 4.94  1 34.4 38.92 . 
C970  June 2014 Source Water: Stream 3 0 23.65 .  1 35.06 32.84 5.80 
C970  August 2014 Source Water: Stream 2 36.82 32.4 4.94  2 34.67 0 . 
C970  September 2014 Source Water: Stream 2 35.18 34.49 4.94  3 34.59 41.63 . 
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CHAPTER 7 

CONCLUSIONS FROM A THREE-YEAR STUDY FOCUSING ON NC TOMATO 

PRODUCTION ENVIRONMENTAL SAMPLING FOR SALMONELLA AND 

MICROBIAL INDICATORS FOR AGRICULTURAL WATERS  

 With a focus on NC fresh-market tomato production food safety, the objectives of this 

research were met using field and production practices typical of commercial production for 

many fruits and vegetables, including tomatoes.  The overall objectives of this 3-year 

environmental research study were to investigate Salmonella geospatial occurrence and identify 

potential routes of contamination, Salmonella serotype incidence, and specify correlations 

between water quality indicators from three biodiverse NC tomato farms.  The related results are 

elucidated by specific objectives stated for this study.  

 The first objective of this research was to determine the geospatial occurrence, levels, 

origin, and serotypes, as predicted by PFGE PulseNet patterns, of S. enterica, specifically 

serotype Newport, in tomato production environments in North Carolina, as discussed in Chapter 

4.  This paper provides three years of surveillance data and associated analysis of the prevalence 

of Salmonella contamination on and in close proximity to three N.C. tomato field production 

environments.  Salmonella spp. were recovered at a frequency of 3.7% from tomato and 

environmental samples tested as part of this study (1548 environmental samples analyzed/57 

unique Salmonella sample positives).  The prevalence of unique Salmonella sample positives 

was highly correlated across the months of June through August during this study.  Even though 

no foodborne outbreaks associated with Salmonella spp. have currently been linked to NC 

tomato production systems, this longitudinal study did indicate that the organism does exist in 

production environments in North Carolina. 
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 Salmonella was found in five different environmental niches, specifically on tomato fruit, 

surface waters, stream sediments, irrigation water within the distribution systems, and in farm 

soil between rows; however, farm soil positives are likely due to field flooding that occurred in 

July 2013.  The discovery and isolation of Salmonella isolates after a flood event support the 

current federal regulation (Produce Safety Rule, § 112.112), that acknowledge the need for an 

assessment of the extent to which flooding has occurred and does not allow harvest of produce 

that has contact with flood waters.  But it goes beyond the idea of “contact with fruit” as the sole 

reason to assess fields; this finding supports the fact that flooding provides a “reasonably likely” 

method for contamination in fields and should be included in an assessment as a foreseeable 

hazard, should flooding occur.  Compelling statistically significant data from this study indicate 

a major recurring geospatial reservoir is surface waters used in the pre-harvest environment 

(P=0.0001), sediment under the surface water sources (P=0.0001), and irrigation water used on 

farms (P=0.01).  Dynamically flowing waters specifically stream water and associated sediment, 

account for greater than 68% of the positive Salmonella spp. isolates recovered.  This study 

suggests a persistence of Salmonella in this environment, however it is unclear if these pathogens 

grow over time or if there is one single serovar that consistently predominates.  This data is not 

unique in that previous studies on farm environments found similar prevalence and 

environmental niches (3, 33, 52), however it does represent novel data for NC not previously 

reported.  Interestingly, the farms in this study employed sand and disk filtration systems for 

irrigation; a higher recovery of Salmonella spp. was observed from water samples taken after the 

use of a disk filtration system (40%, 4/10) as compared to the use of a sand filtration system (0% 

(0/20).  The reasons for this are unclear but may be important when considering filter systems to 

use on the farm.  Factors such as to high organic loading, the creation of a biofilm in these 
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filtration units, and the effective use of back flushing practices prior to use should all be 

considerations when choosing a filtration system to use for agricultural water on farms (62). 

