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ABSTRACT 

 

Irrigation creates a pathway through which enteric pathogens can reach the edible portion 

of food crops and potentially create a risk of illness for the consumer. To reduce the risk of 

illness, the U.S. Food and Drug Administration’s standards for irrigation water safety currently 

monitor Escherichia coli levels in water. However, the presence of bacterial indicators such as E. 

coli may not fully represent the pathogenic diversity of fecal contamination. This study assessed 

the occurrence of viruses in irrigation water and determined the risk posed by select viral 

pathogens in irrigation water applied to fresh produce. Pepper mild mottle virus, Aichivirus, 

bovine polyomavirus, and bovine adenovirus were evaluated as potential indicators of fecal 

contamination in irrigation waters from Arizona and California and their appropriateness relative 

to the traditional bacterial indicator E. coli was determined. Correlation analyses were performed 

between indicator organisms (i.e., total coliforms, E. coli, and the four viral indicator species) 

and select viral and bacterial pathogens (human adenoviruses, enteroviruses, Salmonella, and E. 

coli). Based on Pearson correlation analyses, no significant correlations were observed between 

any indicators or pathogens, thus highlighting both the current safety of regional irrigation waters 

and potentially the need to assess other indicators of fecal contamination. Quantitative microbial 

risk assessment was applied to the observed levels of the viral pathogens, adenoviruses and 

enteroviruses, to predict the risk associated with the consumption of raw fresh lettuce irrigated 

with these waters. In the analyzed scenarios of the consumption of raw lettuce, the mean 

predicted risk was below the acceptable limits of risk of infection resulting from exposure to a 

water source. Improved understanding of the appropriateness of fecal indicators in irrigation 

water and the risk posed by exposure to irrigation water via fresh produce consumption can help 
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inform management and regulatory decisions, thereby improving the quality and safety of food 

crops irrigated with these waters.  
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BACKGROUND AND LITERATURE REVIEW 

 

 

Foodborne Disease Outbreaks Related to Fresh Produce  
 

In the United States, there are 9.8 million cases of foodborne illness annually caused by 31 

pathogens and accounting for 1,351 deaths and 55,961 hospitalizations (Parker et al., 2012). Of 

these cases, the number of incidences of foodborne disease related to fresh produce has been 

increasing in recent years (Warriner & Namvar, 2010). According to a study in 2015, fresh produce 

was estimated to have been the cause of 684 separate outbreaks and 26,735 individual illnesses 

between 1998 and 2007 (Uyttendaele et al., 2015). Direct impacts on public health are part of the 

burden of foodborne disease outbreaks. Economic losses are another important product of disease 

outbreaks (Table 1). When an outbreak occurs, consumer confidence is decreased and producers 

take losses in the form of reduced sales and product recalls (Parker et al., 2012). Costs dramatically 

increase when economic impacts beyond direct medical care for cases of foodborne illness are 

considered, such as lost wages, short- and long-term quality of life reduction, insurance costs, and 

others (Scharff, 2010).  

Enteric pathogens transmitted via the fecal-oral route are of primary concern as causative 

agents in foodborne disease outbreaks (Bosch, et al., 2006). Some of the most important enteric 

pathogens are Salmonella, Escherichia coli O157:H7, Listeria monocytogenes, Campylobacter 

jejuni, human norovirus, and hepatitis A virus (Heaton & Jones, 2008). Each of these pathogens 

impacts society in important ways. 
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Table 1. Economic Impact and Total Number of Cases of Primary Enteric Pathogens Annually 

(Scharff, 2010). 

Pathogen Total Annual Cost- 

including medical costs and 

beyond  

(millions of dollars) 

Total Number of Cases 

Salmonella  

(Typhi and nontyphoidal) 

14,643 1,597,947 

Escherichia coli O157:H7 993 66,905 

Listeria monocytogenes 8,823 5,205 

Campylobacter spp. 18,803 2,112,302 

Norovirus 5,802 9,899,026 

Hepatitis A Virus 10 906 

 

The consumption of fresh produce has important benefits to the health of individuals. Fresh 

produce is valuable to a healthy lifestyle as it is high in nutrients and fiber (Olaimat & Holley, 

2012). In fact, the World Health Organization (WHO) has recommended daily fruit and vegetable 

intake to prevent chronic diseases and obesity (Callejón et al., 2015). Consumer emphasis on 

healthy eating has impacted the way produce is distributed, the variety of produce available, and 

generally expanded the market size. Higher demand has influenced an increase in the variety of 

fruits and vegetables available to individuals year-round (Uyttendaele et al., 2015). In the United 

States, importation of produce doubled between 1994 and 2004, setting the stage for a wide variety 

of available produce types all year from many different sources (Olaimat & Holley, 2012). 

Widespread demand for fresh produce has increased the importance of large chain stores to supply 

the demands of the consumer. This relationship creates a supplier-consumer interface where, 
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should a product become contaminated, it can potentially reach a large number of individuals 

(Heaton & Jones, 2008). Additionally, desire and demand for greater convenience have increased 

sales of ready to eat produce that can potentially promote the growth and protection of pathogens 

(Heaton & Jones, 2008). Taken together, these trends in produce consumption expose the 

consumer to a larger quantity and a wider variety of produce sourced from many regions and 

therefore, potentially exposes the consumer to more microbial contaminants.  

 

The Role of Irrigation Water in Fresh Produce-Related Disease Outbreaks  

 

Fresh produce may be contaminated with disease-causing microorganisms at multiple points along 

the pathway from farm-to-fork. Irrigation water has been recorded as an important source of 

microbial contamination for fresh food crops (Pianetti et al. 2004; Steele & Odumeru, 2004; Stine 

et al., 2005b; Allende & Monaghan, 2015). The source of microbial contamination of irrigation 

water can be nearly any local warm blooded animals. Of particular concern are human fecal 

contamination (Stine, et al., 2005b) and cattle manure contamination.  

The pathway through which fecal contamination enters the irrigation system is variable 

and can depend on the water source. Groundwater contamination can depend on the depth of the 

water table, leaking septic systems, waste leaching from surface applications, open wells, among 

other sources (Gerba, 2009). Surface waters are prone to contamination events as contaminants 

can enter the system directly. Rainfall and runoff events can wash surrounding surface 

contaminants into the system (Gerba, 2009). These pathogens can then follow along the farm-to-

fork pathway, reaching fresh produce and potentially causing disease. Other inputs include 

contaminated soil or sewage overflow coming into contact with the irrigation water (Heaton & 
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Jones, 2008). Cattle manure input may result from agriculture area proximity to cattle feeding 

operations, creating vulnerability to manure contamination via surface run off (Wong & 

Xagoraraki, 2010). These inputs of fecal contamination affect the microbial quality of irrigation 

waters. 

Should irrigation water become contaminated with fecal matter, it can then be applied to 

crops through irrigation systems such as drip, spray, or furrow. The actual enteric pathogen 

concentration that reaches and clings to fresh produce surfaces via contaminated irrigation water 

depends on various factors, including: height from the soil surface of the edible portion, type of 

irrigation, and type of produce (Gerba, 2009). Spray, or sprinkler, irrigation can transfer 4.2% of 

viruses present in irrigation water to the lettuce leaf (Gerba, 2009). This is particularly important 

for lettuce with open leaves or heads such as baby leaf and Romaine lettuce. In a simulated 

irrigation exposure, where lettuce was dunked directly into water, 10.8 ml of the water can cling 

to a single 100-gram serving of long leaf lettuce, carrying along with it any existing pathogens 

(Petterson et al. 2001).  

Once pathogens have attached to the surface of produce, they are impacted by environmental 

factors and their chances of survival, and therefore infectivity, can increase or decrease. Survival 

may be potentiated by epiphytic bacteria on the plant surface or pathogens may be protected by 

biofilms (Heaton & Jones, 2008). Ultraviolet light in sunlight, on the other hand, will inactivate 

viruses (Heaton & Jones, 2008). The average decay of viruses on produce surfaces exposed to 

environmental conditions has been estimated at 69% viral inactivation per day (Hamilton et al. 

2006). Stine et al. (2005b) recorded individual bacterial and viral species’ decay rates (k). For 

example, on lettuce in a dry environment k = 0.12 ± 0.03 for hepatitis A virus, k = 4.51 ± 0.38 for 

E. coli O157:H7, and k = 0.35 ± 0.15 for Salmonella enterica. Survival will therefore dictate the 
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microbial numbers that may potentially reach the consumer. Should pathogens reach the edible 

portion of the crop and survive, the time passing between the contamination event, harvest, and 

consumption will continue to affect pathogen survival (Heaton & Jones, 2008). Scheduling 

adequate time between the last irrigation event and harvest - when water does not meet microbial 

standards - can reduce the probability of transmission by allowing time for microbial die off. The 

FDA recommends up to four days for this interval (FDA-FSMA, 2015). 