 How a production environment initially becomes contaminated with Salmonella is an 

unknown.  Whether Salmonella is introduced into the environment as a transient contaminant, or 

if Salmonella is a resident contaminant that has found a harborage site with the ability to 

multiply and persist for years, is unclear.  The factors associated with a “shift” between transient 

to resident populations, if it occurs at all, can be attributed to flood events, personnel, wildlife 

and equipment that could serve as vehicles for introducing diverse microflora into the 

environment (13).  Data from this study provide evidence for the recurring association of 

Salmonella with tomatoes in farm production environments, suggesting that these may be 

resident contaminants.  Essentially, once Salmonella was found in an agricultural water, repeat 

isolation over time suggests persistence of these pathogens in this environmental niche.  This 

information suggests that farm environments may serve as the locations for resident populations 

of Salmonella for produce farms.  This may also be indicative of resident environmental 

populations that co-persist leading to constant competition between serovars for nutrients within 

the environment (28). 

 The ability to discriminate between Salmonella strains, either by serovar or more 

discriminately by molecular strain typing, is essential for monitoring disease burdens, detecting 

outbreaks, and understanding microbial ecology.  Even though CDC is moving towards culture-

independent diagnostic tests (CIDTs) (16), PFGE has remained the “gold standard” for 

genotyping foodborne bacterial pathogens (51).  Environmental isolates (n=172) were 

characterized and subtyped by molecular serotyping and PFGE analysis then classified using 

PulseNet to identify any isolates of public health importance.  Matching PFGE patterns in 
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PulseNet showed that 71% of identified environmental isolates matched clinically significant 

Salmonella serotypes that have been linked to clusters of illnesses or previous outbreaks.  Thus, 

this study provides data that ties the isolation and identification of clinically significant 

Salmonella serovars to three NC tomato production environments.  Using PFGE patterns from 

PulseNet to characterize the Salmonella isolates, nine Salmonella serotypes were identified 

across the three farms.  Serotypes Paratyphi B (21%), Subspecies IV (12%) and Newport (12%) 

combine to account for the most frequent serotypes isolated from these environmental samples.  

The remaining serotypes, occurring 27% of the time were Typhimurium (8%), Javiana (7%), 

Hartford (5%), Montevideo (3%), Agona (3%) and Berta (1%).  Undefined serotypes, that could 

not be identified through PFGE PulseNet, accounted for 29% of the isolates from environmental 

samples collected during the course of this study 

 The unique sample positives that had multiple serovars (n=8) highlight the diversity of 

Salmonella serovars present in any one specific environmental sample.  Stream sediments clearly 

were the prominent environmental niche for samples containing multiple serovars.  The greatest 

relative ability for survival of different serovars within this environmental niche occurred with 

Salmonella serovars Hartford, Subspecies IV, Newport, Paratyphi B, and Typhimurium.  Within 

any one sample with multiple serovars, the most serovars simultaneously recovered totaled three 

different serovars.  Interestingly, the combination of serovars recovered includes an association 

of Hartford and Subspecies, Newport and Paratyphi B, and finally Newport, Paratyphi B and 

Typhimurium.  Serovar Newport is unmistakably the most prominent serovar isolated from 

stream sediment as well as with stream water and irrigation water collected after the disk filters 

when multiple serovars were isolated from a single environmental sample.  
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 This may indicate serotype adaptability for distinct environmental conditions that may be 

mimicked in farm production environments.  Serovars like Agona, Berta, Javiana and 

Montevideo, have a narrow range and were recovered in association with one specific location 

(stream sediment and tomatoes, respectively).  As most of the Salmonella isolates obtained came 

from water, it is difficult to make niche-specific generalizations on Salmonella occurrence. For 

instance, serotypes Hartford and Subspecies IV came from two locations; one from a stream 

water source and the other from sediment under the stream.  Newport was found in 3 

environments, specifically source waters from streams, sediment under those streams and within 

the distribution system of the irrigation system after a disk filtration unit.  Paratyphi B and 

Typhimurium were found in similar ecosystems.  This cumulative data does not represent a 

particular farm, months or year.  Probably the best conclusions from these data are that 

Salmonella seems to originate in water sources and is able to make its way through distribution 

systems in NC tomato production, although strain diversity is high. 

 A summary of Salmonella spp. successfully typed (serotype and PFGE pattern predicted) 

by sample origin is provided (Table 4.6).  From the 172 isolates, 92 isolates had 16 unique PFGE 

patterns that matched the national PulseNet database, which suggests clinical significance.  The 

remaining 47% (80/172) of the isolates had unique PFGE patterns not seen before within the 

database.  The most frequently found PFGE pattern, JKXX01.0201, were associated with 20 

Paratyphi B isolates.  A second pattern, JKXX01.0059, were associated with 14 Paratyphi B 

isolates.  The highest diversity of PFGE patterns were associated with one serotype, 

Typhimurium, including JPXX01.0359, JPXX01.1017, and JPXX01.1054 patterns.  

Interestingly, serotype Newport had two PFGE patterns JJPX01.0003 (9 isolates) and 
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JJPX01.1047 (10 isolates).  The recurring tomato outbreak PFGE pattern, JJPX01.0061, were not 

identified in the NC production environment samples.  

 While the objectives of this study were accomplished, further targeted research is 

merited.  For instance, while we identified the environmental niches, the original sources of that 

contamination are unknown.  Nor the public health significance to of the nine different 

Salmonella serovars identified.  Noteworthy, knowledge gaps exist regarding the types of 

interactions that allow a human pathogen to invade a non-human host, such as tomatoes.  The 

myriad of factors that might impact persistence, proliferation, and/or movement of Salmonella 

within the production environment are virtually unknown.  The findings of this study offer 

opportunities for development of best management practices.    

 The second objective of this study were to compare culture-based method (FDA-BAM) 

for affinity between different selective media and with a nucleic-acid based assay (Real-Time 

qPCR) for identification of Salmonella isolates.  Secondarily, Whole Genome Sequencing 

(WGS) was compared to the gold standard of PFGE and Bioplex as serotyping methods for 

Salmonella.  The results from Chapter 5 provide more insight and clarity for this objective.  All 

environmentally unique samples (n =1548) were pre-enriched and pre-screened by qPCR so that 

any positives could be subjected to cultural BAM-method with Rappaport-Vassiliadis (RV) and 

Tetrathionate (TT) broth and three selective media formulations that included Hektoen enteric 

with the addition of 5 ug /ml novobiocin (HE + N), xylose-lysine-tergitol 4 (XLT4) and Bismuth 

sulfite (BS).  The use of selective and differential plating media are well-known methods for 

isolation of Salmonella.  Other microorganisms, like Proteus and Citrobacter share some 

common characteristics with Salmonella spp. like hydrogen sulfide production and the 

nonfermentation of lactose (4).  There have been previous reports stating that certain Salmonella 
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serotypes grow differently on different selective media, as has been the case for bismuth sulfite 

agar and S. Typhi when compared with other atypical lactose fermenting Salmonella (18).  No 

correlation between serovar and selective media were observed in our study, although we were 

not specifically looking for this phenomenon.  However, based upon recovery of Salmonella 

isolates only, the majority (74%) of isolates originated from RV selective enrichment broth and 

selective media combinations.  This data also supports the most recent Bacteriological Analytical 

Manual (BAM) edition which suggests the increased use of Rappaport-Vassiliadis (RV) broth for 

samples with high and low levels of competitive microflora.  In some cases, the resident 

microflora has been found to provide some protective effect for Salmonella populations; this 

makes recovery more difficult (1).   

 In this study, a commercially available a lyophilized bead assay designed to amplify two 

specific Salmonella target genes, invA and apeE were used with the ABI 7500 Fast Real-Time 

qPCR system (37).  qPCR interference with matrix-derived inhibitory substances like proteins, 

fats, oils, and carbohydrates, including plant materials that can yield an artificial signal from 

non-target background bacteria, can mask DNA, or prevent target amplification altogether (46).  

A total of 96% (1493/1548) of the unique samples were successfully analyzed by qPCR based 

upon the analytical parameters outlined previously.  The qPCR failures (n=55) were associated 

with the following sample types: plant vegetation (n=21), feces (n=1), sediment (n=2), water 

(n=6), and fruit (n=25).  qPCR sample failures were likely attributed to the presence of inhibitory 

substances that makes the enrichment of environmental samples necessary to obtain qPCR-

detectable levels of the pathogen (35).  Pre-enrichment steps can increase the concentration of 

target DNA to desirable concentrations, typically 104 cells mil -1, and help overcome the effects 

of environmental inhibitors (26).  Alternately, these steps could also increase the levels of these 
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inhibitory substances, change the taxonomic profile, and introduce other enrichment bias to the 

sample (33).  The complex nature and diversity of the samples represented by water, soil, food, 

and vegetation make characterization of the PCR inhibitors an important step to minimize future 

PCR failures in future research such as this study (35).   

 qPCR carried through to BAM cultured samples constituted 83% (1243/1493) of the total 

unique samples identified in this study and provided the basis of comparison for the two 

Salmonella detection methods.  Of the effective qPCR analyses that did not detect Salmonella, 