 

Quantitative Microbial Risk Assessment and Irrigation Water 

 

Quantitative microbial risk assessment (QMRA) is a form of risk assessment that predicts the risk 

associated with a microbial hazard exposure scenario. The most common routes of exposure to 

microbial pathogens are food, water, soil, and air. Within irrigation waters, microbial 

concentrations in water can be input into existing models to estimate the risk posed by the 

consumption of fresh produce. The application of risk assessment to irrigation waters can help 

contribute to understanding the impacts of microbial contamination of irrigation water on food 

safety at a larger scale.  

There are four steps in applying risk assessment to microbial hazards. The first is the hazard 

identification where the microbial hazard and its health outcomes are determined. The dose-

response step presents a mathematical equation predicting the probability of a negative health 

outcome based on the dose administered or the level of exposure to the microbial pathogen. These 

relationships are generally based on experimental or outbreak data. Exposure assessment defines 

the scope of the population that will potentially come into contact with the hazard and the route of 

transmission of the microbial hazard. The final step is risk characterization where a relationship 
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between exposure and response are considered to estimate a final predicted risk (Haas et al., 2014). 

Microbial risk assessment is important because of the unique qualities of microorganisms that pose 

a risk different than chemical hazards. Microorganisms can produce secondary infections when an 

infected individual transmits the illness to another individual. The independent-action 

phenomenon has also been recorded in which a single microorganism can potentially cause disease 

given the right circumstances (Haas et al., 2014). Microbial contamination of fresh produce also 

poses additional risk as these foods are often consumed raw (Gerba, 2009).  

QMRA has been applied to the risk posed by the irrigation of fresh produce under varying 

circumstances. It has been utilized to assess the water quality standards that should be met to reach 

the recommended limit of one in 10,000 consumers experiencing illness from exposure to a water 

source, in this case through the indirect route of fresh produce consumption (Stine et al., 2005a). 

Previously, QMRA techniques have been used to understand the risk of consumption of produce 

under a variety of circumstances. Models have included variables such as per capita consumption 

of produce, produce type (and associated variables such as water volume clinging to produce 

surface, etc.), environmental microbial die off rates, length of time between the last irrigation event 

and harvest, and irrigation type (Petterson et al., 2001; Stine et al., 2005a; Hamilton et al., 2006). 

This type of information can assist in management and safety decisions. 

 

Fecal Indicator Organisms  
 

Indicator organisms are used to monitor the microbial safety of irrigation water. E. coli, a member 

of the coliform subgroup - the fecal coliforms - is defined as specifically of fecal origin. E. coli is 
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commonly used as the primary indicator of fecal contamination of water. This is an issue for many 

reasons. 

 E. coli does not correlate with the presence of viral pathogens (Corsi et al., 2015) 

 E. coli is non-specific to the host (Yates, 2007) 

 E. coli has more rapid environmental decay than some other foodborne pathogens 

(Yates, 2007) 

Yates (2007) summarized the modernization of “good” indicator requirements. Desirable 

qualities can be split into two categories: the biological aspects of the indicator and the assay used 

to process the indicator. As reported by Yates (2007), the National Resource Council has detailed 

other considerations in indicator and assay selection. In addition to indicating a risk to human 

health, an indicator should exhibit environmental survival and transport through the matrix equal 

to or greater than that of the pathogen, exist at higher concentrations than the pathogen, and offer 

source specificity. The indicator organism assay method should strive to be specific, precise, 

sensitive, fast, quantitative, widely applicable, and indicative of infectivity (Yates, 2007). Every 

scenario may place more or less emphasis on the characteristics desired in an indicator, but the 

most desirable quality is its ability to indicate a health risk (Yates, 2007). While E. coli has 

historically been considered a good candidate that meets many of these requirements, in some 

scenarios, it may have crucial shortcomings.  

Microbial contamination of irrigation water via fecal matter is highly diverse in form and 

species of microorganism and each has unique survival parameters within different matrices. A 

bacterial indicator like E. coli may not accurately represent the spectrum of pathogens present in 

feces. E. coli regrowth in the environment is also possible (Zaleski et al., 2005), potentially 

allowing bacterial concentrations to surpass initial contamination levels and therefore exist at 
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higher concentrations than the pathogen, but yet not truly represent the contamination levels. E. 

coli can also exist in the feces of a variety of animal species (Gerba, 2009) reducing its specificity. 

Additionally, because viruses often outlive bacteria in the environment, the survival of E. coli as 

an indicator does not necessarily align with that of a viral pathogen (Baggi et al., 2001; Hamza et 

al., 2011; Corsi et al., 2015). Bacterial pathogens such as fecal coliforms can live up to 30 days in 

water and sewage and up to 15 days on the surface of produce (Steele & Odumeru, 2004). 

Enteroviruses can persist on produce surfaces for the same 15 days, but can survive in water up to 

50 days (Steele & Odumeru, 2004). The parasite Ascaris lumbricoides can survive months in water 

and up to 30 days on produce surfaces (Steele & Odumeru, 2004). Pathogens of various groups 

exhibit variability within the matrices of the irrigation system. Bacterial species, the shortest lived 

group, may not truly represent the risk posed by other potential pathogens (Steele & Odumeru, 

2004). Viral species may persist in water after E. coli has become non-detectable. Viral pathogens 

are of particular concern because they survive long periods in water, are resistant to treatment 

processes, and cause a large number of illness cases annually (Hata et al., 2011). In addition, 

viruses typically have a low infectious dose, often lower than bacterial pathogens (Ikner et al., 

2011). Identifying viral pathogens in irrigation waters is crucial and it is important that an indicator 

organism truly represents the presence or absence of harmful viral species. Viral indicator species 

may offer a solution to the shortcomings of currently used indicator species.  

Select viral species such as Aichivirus (AiV), pepper mild mottle virus (PMMoV), bovine 

adenovirus (BAdV), and bovine polyomavirus (BoPo) could potentially improve our ability to 

detect fecal contamination in irrigation water. PMMoV is promising as an indicator of human fecal 

contamination as it is non-pathogenic and excreted by humans in high numbers in feces. It also 

correlates well with other human fecal indicators like caffeine and is seen rarely in other animal 
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species (Kuroda et al., 2015). Aichivirus is another potential indicator as it is found in large 

numbers in human waste (Kitajima et al. 2014). BoPo and BAdV have been suggested as potential 

cattle fecal indicators due to their host specificity (Wong & Xagoraraki, 2011).  

Nevertheless, viral indicators offer some challenges. For example, human viruses are 

diverse and exist and respond to the environment in different ways in addition to variable shedding 

rates dependent upon illness within the population and seasonality (Hamza et al., 2011). Assessing 

samples for virus infectivity may be difficult, but the capacity to easily scan for viral presence 

using relatively small volumes is of value (Baggi et al., 2001). However, the need for a flexible 

toolkit to adhere to food safety standards has been noted (Parker et al., 2012). Viral indicators have 

the potential to fill current gaps in monitoring abilities.  

 

Current Irrigation Water Monitoring Standards 

 

Globally, multiple foodborne disease outbreaks have been linked directly back to contaminated 

irrigation water (Heaton & Jones, 2008). Due to the risk posed by the consumption of contaminated 

fresh produce, irrigation water must meet approved microbial level guidelines established by the 

United States Food and Drug Administration (FDA) to prevent the contamination of food crops. 

These guidelines are enforced via microbial testing of water using the indicator organism E. coli. 

Regulations require irrigation water have E. coli levels that are below a geometric mean of 126 

colony forming units (CFU) per 100 ml and meet a statistical threshold standard where 90% of 

samples fall below 410 CFU/100 ml (FDA-FSMA, 2015). This guideline is based upon the U.S. 

Environmental Protection Agency’s (USEPA) recreational water guidelines for safe exposure to 

water. This number was based upon multiple epidemiological studies examining the amounts of 
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water swallowed during recreation and the health outcomes following exposure. Regulating 

microbial safety of recreation waters to this level will maintain the risk of illness to recreational 

bathers at an acceptable level. Applying this same standard to the microbial safety of irrigation 

water is intended to maintain the risk of illness from the consumption of food crops within 

acceptable limits. With further research into indicators of microbial water quality and quantitative 

microbial risk assessment within the specific context of irrigation water, the guidelines for 

irrigation water quality and food safety could be modified to become even more appropriate and 

meaningful.   
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APPENDIX A: EVALUATION OF HUMAN AND CATTLE VIRUSES AS 

INDICATORS OF FECAL CONTAMINATION IN IRRIGATION WATER 

 

Jennifer Pearce-Walker, Jonathan Sexton, and Kelly R. Bright 

 

Abstract 

 

Irrigation water is a potential pathway for the transport of pathogens from fecally contaminated 

sources to fresh produce. To reduce this risk, irrigation water is monitored for indicators of fecal 

contamination using E. coli; however, E. coli, a bacterial indicator, may not fully represent the 

pathogenic diversity within fecal contamination. This study assessed Aichivirus, pepper mild 

mottle virus, bovine adenovirus, and bovine polyomavirus as potential indicators of human and 

cattle fecal contamination of irrigation waters. A total of 310 four-liter samples were collected 

from three different regions in Arizona and California over two years. The two bovine viruses were 

not detected in any of the samples tested, whereas Aichivirus was detected in three samples and 

pepper mild mottle virus was detected in 131 samples. The human viral pathogens, adenoviruses 

and enteroviruses, were detected in five and seven samples, respectively. There was no correlation 

between the traditional bacterial indicators, the proposed viral indicators, or the pathogens tested. 