1.9% (22/1154) of the samples cultured positive for Salmonella.  These qPCR detection failures 

consisted of four sample types: source surface water [water from stream (n=6) and pond (n=2)], 

distribution irrigation water [end of drip tape (n=1) and after disk filer (n=1)]; stream sediment 

(n=6); and tomato [fruit (n=4), surface (n=1) and internalization (n=1)].  Alternately, 98% 

(1132/1154) of the samples that tested negative for Salmonella by qPCR also tested negative by 

the BAM cultural method.  A Pearson’s Chi-Square analysis between BAM-cultured and qPCR 

samples (n=1243) reveals that 93.5% of the time, either the presence or absence of Salmonella 

was found to be in alignment between both methods, 4.7% of the time qPCR over-estimated the 

presence of Salmonella, and 1.8% of the time PCR method failed to detect culture-positives.  

Differences between qPCR detection and culture-positives may be due to detection of viable but 

not culturable (VBNC), or dead/live cells by qPCR methods.  PCR detects the presence of DNA, 

regardless of whether the cells are living or dead.  In contrast, BAM is used to grow 

metabolically active bacterial cultures and current research supports that the bacteria enters a 

distinct metabolically active survival state (46).  The significance of this is that VBNC bacteria 

can resuscitate under favorable conditions; conventional cultural methods do not detect bacterial 

in the VBNC state unless additional steps are taken to characterize metabolic activity (37).  
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While the qPCR method used during this study was largely successful, it was based on pre-

enriched samples and culture-based plating of positives for confirmation.  These requirements 

for success should be considered prior to using this qPCR method as a stand-alone rapid method 

for confirmation of positives; rather a better consideration for a semi-rapid method for negatives, 

as overnight pre-enrichment was involved.  The process of enrichment can introduce a cultural 

bias that starts at the pre-enrichment stage and is carried throughout the entire process; a balance 

between the recovery of desired organisms and overgrowth of competing microorganisms must 

be assessed and accounted for in any study (24). 

 Serotype predictions were compared for three parallel methods: Bioplex, PFGE PulseNet, 

and WGS with SeqSero.  Each of the methods independently predicted Salmonella as follows:  

Bioplex 86% (148/172); PFGE 71% (122/172); and WGS 98% (168/172) (Table 5.7).  If basing 

final serotype determination using WGS as the gold standard, WGS predicted Salmonella 98.8% 

(170/172) of the time.  A total of fourteen serotypes emerged as a result of from using this 

comparison of all methods, with a very limited number of isolates (n=2) that could not be 

defined to serotypes.  If PFGE were used as the gold standard, instead of WGS when no serotype 

matched, the final serotype determination would be 89% (153/172) with nine serotypes 

identified.  There were a 67% (116/172) agreement in serotypes when comparing the two 

predictions from PFGE to WGS.  Twenty of the isolates (20/172), or 11.6% of the final serotypes 

detected were determined by WGS predictions solely.  In comparison of PFGE-predicted 

serotypes (Chapter 4, D. Ducharme Dissertation), more serotypes were defined, largely from 

WGS predictions, with only 1% (2/172) of the isolates being “Undetermined” as compared to 

PFGE, in which case 29% (50/172) were undetermined.  Certain serotypes, like Give and 

Redlands IIIb, were not captured by PFGE at all.  The fourteen final serotypes (n=172) are 
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Agona (5/172), Berta (1/172), Farmingdale (2.172), Give (14/172), Hartford (11/172), Javiana 

(13/172), Montevideo (5/172), Newport (22/172), Paratyphi B (41/172), Redlands IIIb (7/172), 

Rubislaw (14/172), Subspecies IV (20/172), Type IV or IIIA (1/172), and Typhimurium 

(14/172).  The five environmental niches identified during this study were from farm soil (n=4); 

irrigation water (n=28); stream sediment (n=52); surface source waters (n=71); and tomatoes 

(n=17).  The specificity of serovars to a specific environmental niche included farm soil between 

rows, where only Salmonella serotype Rubislaw (n=4) were found.  Irrigation water isolates had 

six different Salmonella serotypes identified as Paratyphi B (n=12), Typhimurium (n=5), Give 

(n=1), Rubislaw (n= 7), Javiana (n=1), and Newport (n=2) for a total of 28 isolates.  From stream 

sediment, the isolates (n=52) that were recovered had the largest diversity (n=9) of identified 

serotypes, including Agona (n=5), Berta (n=1), Give (n=5), Hartford (n=8), Newport (n=56), 

Paratyphi B (n=15) Rubislaw (n=3), Subspecies IV (n=1), Typhimurium (n=1), and others not 

defined (n=2).  Isolates from tomato fruit included serotype Javiana (n=12) recovered from 

tomato surfaces (n=2) and serotype Montevideo isolated internal to tomatoes (n=3). Finally, 

surface water sources had the largest number of isolates recovered (n=71) with nine Salmonella 

serotypes identified.  In pond water, two serotypes were recovered from isolates as Farmingdale 

(n=2) and Redlands IIIb (n=3).  In stream water, isolates recovered had eight serotypes identified 

as Give (n=8), Hartford (n=3), Newport (n=9), Paratyphi B (n=14), Redlands IIIb (n=4), 

Subspecies IV (n=19), Type IV or IIIa (n=1), Typhimurium (n=8).   

 Serovar predictions over the course of this study were based on laboratory confirmed; 

clinically significance outbreaks strains, while some of the environmental isolates obtained in 

this study may constitute previously non-identified serovars.  Over the recent past, it has been 

found that PulseNet-reported S. Enterica isolates share a considerable genetic homogeneity; 



 

291 
 

approximately 45% predict the sample PFGE pattern using XbaI (JEGX01.0004) (39).  The 

result of these findings indicates that the use of conventional PFGE does not effectively 

distinguish between subtle genotype differences in SE strains  (31, 48).  The ability to accurately 

identify Salmonella serovars and strains is paramount to aid epidemiological investigations of 

foodborne disease outbreaks and currently provides the foundation of the national surveillance 

programs.  

 With advances, whole genome sequencing (WGS) permits for a fast and reliable way to 

acquire serotype information, virulence, antimicrobial resistance, and pathogenicity from one 

sequencing analysis of the bacteria  (20).  The incorporation of WGS in our study comparison 

with the gold standard of PFGE, and Bioplex serotyping methods allowed for greater 

identification of serovars from the environmental samples in this study.  WGS, with the use of 

the SeqSero database, predicted Salmonella serovars 98.8% (170/172) of the time when used as 

the gold standard.  Given its   ability to compare millions of bases for determining serotypes and 

strains, WGS was able to predict fourteen serovars from these sample types.  Even though all 

three methods compared favorably, Bioplex, PFGE-PulseNet, and WGS each largely use 

databases that have all been validated using isolates from laboratory confirmed cases of illness.  

The fact that WGS can gather genomic information across geographic locations and across major 

lineages, WGS may better be able to assist with alignment of isolates to particular serovar groups 

(25).  This study has provided critical sequencing metadata for environmental field and water 

samples to the public repository at the National Center for Biotechnology Information (NCBI).  

A rapid, discriminatory genomic method, like the WGS and database SeqSero, is critical for 

public health and regulatory agencies to advance the detection of outbreaks and designation of 

sources 
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 The third objective establishes relative relationships between water quality indicator 

organisms (generic E. coli) and physiochemical water quality parameters with the presence of S. 

enterica in tomato production waters and distribution systems.  Water samples were collected 

from three NC tomato production farms over a 3-year period and analyzed for the occurrence 

and levels of generic E. coli using the IDEXX Colilert and Quanti-Tray 2000 system.  Water 

samples were analyzed to determine if generic E. coli could effectively predict the presence of S. 

enterica (n=84).  Comparison of samples collected from the three farms showed even sample 

distribution across the four summer months and across each of the three farm locations.  Of the 

samples collected, 48% (40/84) were taken from surface water sources (irrigation pond or 

stream), 24% (20/84) were from before/after field filtration systems, and 28% (24/84) were 

collected at the end of the drip tape used for field irrigation.    

 Physiochemical characteristics of the environmental waters sampled were measured to 

gain a better understanding of how these water quality parameters might relate to the presence of 

Salmonella at each of the 3 farm locations.  Each of the water samples were analyzed for 

turbidity, temperature, pH, specific conductivity and total dissolved solids then descriptive 

statistics were compared collectively based on farm location.  Attributes varied greatly among 

the three farm locations, which might be expected due to the diversity of agriculture at each 

location.  Mean Log10 concentrations of generic E. coli for the 3 farm locations show a range of 0 

to 3.38, with the highest average mean (2.31) at Farm C.  Water temperatures were similar across 

all farms.  Turbidity was highest on Farm B, as was specific conductivity and total dissolved 

solids. No significant association was found among the physiochemical characteristics, sample 

type, or fecal coliform values with the presence of Salmonella using logistical regression.  