Nevertheless, pepper mild mottle virus was readily detected in small three-liter volumes of 

irrigation waters, suggesting that the quantification of viral fecal indicators from small water 

volumes is possible and may become more feasible with further research into more appropriate 

viral species for fecal contamination indication. Future studies should include larger sample sets 

with greater variation in known fecal contamination levels in order to further assess pepper mild 
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mottle virus as an indicator for irrigation waters and potential correlations between indicators and 

pathogens. 

   

Introduction  

 

Irrigation water polluted by fecal matter is a potential pathway of food crop contamination (Pianetti 

et al. 2004; Steele & Odumeru, 2004; Stine et al., 2005b; Allende & Monaghan, 2015). Fecal 

material can enter the irrigation system by a variety of routes, including damaged sewage or septic 

infrastructure, leaching of surface contamination, overland runoff during rainfall events, and input 

of animal feces into the irrigation system whether through direct input or runoff from surrounding 

areas (Gerba, 2009). When contaminated irrigation water reaches produce, it can transfer harmful 

pathogens to the produce surface, creating a risk to the consumer. The severity of this risk depends 

upon the produce type, type of irrigation system, distance between the edible portion of the crop 

and the soil, the pathogen type, and other factors (Gerba, 2009).  

To reduce risk, irrigation water is monitored for the presence of fecal contamination using 

the bacterial indicator Escherichia coli. E. coli is a fecal coliform bacterium that is Gram negative, 

rod shaped, and facultatively anaerobic. Characterized by its presence in the gut of warm blooded 

animals, its presence implies the presence of fecal matter and therefore it is used as an indicator of 

the potential existence of fecal-oral pathogens in water sources. Current standards for irrigation 

water safety monitor E. coli levels. The U.S. Food and Drug Administration (FDA) requires 

irrigation water to have a geometric mean of ˂ 126 generic E. coli colony forming units (CFU) per 

100 ml or a single sample threshold limit of ˂ 410 CFU/100 ml (FDA-FSMA, 2015). However, 

the presence of bacterial indicators such as E. coli may not fully represent the pathogenic diversity 
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of fecal contamination, including viruses and protozoa (Steele & Odumeru, 2004). An effective 

microbial indicator should be evaluated on its levels in fecal material, safety to individuals, rapidity 

and cost of testing, ease of analysis, hardiness in the environment, and survival through treatment 

processes (Yates, 2007). In each monitoring scenario, the emphasis placed on these characteristics 

may change. While E. coli is the most commonly used indicator, it may not meet the needs of 

every scenario. Select viral species such as Aichivirus (AiV), pepper mild mottle virus (PMMoV), 

bovine adenovirus (BAdV), and bovine polyomavirus (BoPo) could potentially improve our ability 

to detect fecal contamination in irrigation water. PMMoV is promising as an indicator of human 

fecal contamination as it is non-pathogenic and excreted by humans in high numbers in feces. It 

also correlates well with other human indicators like caffeine and is rarely present in other animal 

species (Kuroda et al., 2015). Aichivirus is another potential indicator as it is found in large 

numbers in domestic wastewater (Kitajima et al. 2014). BoPo and BAdV have been suggested as 

potential cattle fecal matter indicators due to their host specificity (Wong & Xagoraraki, 2011).  

The goal of this study was to assess these enteric viral species as indicators of fecal 

contamination and to evaluate their appropriateness relative to the traditional indicator E. coli. The 

four potential viral indicators and the current regulatory microbial indicator, E. coli, were 

quantified in irrigation water samples from the Southwestern region of the United States. 

Correlation analysis was conducted between these results and the quantities of the select viral 

pathogens, adenoviruses (AdV) and enteroviruses (EnV), to determine the relatedness between the 

proposed and established indicators and viral pathogens. The presence of the indicators was also 

correlated with the presence of the bacterial pathogens Salmonella and shiga toxin-producing E. 

coli (STEC) to assess the relatedness between the proposed indicators and bacterial pathogens. 

Improved understanding of the presence and levels of microbial communities within irrigation 
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water can help inform management and regulatory decisions, thereby improving the quality and 

safety of food crops. 

 

Materials and Methods 

 

Sample Collection 

 

A total of 310 four-liter grab samples were collected in Maricopa and Yuma, Arizona and Imperial 

Valley in California using 1-liter sterile wide mouth Nalgene bottles (VWR, Radnor, PA). These 

regions receive Colorado River water through open conveyance canal systems. In Maricopa AZ, 

groundwater is also used to supplement irrigation water supplies. Locations were sampled during 

the leafy green growing season (October to March). A small set of samples was also collected 

during the middle of summer (August) in Yuma AZ to assess seasonal variations. Sampling 

locations were chosen that represented a variety of canal characteristics such as main canals and 

lateral canals, cement lined and unlined canals, and urban and rural canals. In addition, data 

collected from previous studies regarding the occurrence of fecal contamination and the presence 

of pathogens in the irrigation water in these regions were evaluated to ensure that areas with 

historically lower and higher contamination levels were included. This included 30 different 

locations from irrigation canals in Yuma AZ, 30 locations from canals in Maricopa AZ, and 30 

locations from irrigation canals in Imperial Valley CA. A summary of sampling events by region 

is given in Table 1. This included 190 samples collected from Yuma AZ (150 in the winter, 40 in 

the summer), 60 samples from Maricopa AZ, and 60 samples from Imperial Valley CA. 

Water temperature, conductivity, total dissolved solids, and pH information for each 

sample were collected in the field using a Multi-Parameter TestrTM 35 Series probe (OAKTON 



27 
 

Instruments, Vernon Hills, IL). Air temperature and relative humidity were measured using a 

Tracible Hygrometer (Fisher Scientific, Waltham, MA). An aliquot of each sample was tested for 

turbidity using an AQUAfast field kit (Thermo Fisher Scientific, Waltham, MA). 

 

E. coli and total coliform quantification 

 

To determine the number of indicator organisms present, a 100-ml volume was quantified for total 

coliforms and E. coli using the Colilert® Quanti-Tray 2000 system (IDEXX, Westbrook, ME). 

The most probable number (MPN), a statistical estimate of the number of coliforms and E. coli in 

the sample, was obtained following the manufacturer’s procedure. Post incubation, results were 

input into the IDEXX Quanti-Tray MPN generator which returned an MPN value for both total 

coliforms and E. coli.  

 

Sample enrichment 

 

The bacteria in irrigation water samples were concentrated using membrane filtration. A volume 

of 900 ml of each sample was passed through separate 0.45 µm pore size filters (47 mm diameter; 

Merck Millipore Ltd., Billerica, MA). The filters were then placed into 10-ml volumes of tryptic 

soy broth (TSB; Becton, Dickinson and Company, Sparks, MD) at 37°C for 24 hours for the 

enrichment of Salmonella and E. coli. This method reduces the number of false-negative results 

by up to ten-fold compared to direct selective enrichment (Blackburn & McCarthy, 2000). 

 

Salmonella presence-absence assay 
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One milliliter of bacterial enrichment was dispensed into 10 ml of selective Tetrathionate broth 

(Merck Millipore Ltd., Billerica, MA). Spiked Tetrathionate broth tubes were incubated at 37°C 

for 24 hours. Post incubation, 1 ml was sub-cultured into a tube containing 10 ml of selective 

Rappaport-Vassiliadis R10 Broth (Bacton, Dickinson and Company, Sparks, MD). The inoculated 

Rappaport broth was then incubated at 37°C for 24 hours.  Post incubation, 10 µl of each sample 

was streaked for isolation onto separate Xylose Lysine Deoxycholate agar plates (XLD; EMD 

Millipore Corporations, Billerica, MA) and incubated at 37°C for an additional 24 hours. 

Following this, presumptive Salmonella colonies (red with black centers) were selected using 

sterile inoculating loops and suspended into freezing media (brain heart infusion broth containing 

50% glycerol) and stored at -80°C until further evaluation. 

 

E. coli presence-absence assay 

 

One milliliter of the bacterial overnight enrichment in TSB was dispensed into 10 ml of selective 

EC broth (Hardy Diagnostics, Santa Mana, CA) containing inverted Durham tubes and incubated 

at 44.5°C for 24 hours. Post incubation, a positive result was indicated by the presence of growth 

(turbidity) and gas production (bubbles in the Durham tubes). If negative, samples were incubated 

for an additional 24 hours and then re-assessed. If positive, 10 µl of the sample was streaked for 

isolation onto Eosin Methylene Blue agar plates (EMB; Sigma-Aldrich Co, St. Louis, MO) and 

incubated at 37°C for 24 hours. Dark colonies with or without a metallic sheen (indicating the 

fermentation of lactose) were considered presumptive positives for E. coli. Representative colonies 
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from each presumptive positive were suspended into freezing media as described previously and 

stored at -80°C until further evaluation. 

 

Confirmation of bacterial species identification   

 

The isolates stored in freezing medium were thawed at room temperature, streaked for isolation 

onto Tripticase Soy Agar plates (TSA; Hardy Diagnostics, Santa Mana, CA), and incubated at 

37°C for 24 hours. After incubation, isolated colonies were tested using bioMérieux API 20E 

biochemical strips (bioMérieux, St. Louis, MO) following the manufacturer’s instructions. This 

test results in the identification of specific bacterial species. 

 

Shiga toxin-producing E. coli polymerase chain reaction assay 

 

Samples confirmed as E. coli were then tested to determine if they were shiga toxin producing 

strains of E. coli (STEC) using molecular methods to detect the presence of three virulence genes: 

the stx1 and stx2 shiga toxin genes, and the eae intimin gene. E. coli O157:H7 (Strain #: EDL 931, 

ATCC# 35150; American Type Culture Collection, Manassas, VA) was included in the assays as 

a positive control. The DNA was extracted using methods previously described (Dashti et al., 

2009). Frozen cultures were streaked for isolation onto TSA plates and incubated at 37°C for 24 

hours to produce a fresh culture. A 1 cm streak of pure culture was then suspended into 500 µl of 

sterile Phosphate Buffered Saline (PBS; Sigma-Aldrich Co., St. Louis, MO) and microwaved for 

10 seconds to break open the bacterial cells. Samples were centrifuged for 2 minutes at 1000 RPM 
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using an EppendorfTM 5424 microcentrifuge. The supernatant was recovered and used as DNA 

template in the subsequent PCR reaction. 

The stx1, stx2, and eae genes were amplified using conventional PCR in a MC Nexus 

Gradient thermocycler (Eppendorf, Hauppauge, NY). The primers for each gene are listed in table 

2. The 25-µl PCR mix contained 0.4 µM concentrations of each primer (forward and reverse), 200 

µM concentrations of each dNTP (Invitrogen, Carlsbad, CA), 1x PCR Buffer without MgCl2 

(Applied Biosystems, Carlsbad, CA), 1.5 mM Mgcl2, 0.75 U of AmpliTaq DNA polymerase 

(Applied Biosystems, Carlsbad, CA), and 5 µl of DNA template. Samples were amplified using 

conventional PCR with the following parameters for the eae gene: 95°C for 1 minute, followed by 

45 cycles of 95°C for 30 seconds, 50°C for 30 seconds, and 72°C for 30 seconds, followed by 

72°C for 4 minutes. For stx1 and stx2, the parameters were slightly different: 95°C for 1 minute, 

followed by 40 cycles of 95°C for 30 seconds, 58°C for 30 seconds, and 72°C for 30 seconds, 

followed by 72°C for 4 minutes. Gel electrophoresis of the PCR products was used to identify 

samples positive for the amplified genes. 

 

Primary viral concentration 

 

A total of 298 samples were processed using a negatively charged membrane filtration assay 

described previously by Haramoto et al. (2013) with some modifications to allow for larger volume 

throughput. An average of 2.96 ± 0.2 liters of each sample was filtered using 90 mm diameter 

negatively charged HA membrane filters with a pore size 0.45 µm (Merck Millipore Ltd, Billerica, 

MA). Whatman 41 filters (90 mm diameter, pore size 20-25µm; GE Healthcare UK Limited, 

United Kingdom) were used as pre-filters by stacking them on top of the HA filter. Prior to the 
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filtration step, the Whatman 41 filters were soaked in 3% beef extract (Becton, Dickinson and 

Company, Sparks, MD) as a blocking buffer step to prevent viral adsorption to the filters, then 

thoroughly rinsed in sterile DI water prior to use. If sample flow slowed significantly, the pre-filter 

was removed and replaced with a second pre-filter prepared in the same manner.  

Because the HA filters are negatively charged, the irrigation water samples were adjusted 

to a final concentration of 2.5 mm MgCl2 (Sigma-Aldrich, St. Louis, MO). MgCl2 forms a complex 

with negatively charged viral particles, creating a positively-charged complex. This complex is 

then able to bond to the negatively charged filters. After the sample was passed through the filter, 

it was rinsed with 200 ml of a 0.5 mM H2SO4 solution to break the cation bridge between the 

MgCl2-virus complex and the HA filter, allowing for elution of the viruses by passing 10 ml of 

1.0mM NaOH through the filter. This 10-ml sample was immediately neutralized by the addition 

of 50 µl of a 100 mM H2SO4 solution and 100 µl 100X Tris-EDTA buffer (EMD Millipore 

Corporation, Billerica, MA).   

  

Secondary viral concentration  

 

The 10-ml primary viral concentrates were further concentrated using Centriprep centrifugal 

ultrafilters following the manufacturer’s instructions (Merck Millipore Ltd., Billerica, MA). This 

produced a secondary virus concentrate with an average volume of 645 ± 39 µl.  

 

 

 

 



32 
 

Virus detection by quantitative polymerase chain reaction (qPCR) 

 

The nucleic acid (DNA or RNA) from 200 µl of the secondary concentrate was extracted and 

purified using the PowerViral Environmental RNA/DNA Isolation Kit (MoBio Laboratories, Inc., 

Carlsbad, CA) following the manufacturer’s instructions. 

To assess the presence of RNA viruses in the irrigation water samples, reverse transcriptase 

polymerase chain reaction (RT-PCR) was used to create the complimentary DNA (cDNA) of the 

initial RNA product. Briefly, a 10 µl mix was prepared with 2 ul of 10X reverse transcriptase 

buffer, 0.8 µl 25X DNTPs, 2.0 µl 10X random primers, 1.0 µl MultiScribe reverse transcriptase, 

1.0 µl RNase inhibitor, 3.2 µl molecular grade water, and 10 µl template (extract). Samples were 

cycled at 25°C for 10 minutes, 37°C 120 minutes, 85°C for 5 minutes.  

DNA viruses (using extracted DNA as template) and RNA viruses (using cDNA as 

template), were quantified using quantitative polymerase chain reaction (qPCR) methods to 

determine the viral genome copies per liter of original irrigation water sample. The qPCR assays 

were performed using a LightCycler 480 II instrument (Roche Diagnostics Corporation, 

Indianapolis, IN). Each sample was assayed in duplicate wells using previously reported 

primer/probe sets (Table 3) and methods (Table 4) for EnV, AdV, PMMoV, AiV, BoPo, and 

BAdV. 

 

Sample inhibition testing 

 

Murine norovirus (MNV) was used as a process control to determine if there was any inhibition 

during the qPCR reactions. A volume of 2.5 µl of sample template and 2.5 µl of MNV (containing 

approximately 5.0 x 103 genome copies) were added to the typical qPCR reaction mixtures 
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described above and run using the primers and probes designated for MNV detection (Tables 3 

and 4). 

 

Limit of detection of qPCR methods 

 

Samples displaying no viral detection were assigned a limit of detection value. The limit of 

detection of the qPCR methods was determined first by assigning a limit of quantification of one 

viral genome copy per qPCR reaction. This limit of quantification was used to calculate a limit of 

detection per liter for each sample showing no viral detection. This resulted in a limit of detection 

for each sample in units of viral genome copies per liter. These limit of detection values were 

combined to determine an average limit of detection per liter for each virus tested.  

 

Statistical analyses 

 

Using the Data Analysis Tool Pak for Excel, correlation analyses were run between all indicators 

and all pathogens to return a correlation coefficient between all parameters for the entire sample 

set, by region, and by growing season. 

 

 

Results 

 

MNV inhibition tests 
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No inhibition was observed with the MNV process control in any of the irrigation water samples.  

 

General water quality parameters 

 

The results for the various irrigation water quality parameters and the traditional indicator 

organisms (total coliforms and generic E. coli) are shown in Table 5. All three regions differed 

significantly (P ≤ 0.05) in the following parameters: conductivity, total dissolved solids, air 

temperature, and relative humidity. The pH of the samples collected from California was 

significantly higher than the samples collected from both regions in Arizona. The water 

temperature in Yuma AZ was significantly lower in the winter than the temperatures in Maricopa 

AZ and California. And finally, the turbidity of the samples collected from Yuma AZ was 

significantly higher than the samples collected from California. These statistical differences 

suggest that the physical / chemical characteristics of the irrigation water vary between these 

regions. 