Although generic E. coli provided the strongest association (P>0.0191) for the presence of 
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Salmonella in these water samples, it was not significant at the 95% confidence level and could 

not be considered a singular predictor of Salmonella.  There have been no previous studies that 

report these relationships between generic E. coli and physiochemical water quality for source 

and irrigation waters used for produce grown on NC farms.  However, in previous studies 

conducted in other geographic regions, correlations varied greatly based on water sources and 

locations.  This variability in correlations among geographic locations highlights the likely 

complexity of influences such as hydrology, location, agricultural uses, soil characteristics, 

erosion, point source inputs, cultivation practices and many other inputs on microbial indicators 

(11). 

 Using limited data, a microbial water quality profile (MWQP) was established using the 

provisions from the Food Safety Modernization Act (FSMA) Produce Safety Rule (PSR) by 

determining the geometric means (GM) and statistical threshold values (STV) of generic E. coli 

enumerated as part of this study.  The MWQP is not representative of a complete MWQP due to 

only 10 samples per site being included in these calculations as opposed to 20 samples needed 

for computing a full MWQP under the current PSR.  Regardless of this fact, data garnered from 

these real-world scenarios using water samples collected as close to harvest as practicable during 

typical tomato production months offers some insights as to the suitability of generic E. coli as 

an indicator for the presence of Salmonella on these farms.  For the 10 samples analyzed at each 

farm, GM values ranged from 10-445 CFU/100 ml and STV values ranged from 100-3380 

CFU/100ml.  Two of the three farms exceeded the current criteria under the FSMA Produce 

Safety Rule (PSR) [21CFR112.44(b)] of a GM ≤126 CFU/100ml and a STV of ≤410 

CFU/100ml].  If this initial water quality trend continued through analyses of 20 samples, 

corrective actions would be warranted in order for this water to be used on these farms.  
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 To better understand the statistical association between the levels of generic E. coli and 

the sanitary quality of water that corresponding with the presence of Salmonella, a Pearson’s 

Chi-Square analysis (Table 6.3) were used.  Generic E. coli levels were transformed to 

categorical data based on the current recommendations in the Produce Safety Rule.  In this study, 

samples having 410 MPN/100ml or less generic E. coli were considered below the action level 

and samples above this would require mitigation.  From the combined water samples on all three 

farms (n=84) and using the criteria outlined above, generic E. coli over-predicted the presence of 

Salmonella 14.29% (12/84) of the time and was able to predict the presence or absence of 

Salmonella 78.6% (66/84) of the time.  Possibly more important from a public health standpoint, 

generic E. coli failed to predict the presence of Salmonella 7.1% of the time.  The relationship 

between generic E. coil occurrence and levels when used as an index organism for the enteric 

pathogen Salmonella, can be highly variable; understanding the extent to which indicators can be 

relied upon, conditions under which they can be used, and their limitations is essential.  

Understanding the difference between index and indicators when using them to predict the 

presence of a pathogenic microbe (index) or the sanitary quality of water (indicator) is essential 

(48, 57).  This study helps to establish the presence of generic E. coli in agricultural waters used 

for tomato production in N.C that has not previously been reported for NC agricultural waters.  

This study also provides additional information to show some of the limitations of FIB and the 

need for microbial indicators that can better predict the presence of pathogens in agricultural 

waters.  

 The fourth objective were to determine if a microbial source tracking (MST) method 

might be effective for identifying sources of S. enterica in NC tomato production waters.  

Additionally, this study compares generic E. coli and Bacteroidales (AllBac and BFD) as 
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microbial indicators and their effectiveness in predicting the presence of Salmonella species.  

From Chapter 6, a total of 72 environmental water samples, including source water (n=24), 

filtered water (sand/disk) (n=24), and water from the end of irrigation drip tape (n=24) in tomato 

production systems were analyzed for the presence of Bacteroidales from 3 farm locations.  

Samples were taken during the production seasons (June through September) of 2013 (n = 36 

samples) and 2014 (36 samples).  Using Bacteroidales 16S rRNA gene markers, universal fecal 

contamination (AllBac) and human specific contamination (BFD) were determined for each of 

the samples.  In order to obtain interpretable qPCR results with Bacteroidales markers, all 

samples required some dilution of DNA extracts.  In this study, the universal fecal marker 

(AllBac) and human fecal marker (BFD) were successfully used to detect and quantify 

Bacteroidales on all three farming environments where fecal contamination was measured at 

mean concentrations of 4.94 – 4.98 Log10 GEC/100ml and 5.83 – 6.63 Log10 GEC/100ml, 

respectively.  Of the 135 total runs (AllBac n = 72 and BFD n=63), 67% (91/135) were 

successfully amplified for all Bacteroidales (AllBac n=44 and BFD n=47).  In most cases, the 

samples not amplified required dilution beyond 1:1,000-fold protocol and were considered 

uninterpretable for the purposes of this study.  Fecal contamination with AllBac markers were 

found in 58% (14/24) of the source waters, 25% (6/24) after the sand/disk filter samples and 21% 

(5/24) of samples collected at the end of the irrigation drip tape.  Human fecal contamination as 

analyzed by the Bacteroidales BFD marker were found to be highest in water samples collected 

after the sand or disk filters at 62% (13/21), followed by end of irrigation drip tape samples at 

31% (6/19), and in source waters at a prevalence of 30% (7/23).  A total of 10 water samples 

tested positive for both the Bacteroidales AllBac as well as the BFD markers.  Sample types with 

the highest prevalence occurred 50% (5/10) of the time after the water filtration units, 30% 
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(3/10) from source waters, and 20% (2/10) of the time from the end of the irrigation drip tape.  In 

all cases where samples were positive for both markers, those found with the human BFD marker 

were higher in concentration than the AllBac concentrations.  Of the BFD identified positives, 16 

of the samples did not have the universal fecal indicator (AllBac) identified; this is likely due to 

excessive dilution to counter inhibition interference.  These results also suggest AllBac might be 

selective rather than specific for all fecal contamination.  The magnitude of dilutions made to 

samples, sample size, differing analytical sensitivity limits between the two markers, and 

changes in animal digestive tract physiology and diet may account for these digressions.  

 A Pearson chi-square analysis were done to determine the statistical relationships 

between the presence of Salmonella and Bacteroidales (AllBac and BFD).  This study’s results 

indicate that Bacteroidales were predictive of Salmonella 56% of the time, over-predicted 39% 

of the time and failed to predict 5% of the time.  Unlike other studies, these results demonstrate a 

correlation between the presence or absence of Salmonella and generic E. coli with the 

Bacteroidales markers AllBac and BFD.  Further, a Pearson chi-square analysis were done using 

both generic E. coli with Bacteroidales (AllBac and BFD) markers to understand the advantage 

of using a suite of indicators for predicting the presence of Salmonella.  For generic E. coli, 

greater than 410 MPN/100ml were used as the level for classification of presence (+) and less 

than this limit was used for absence (-).  Of the corresponding samples (n=57), the indicator suite 

was found to over-predicted Salmonella presence 68% (39/57) of the time.  However, 

Bacteroidales and generic E. coli were predictive of the presence or absence of Salmonella 32% 

(18/57) of the time.  This indicator suite effectively did not fail (0%, 0/57) to predict Salmonella 

presence.  These results provide support for the use of a suite of indicators to provide the 

necessary specificity for Salmonella spp. in environmental samples. 
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 Ideally, a microbial indicator would predict the presence of pathogens all the time in 

order to provide the greatest protection of human health.  This study indicates over 50% 

correlation for both indicator organisms; previous studies have found no correlation between 

Bacteroidales and pathogens (47).  A growing body of literature has suggested that microbial 

indicators cannot alone provide conclusive distinctions without considerations for ecological 

information, water sources and delivery systems, specific pathogen correlations, production and 

crop-specific management (37,38,14).  Rather, suggestions of combining methods or providing a 

“suite” of indicators, as successfully done in this study, that would enhance discrimination or 

provide confirmation results have surfaced over the years (15).     

 While the objectives of this study were accomplished, further targeted research is 

merited.  For instance, while we identified the environmental niches, the original sources of that 

contamination are unknown.  Nor the significance to public health of the nine different 

Salmonella serovars identified.  Noteworthy, knowledge gaps exist regarding the types of 

interactions that allow a human pathogen to invade a non-human host, such as tomatoes.  The 

myriad of factors that might impact persistence, proliferation, and/or movement of Salmonella 

within the production environment are virtually unknown.  The findings of this study offer 

opportunities for development of best management practices. 
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