 The number of coliforms and E. coli also was significantly different from all three regions. 

This also suggests that the microbial quality of the water varies between regions. Geometric means 

of E. coli concentrations were within regulatory limits (126 CFU/100 ml) for all regions. Ninety 

percent of samples from all regions and seasons fell below the statistical threshold value of 410 

CFU/100 ml, per regulatory standards. Five individual samples across all regions exceeded this 

value, one from Yuma in the summer (461 MPN/100 ml) and four from Maricopa (461, 461, 727, 

and 1011 MPN/100 ml). 

In addition, there was significant seasonal variation between samples. The subset of 40 

samples collected from Yuma AZ in the summer varied in several water quality parameters from 
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the samples collected during the winter. The summer samples had higher water and air 

temperatures, as well as being more turbid than the winter samples. In addition, significantly 

greater numbers of coliforms were found in the summer samples than the winter samples. 

Nevertheless, the higher levels of E. coli as measured by Colilert in the summer were not 

significantly different from the samples collected during the winter. 

 

Occurrence of shiga toxin producing E. coli in irrigation waters 

 

The occurrence of E. coli in irrigation waters as measured by the enrichment / selection methods 

described previously (non-Colilert) are shown in Table 6. Although E. coli was isolated from 

nearly all the samples in Maricopa AZ and California, and the majority of samples in Yuma AZ, 

none of the E. coli positive samples tested positive for any of the three virulence genes (stx1, stx2, 

eae) by PCR. Therefore, no STEC strains were identified in any of the samples. 

 

Occurrence of Salmonella species in irrigation waters 

 

The occurrence of Salmonella species as measured by the enrichment / selection methods 

described previously is shown in Table 7 for the presumptive positives. Since these samples were 

all enriched for Salmonella, no quantitative data is available. Except for 17 samples, none of the 

presumptive Salmonella could be completely isolated due to the presence of swarming Proteus 

species on the XLD and TSA plates and thus could not be confirmed using the API 20E 

biochemical strips. Nevertheless, based on the results of previous studies conducted from irrigation 

waters in these three regions, the number of presumptive positives that would be confirmed as 
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positive using API strips would be approximately 45.5%. This percentage / estimate is also 

reasonably accurate based on the number of tests that were able to be performed from completely 

isolated colonies during the current study (8 positives / 17 tests = 47.1%). Based on this, the 

predicted occurrence of Salmonella would range from 14.7% to 38.3% of samples, depending upon 

the region. 

 

Occurrence of virus indicators / pathogens in irrigation waters 

 

The virus results are shown in Table 8. Neither of the bovine viruses, BoPo or BAdV, was found 

in any of the irrigation water samples from any of the three regions. This could be due to the limit 

of detection of the assays. The bovine viruses could be present in these waters, but not at high 

enough levels to be detected in a 3-liter sample (the average limit of detection for both BAdV and 

BoPo is 22 genome copies per liter). AiV were detected in only three samples (0.9%; geometric 

mean of 3.1 x 103 genome copies/liter) and AdV from five samples (1.6%; geometric mean of 1.0 

x 104 genome copies/liter). The EnV were detected in seven samples (2.2%; geometric mean of 

1.3 x 106 genome copies/liter). By far the most commonly detected virus was PMMoV. It was 

found routinely in all three regions in between 34% and 63% of samples with a geometric mean 

of 1.7 x 103 genome copies per liter (range of 3.3 x 101 to 1.2 x 106 genome copies/liter).  Limits 

of detection for AdV, AiV, BAdV, BoPo, EnV, and PMMoV were 22, 44, 22, 22, 44, and 44 

genome copies per one liter, respectively.  

 

Correlation analyses 
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Overall for all of the samples, weak correlations were observed between the following parameters 

/ microbial concentrations: Air and water temperatures (r = 0.83), air temperature and the relative 

humidity (r = -0.44), water temperature and the relative humidity (r = -0.29), total coliforms and 

E. coli (r = 0.32), water temperatures and total coliforms (r = 0.41), and the turbidity and total 

coliforms (r = 0.33). In Maricopa, E. coli could be correlated with the relative humidity (r = 0.36). 

None of the viruses could be correlated with any of the other measured parameters. This was most 

likely due to the infrequent occurrence of most of the viruses studied. 

 

Discussion  

 

During the process of enrichment and identification of Salmonella, Proteus species in the samples 

swarmed on the streaked TSA plates and thus prevented complete isolation and confirmation of 

Salmonella presumptive positives. Utilizing an alternative selection process may improve the 

outcome of attempting to isolate Salmonella in the future. One potential alternative is to include 

sub-culturing onto more specific selective media such as Salmonella Chromagar plates. 

Physical / chemical and microbial parameters can vary significantly between different 

regions. Geometric means and statistical threshold values for E. coli in all regions and seasons fell 

within the regulatory limits for microbial quality of irrigation water. Only weak correlations were 

observed between the various parameters and the presence of total coliforms and E. coli. None of 

the parameters could be correlated with either the bacterial or the viral pathogens tested. This was 

likely due to the number of samples collected, the limits of detection of the pathogen assays, and 

the low occurrence overall of all pathogens in the samples. 

 Because of their low levels in irrigation waters, it is important to concentrate samples in 

order to detect viruses. Grab sampling and HA filtration have the advantage of being simpler and 
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easier methods for the assaying of irrigation water for viral content compared to more common 

methods such as the filtration of much larger volumes (usually ≥ 100 liters) using a pump with 

cartridge filters. Grab sampling and HA filtration reduce the time spent sampling in the field and 

are more efficient at the recovery of viruses than large volume filtration (data not shown).  The 

cost of the HA filters (~$3 each) is also less than typical cartridge filters (range in price from ~$45 

to > $260 per filter). The pre-filter modification of the HA method allowed a larger volume (~3L) 

to be processed compared to the method with no modification (<1 L). Increasing the volume 

throughput of the method increases the competitiveness of the HA method with other methods 

because a higher equivalent volume is being assayed in the qPCR reaction. However, the low 

detection frequency of the selected viruses suggests that the modified HA approach would benefit 

from further improvements to allow for a larger volume throughput to lower the viral limits of 

detection. This may be achieved by improving the pre-filter modification or implementing another 

type of filtration prior to HA filtration to remove large particulates that would clog the HA filter. 

PMMoV was commonly detected in irrigation water samples (between 34% and 63%). Comparing 

the relatively high occurrence of PMMoV with the low occurrence of fecal pathogens, no definitive 

statement can be made as to the efficiency of PMMoV as an indicator of fecal contamination. The 

cattle viruses examined in the current study do not appear to be good fecal indicators in irrigation 

waters in the regions included as they could not be detected in any of the samples. Nevertheless, 

these could still prove useful as indicators of cattle fecal contamination in regions with higher risks 

of contamination of irrigation waters by cattle feces. 

Based on the results of this study, it is feasible to sample small volumes (~3 liters) of 

irrigation waters to detect viruses that are found in high numbers in human feces. Streamlining the 

methods to isolate and quantify specific viruses in irrigation water creates greater potential to use 
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viruses for the routine monitoring of irrigation water quality. In the past, the use of traditional virus 

water sampling methods was impractical for farmers for the monitoring of irrigation water quality. 

A volume of three liters is reasonable for both the collection in the field by farmers and for the 

subsequent concentration and assay of the samples by commercial laboratories with a short 

turnaround time for results. The modified HA filter method used in the current study could 

therefore allow for the routine monitoring of viruses in irrigation waters. The presence of fecal 

indicator viruses in these waters could potentially point to changes in water quality and indicate 

the presence of fecal contamination and the presence of human pathogens. Such fecal indicator 

viruses could be an improvement over the use of E. coli since this bacterial indicator has been 

demonstrated to have numerous shortcomings for the monitoring of irrigation waters. 

Nevertheless, the results may have been impacted by the limitations of the study. Molecular 

methods showed efficiency with modification and little inhibition by the content of the samples; 

however, the sensitivity of the molecular methods is limited by the actual volume assayed during 

the qPCR step. Steps to improve the amount of the original sample that is assayed during the qPCR 

reaction such as extracting the nucleic acids from larger volumes of virus concentrates or assaying 

larger volumes in the qPCR reaction itself (e.g., larger reaction volumes or increased numbers of 

wells) would help to improve the viability of using these potential indicator viruses to determine 

the quality and safety of irrigation waters used for food crops. 
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Tables 

 

Table 1. Sample location and number.  

 

Region Total Samples 

Collected 

Number of 

Sample 

Locations 

Yuma, AZ 190 30 

Maricopa, AZ 60 30 

Imperial Valley, 

CA 

60 30 

 

 

 

Table 2. STEC PCR primers. (from Wahl et al., 2011; 5’ to 3’ direction) 

 

Gene Forward primer Reverse primer 

eae TTCATTGATCAGGATTTTTCTGG GCTCATGCGGAAATAGCC 

stx1 AAATCGCCATTCGTTGACTACTTCT CCATTCTGGCAACTCGCGATGCA 

stx2 CAGTCGTCACTCACTGGTTTCATC GGATATTCTCCCCACTCTGACAC 
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Table 3. qPCR primers and probes. (5’ to 3’ direction) 

 

Viral 

Species 

Forward Primer Reverse Primer Probe 
Reference  

Name Sequence Name Sequence Name Sequence 

PMMoV 
PMMV-

FP1-

REV 

GAGTGGTTTGACCTT

AACGTTTGA 

PMM

V-RP1 

TTGTCGGTTGCAATGCA

AGT 

PMM

V-

Probe1 

FAM-

CCTACCGAAGCAAATG-

BHQ1 

(Zhang et al., 

2006) 

(Haramoto et 

al., 2013) 

AiV 
AiV-AB-

F 

GTCTCCACHGACACY

AAYTGGAC 

Aiv-

AB-R 

GTTGTACATRGCAGCCC

AGGG 

AiV-

AB-TP 

FAM-

TTYTCCTTYGTGCGTGC-

MGB-NFQ 

(Kitajima et 

al., 2014) 

BoPo 
BPV-F 

 

 

TGGCTTTCTGACTCA

GCCAAA 

 

BPV-R 

TCTCTTCCTGAGAGTCA

CAGACATG 

 

BPV-P 

5′-

ACCAACAGCAATTTAGA

GGCCTTCCCAG-TAMRA 

 

(Wong& 

Xagoraraki, 

2011) 

BAdV 
BAV4–

8F 

CRAGGGAATAYYTGT

CTGAAAATC  

 

BAV4

–8R 

AAGGATCTCTAAATTTY

TCTCCAAGA  

 

BAV4

–8P 

FAM-

TTCATCWCTGCCACWCA

AAGCTTTTTT-BBQ1 

(K. Wong & 

Xagoraraki, 

2010) 

EnV EV1F 
CCCTGAATGCGGCTA

A 
EV1R 

TGTCACCATAAGCAGCC

A 

EV 

probe 

FAM-

ACGGACACCCAAAGTAG

TCGGTTC-BHQ1 

(Gregory et 

al., 2006) 

AdV AQ2 
GCCCAGTGGTCTTAC

ATGCACATC 
AQ1 

GCCCACGGTGGGGTTTC

TAAACTT 
AQP 

FAM-

TGCACCAGACCCGGGCTC

AGGTACTCCGA-BHQ1 

(Heim et al., 

2003) 

MNV MNV-S 
CCGCAGGAACGCTCA

GCAG,  

 

MNV-

AS 

GGYTGAATGGGGACGGC

CTG, 

MNV-

TP 

FAM-

ATGAGTGATGGCGCA-

MGB-NFQ. 

(Kitajima et 

al., 2010) 
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Table 4. qPCR cycling conditions.  

 

Viral 

Species 

Denaturation Amplification Cooling 

Reference 
Temp 

(°C) 
Duration Temp (°C) Duration 

# of 

Replications 

Temp 

(°C) 
Duration 

PMMoV 95 10 min 
95 15 sec 

50 40 10 sec (Zhang et al., 2006)  
60 1 min 

AiV 95 10 min 
95 15 sec 

50 40 10 sec 
(Kitajima et al., 2014) 

 60 1 min 

BoPo 95 10 min 

95 10 sec 

45 40 10 sec (Wong & Xagoraraki, 2011) 55 30 sec 

72 15 sec 

BAdV 95 10 min 

95 10 sec 

45 40 10 sec (Wong & Xagoraraki, 2010) 54 30 sec 

72 72 sec 

EnV 95 10 min 
94 15 sec 

50 40 10 sec (Gregory et al., 2006) 
60 1 min 

AdV 95 10 min 

95 3 sec 

50 40 10 sec (Heim et al., 2003) 55 10 sec 

65 1 min 

MNV 95 10 min 
95 15 sec 

50 40 10 sec (Kitajima et al., 2010) 
60 1 min 
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Table 5. General water quality parameters by region. 

 

Region Season 

Physical / Chemical Parameters 

Arithmetic Mean (Range)  

Colilert 

Geometric Mean 

(Range)  

H2O 

Temp 

(⁰C) 

Air 

Temp 

(⁰C) 

Relative 

Humidity 

(%) 

pH 
Conduct. 

(µS) 

TDS 

(ppm) 

Turbidity 

(NTU) 

Coliforms 

(MPN/ 

100 ml) 

E. coli 

(MPN/ 

100 ml) 

    
                  

Yuma, AZ summer 

34.1 

(33.1-

38.2) 

43.5 

(39.6-

49.8) 

20.2 

(13.3-27.0) 

8.8  

(8.5-10.1) 

1253 

(1022-

3130) 

863 

(723-

2220) 

4.6  

(1.5-9.1) 

1928 

(691- 

>2419.6) 

4.2  

(<1-

461.1) 

                      

  winter 

14.3 

(9.6-

24.8) 

19.8 

(9.9-

76.6) 

35.7  

(9.2-87.5) 

8.7  

(8.0-9.0) 

 1378 

(1096-

3260) 

969  

(9.5-

2320) 

3.0  

(0.7-22) 

280.1 

(6.3-

280.1) 

3.7  

(<1-

214.2) 

                      

Maricopa, AZ winter 

20.3 

(14.5-

29.0) 

27.5 

(22.3-

38.3) 

12.6  

(5.2-17.9) 

8.7  

(8.1-10.2) 

 1433 

(1103-

2190) 

 1019 

(784-

1550) 

 2.3  

(0.3-62.5) 

 682.6 

(75.4-

>2419.6) 

 26.9 

(<1-

1011.2) 

                      

Imperial 

Valley, CA winter 

 18.8 

(16.8-

25.8)  

25.2 

(16.9-

37.0) 

23.2  

(9.4-81.1) 

8.9  

(8.6-9.4) 

1115 

(1056-

1150) 

792 

(748-

818) 

3.22  

(0.7-7.0) 

 1663 

(328.2- 

>2419.6) 

9.5  

(<1-

81.3) 
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Table 6. Occurrence of E. coli by region. 

 

Region       Season 
Number of 

samples 

Presence/absence 

enrichment 

method 

(% positive) 

Colilert 

Quanti-tray 

method        

(% 

positive) 

          

Yuma, AZ summer 40 65 83 

          

  winter 150 74 78 

          

Maricopa, AZ winter 60 98 97 

          

Imperial Valley, 

CA winter 60 98 100 

          

 

 

 

Table 7. Estimated number of positive Salmonella samples by region. 

 

Region       
Estimated # 

positives 
% positive 

      

Yuma, AZ 28 / 190 14.7 

      

Maricopa, AZ 15 / 60 25.0 

      

Imperial Valley, CA 23 / 60 38.3 
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Table 8. Occurrence of indicator and viral pathogens by region. Results reported as: number of positive samples / total number of 

samples; (percent positive); geometric mean of genome copies per liter for positive samples; [range of genome copies per liter for 

positive samples]. 

 

Region 
Bovine 

Polyomavirus 

Bovine 

Adenovirus 
Aichivirus 

Pepper Mild Mottle 

Virus 
Adenoviruses Enteroviruses 

              

Yuma, AZ 0/190 (0%) 0/190 (0%) 3/190 (2%) 65/190 (34%) 3/190 (2%) 7/190 (4%) 

       3.1 x 103  

[3.9 x 101 –  3.7 x 105] 

 

 8.7 x 102  

[3.3 x 101 – 1.2 x 106] 

1.4 x 104  

[2.5 x 101 – 2.4 x 106] 

1.3 x 106  

[2.4 x 101 – 1.1 x 109] 

Maricopa, AZ 0/60 (0%) 0/60 (0%) 0/60 (0%) 38/60 (63%) 0/60 (0%) 0/60 (0%) 

        2.6 x 103  

[2.3 x 102 – 1.4 x 105] 

 

    

Imperial Valley, 

CA 

0/60 (0%) 0/60 (0%) 0/60 (0%) 28/60 (47%) 2/60 (3%) 0/60 (0%) 

      4.5 x 103  

[1.0 x 103 – 1.3 x 105] 

6.3 x 103 

[3.4 x 103 – 1.1 x 104] 
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APPENDIX B: RISK ASSESSMENT OF ADENOVIRUSES AND 

ENTEROVIRUSES IN WATERS USED TO IRRIGATE FOOD CROPS IN 

ARIZONA, CALIFORNIA, AND GEORGIA, UNITED STATES 

 

Jennifer Pearce-Walker, Kelly R. Bright, Robert Canales, and Marc P. Verhougstraete 

 

Abstract 

 

Irrigation of produce creates a pathway through which enteric pathogens can be deposited onto the 

edible portion of food crops and therefore present a risk to the consumer. Quantitative microbial 

risk assessment (QMRA) can be used as a tool to predict the risk associated with the consumption 

of produce irrigated with waters of measured microbial quality. This study applied QMRA to 

observed levels of the human viral pathogens, adenoviruses and enteroviruses, to predict the risk 

associated with the consumption of raw fresh lettuce irrigated with these waters. In the analyzed 

scenarios of the consumption of raw lettuce, the mean predicted risk was below the acceptable 

limits of risk of infection resulting from exposure to a water source. Improved understanding of 

the risk posed by exposure to irrigation water via fresh produce consumption can help inform 

management and regulatory decisions, thereby improving the quality and safety of food crops 

irrigated with these waters.  

 

Introduction 

 

Irrigation of produce creates a pathway through which enteric pathogens can be deposited onto the 

edible portion of food crops and therefore present a risk to the consumer (Allende & Monaghan, 



51 
 

2015). Irrigation water can become fecally contaminated through faulty septic systems, direct 

human or animal inputs, and overland runoff, among others (Gerba, 2009). Quantitative microbial 

risk assessment (QMRA) is a valuable tool to predict the risk associated with exposure to microbial 

pathogens. Predicting this risk can help identify large scale trends and predict the impact of water 

quality on food safety. This study aimed to assess the risk associated with the consumption of fresh 

lettuce contaminated with viral enteric pathogens via irrigation waters. Irrigation water samples 

from Arizona, California, and Georgia were screened for two human viral pathogens, enteroviruses 

(EnV) and adenoviruses (AdV). These viruses were selected based on the hazards they pose to 

human health and because they are commonly found year-round in high numbers in domestic 

wastewaters (Schmitz et al., 2016). Human AdV can cause enteric, respiratory, and eye infections 

in humans (Jiang, 2006) and are known to be the second leading cause of gastroenteritis in children 

worldwide (Fongaro et al., 2013). EnV can cause hand, foot, and mouth disease in humans and are 

responsible for around 30 million cases of illness per year in the United States (Donaldson et al., 

2002; Cabrerizo et al., 2014). Concentrations of EnV and AdV in irrigation waters from the 

surveyed regions were determined using molecular methods. These were then incorporated into 

existing risk assessment models to further evaluate the potential risk posed by the consumption of 

contaminated fresh produce at a specified point along the farm-to-fork pathway. 

 

Materials and Methods 

 

Sample collection and viral concentration and quantification 

 

A total of 318 irrigation water samples were collected from the four regions between February 
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2015 and February 2017. These included samples collected from Yuma and Maricopa in Arizona, 

the Imperial Valley in California, and a region near Atlanta, Georgia. The irrigation systems in 

Arizona and California are primarily supplied by the Colorado River through open conveyance 

canals; groundwater is used to supplement irrigation waters in Maricopa, Arizona. In Georgia, the 

water was collected from four large irrigation ponds. Two of the ponds are adjacent to dairy farms 

and are used to irrigate nearby crops. One of these ponds can be directly accessed by the cattle. 

The second pond does not allow the cattle direct access to the water; however, there is a possibility 

of indirect contamination through runoff. The other two ponds included in the study are used to 

irrigate crops and do not have any direct or indirect inputs from cattle.  

Water samples were screened for the human pathogens, EnV and AdV, by concentrating 

2.8 ± 0.52 liters of each sample using a modified filtration method described by Haramoto et al. 

(2013) that uses HA negative membranes (90 mm diameter, 0.45 µm pore size). Whatman 41 pre-

filters (90 mm diameter; GE Healthcare UK Limited, United Kingdom) with a pore size 20-25 µm 

were soaked in 3% beef extract (Becton, Dickinson and Company, Sparks, MD) as a blocking 

buffer to prevent virus adsorption to the membrane and then rinsed in sterile DI water prior to use. 

These pre-filters were stacked on top of the HA filter membranes during the concentration step.  

Because the HA filters are negatively charged, the irrigation water samples were adjusted 

to a final concentration of 2.5 mm MgCl2 (Sigma-Aldrich, St. Louis, MO). MgCl2 forms a complex 

with negatively charged viral particles, creating a positively-charged complex. This complex is 

then able to bond to the negatively charged filters. After the sample had been passed through the 

filter, the filter was rinsed with 200 ml of a 0.5 mM H2SO4 solution to break the cation bridge 

between the MgCl2-virus complex and the HA filter, allowing for elution of the viruses. Ten 

milliliters of 1 mM NaOH was passed through the filter to elute the viruses from the filter and the 
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pH was immediately neutralized by the addition of 50 µl of a 100 mM H2SO4 solution and 100 µl 

of 100X Tris-EDTA buffer (EMD Millipore Corporation, Billerica, MA).   

A secondary concentration step was performed using Centriprep centrifugal ultrafilters 

(Merck Millipore Ltd., Billerica, MA) following the manufacturer’s instructions to reduce the 10-

ml primary concentrate down to a final volume of 636.3 ± 53 µl per sample. A volume of 200 l 

of the secondary concentrate was then extracted for viral nucleic acid (DNA or RNA) using the 

MoBio PowerViral Environmental RNA/DNA Isolation Kit (MoBio Laboratories, Inc., Carlsbad, 

CA).  

 To assess the presence of RNA viruses in the irrigation water samples, reverse transcriptase 

polymerase chain reaction (RT-PCR) was used to create the complimentary DNA (cDNA) of the 

initial RNA product. Briefly, a 10 µl mixture was prepared with 2 µl of 10X reverse transcriptase 

buffer, 0.8 µl 25X DNTPs, 2.0 µl 10X random primers, 1.0 µl MultiScribe reverse transcriptase, 

1.0 µl RNase inhibitor, 3.2 µl molecular grade water, and 10 µl nucleic acid template (extract). 

Samples were cycled at 25°C for 10 minutes, 37°C for 120 minutes, and 85°C for 5 minutes.  

DNA viruses (using extracted DNA as the template) and RNA viruses (using cDNA from 

the RT-PCR step as the template), were quantified using quantitative polymerase chain reaction 

(qPCR) methods to determine the viral genome copies per liter of original irrigation water sample. 

The qPCR assays were performed using a LightCycler 480 II instrument (Roche Diagnostics 

Corporation, Indianapolis, IN). Each sample was assayed in duplicate using previously reported 

primer / probe sets (Table 1) and methods (Table 2) for EnV, AdV, and murine norovirus (MNV). 

MNV was used as a process control to determine if there was any inhibition during the qPCR 

reactions. A volume of 2.5 µl of the sample template and 2.5 µl of MNV (containing approximately 

5.0 x 103 genome copies) were added to the qPCR reaction mixtures described above and 
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performed using the primers and probes designated for MNV detection. 

The results of the qPCR were then used to calculate the viral genome copies per milliliter 

of the original irrigation water sample. These concentrations were used to assess the risk of 

consuming lettuce irrigated with waters containing the target viruses at the measured levels. 

 

Limit of Detection Determination 

 

A unique limit of detection (LOD) was calculated for each sample by assuming the smallest 

detectable quantity was 1 genome copy per qPCR reaction. This value was then incorporated into 

the equation to determine the viral copies per milliliter of sample to create an LOD value specific 

to each sample with no virus detection. The average LOD was calculated by taking the arithmetic 

mean of the unique LOD values of all the negative samples to produce a single LOD for each virus. 

The LOD was calculated to be 0.025 genome copies/ml for AdV and 0.044 genome copies/ml for 

EnV. 

 

Exposure assessment 

 

The exposure assessment stops at the point of harvest and does not account for microbial decay 

post-harvest, microbial removal due to washing, or other methods of microbial removal or decay 

at the time of harvest or at any point post-harvest. We are assuming that the microbial 

concentration on the plant immediately prior to harvest reaches the consumer. As such, this is an 

extremely conservative risk scenario. 

This risk assessment assumed an adult consuming lettuce irrigated with water contaminated 
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at the observed AdV or EnV concentrations. The daily dose (λ) received by an individual, equation 

1, was calculated using the following equation, modified from a dose calculation previously 

described by Hamilton et al. (2006) to include a viral transfer rate from irrigation water to produce 

surface recorded by Stine et al. (2005). The dose and, therefore, the model assume a one-time 

exposure based on the average consumption of lettuce by an adult on a single day (Stine et al., 

2005). The model represents a single irrigation event with the contaminated water as the only input 

of pathogens to the produce surface. The exposure assessment incorporates aspects of two 

irrigation systems. The volume of irrigation water that clings to one gram of lettuce was derived 

from previous reported experiments where lettuce was dipped into water and the volume of water 

clinging to the surface was measured (Hamilton et al., 2006). This is intended to mimic an extremely 

conservative exposure of produce to irrigation water via overhead spray irrigation; however, most 

head lettuce will not be irrigated with spray irrigation in the latter stages of growth, soon before 

harvest. Another study seeded an irrigation system with the viral surrogate PRD1 bacteriophage 

(also a virus) and tracked its rate of transfer to various produce surfaces via furrow irrigation. 

Lettuce received 1.5 x 10-2 percent of the viral content of the water (Stine et al., 2005). This value 

was applied to the current model by assuming only 1.5 x 10-2 of the viral content in the irrigation 

water volume that reached the produce (calculated using the information from the previous lettuce 

dipping experiments) would actually be transferred to the produce surfaces if furrow irrigation 

were used. It was also assumed that all viruses in the samples were potentially infectious. The 

equation used for the assessment of exposure is shown below in Equation 1.  

 

 

Equation 1. Dose definition equation 
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λ = 𝑀((𝑝 ∗ 𝑐𝑖𝑤)𝑉𝑝𝑟𝑜𝑑𝑒(−𝑘𝑉𝑖𝑟𝑎𝑙 𝑑𝑒𝑐𝑎𝑦𝑡)) 

 

Where M is the mass of lettuce consumption per person per day (g/person per day), p is the 

percent pathogen transfer from the irrigation water to the surface of the lettuce, Ciw is the 

concentration of the target virus in the irrigation water (PFU/ml), Vprod is the volume of irrigation 

water that clings to the produce surface (based on prior studies – Shuval et al., 1997, Hamilton et 

al., 2006), k is the general kinetic virus decay constant, and t is the time between the last irrigation 

event and harvest. The value of each of these variables applied to the model is summarized in 

Table 3. 

 

Dose-response assessment 

 

Both pathogens were recommended to best fit the exponential model based on previous studies 

(Couch et al., 1966; Cliver, 1981), shown in Equation 2. 

 

Equation 2. Exponential response model 

𝑃(𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒) = 1 − exp (−𝑘×𝜆) 

 

Each pathogen was fit to the exponential model using specific parameters (see Table 4).  

 

 

 

Risk model 
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The model incorporated the previously described dose calculation into the best fit dose response 

model (i.e., the exponential model for both viruses). The final model is shown in Equation 3. The 

model was applied to both virus types with viral species-specific parameters. 

 

Equation 3. Final risk model 

𝑃(𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒) = 1 − 𝑒(−𝑘𝐴𝑑𝑉 𝑜𝑟 𝐸𝑛𝑡×𝑀(𝑝∗𝑐𝑖𝑤)𝑉𝑝𝑟𝑜𝑑𝑒
(−𝑘𝑉𝑖𝑟𝑎𝑙 𝑑𝑒𝑐𝑎𝑦𝑡)

) 

 

Overview of simulation 

 

Using equation 3, the model was run with viral species-specific parameters for both EnV and AdV 

using the entire datasets. Models were tested using a Monte Carlo technique with a total of 10,000 

iterations using the @RISK software (Palisade Corporation, Ithaca, NY). The datasets were 

assigned a lognormal distribution within the modeling software and the distribution was defined 

using lognormal distribution parameters (mean and standard deviation of the log10 values) input 

into the @RISK program. Lognormal distribution was selected as microorganisms often follow a 

lognormal concentration distribution in the environment (Masago et al., 2006) and previous studies 

looking at enteric viruses specifically in wastewater treatment plants observed lognormal 

distribution patterns (Hamilton et al., 2006). The distribution was truncated at zero during the 

simulation to prevent illogical negative concentration values.  

 

 

Results  
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This risk assessment does not account for microbial decay or removal on the farm-to-fork pathway 

at the point of harvest or beyond. It assumes that the microbial concentration estimated to be on 

the produce surface immediately prior to harvest will eventually reach the consumer. This ignores 

the removal of the outer leaves of head lettuce during harvest, microbial removal via 

washing/sanitization steps, the continued microbial decay post-harvest, and other factors which 

would cause subsequent microbial reduction on the produce surfaces. As such, it should be 

approached as a conservative estimate of risk. 

 

Observed viral pathogen levels and associated risk 

 

AdV were detected in 1.6% of samples (5/318) with a geometric mean concentration of 1.0 x 101 

genome copies per milliliter of the original water sample. Enteroviruses were detected in 8.5% of 

samples (27/318) with a geometric mean concentration of 2.6 x 102 genome copies per milliliter 

of the original water sample. The mean predicted risk for AdV and EnV were 3.1 x 10-5 and 1.2 x 

10-5, respectively. This translates to a risk of 3.1 AdV infections per 100,000 exposures and 1.2 

EnV infections per 100,000 exposures.  

 

Discussion 

 

The molecular methods used to quantify the target viruses produce easy to interpret results that 

can be readily incorporated into risk models. However, qPCR does not allow for the interpretation 

of the viability of the viral genome copies detected. This is a limitation that errs on the side of a 

more conservative estimate of risk by assuming all virus copies present are infectious and can 

cause disease. Future studies may incorporate aspects of cell culture to address the determination 
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of infectious viral copies present. For example, integrated cell culture-PCR is more rapid than 

traditional cell culture techniques and can be used to determine the infectivity of viruses present 

in a sample (Reynolds et al., 1996).  

This risk assessment does not include virus removal or decay at the time of harvest or post-

harvest. Harvest and post-harvest processing are designed to reduce or inactivate any microbial 

pathogens existing on fresh produce surfaces and may therefore lower the risk before the produce 

reaches the consumer. When harvested, lettuce is trimmed which includes removal of the outer 

leaves (Gil et al., 2015) where irrigation water may have come into contact with the produce.  

Washing and sanitization has been recorded to remove 90-99% (1-2 logs) of the microbial load on 

fresh produce (Sapers, 2001). While studies investigating the microbial removal on produce 

surfaces have typically focused on bacterial contamination, some information is available 

regarding the behavior of viruses. Using a viral surrogate (MS2) as a replacement for human 

norovirus, Dawson et al. (2005) sought to understand viral removal during the washing of multiple 

produce types. It was found that decontamination via washing with a chlorine solution resulted in 

a viral reduction of 0.89 log10 per 100 g sample of various produce types. It should also be noted 

that viral particles may be attached to soil particles and, as washing methods are designed to 

remove soil (Sapers, 2001), the viral content may be reduced with soil removal as well. In addition, 

unlike bacterial pathogens, viruses will not reproduce outside of a host so there is no concern for 

regrowth on produce surfaces should any viruses remain. For these reasons, the viral presence on 

the lettuce will likely decrease before reaching the consumer and as such, lower the final risk of 

infection. This suggests that the estimate of risk determined in this study is conservative relative 

to the true final risk.  

The viral pathogens assayed here were detectable in only a small percentage of samples 
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and therefore there is very little to no risk associated with these viruses most of the time (≥ 91.5% 

of the time). A greater risk existed in a small percentage of samples in which AdV and EnV were 

detected (1.6% and 8.5% of samples, respectively). The risk associated with the consumption of 

lettuce irrigated with waters at the virus concentrations observed here remained relatively low. It 

has been recorded that the United States Environmental Protection Agency (USEPA) aims to have 

treated drinking water sources pose a risk lower than 1:10,000 cases of infection via exposure to 

the water source (Stine et al., 2005). These waters are being assessed along their pathway to the 

consumer via fresh lettuce so this same standard was applied to interpret risk. These results show 

that even under a conservative scenario, the risk of infection is far less than 1 in 10,000 per 

irrigation event.  

Future studies should try to develop data to fill the gaps between an irrigation event using 

contaminated water and the survival / persistence of specific pathogens between this event and 

subsequent harvest, processing, transport, etc. In addition, the total risk of using waters of this 

quality for irrigating food crops over an entire season and not just one irrigation event should be 

evaluated. 
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Tables 

 

Table 1. qPCR primers and probes. (5’ to 3’ direction) 

 

Viral 

Species 

Forward Primer Reverse Primer Probe 
Reference  

Name Sequence Name Sequence Name Sequence 

EnV EV1F 
CCCTGAATGCGGCTA

A 
EV1R 

TGTCACCATAAGCAGCC

A 

EV 

probe 

FAM-

ACGGACACCCAAAGTAG

TCGGTTC-BHQ1 

(Gregory et 

al., 2006) 

AdV AQ2 
GCCCAGTGGTCTTAC

ATGCACATC 
AQ1 

GCCCACGGTGGGGTTTC

TAAACTT 
AQP 

FAM-

TGCACCAGACCCGGGCTC

AGGTACTCCGA-BHQ1 

(Heim et al., 

2003) 

MNV MNV-S 
CCGCAGGAACGCTCA

GCAG,  

 

MNV-

AS 

GGYTGAATGGGGACGGC

CTG, 

MNV-

TP 

FAM-

ATGAGTGATGGCGCA-

MGB-NFQ. 

(Kitajima et 

al., 2010) 
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Table 2. qPCR cycling conditions. 

 

Viral 

Species 

Denaturation Amplification Cooling 

Reference 
Temp 

(°C) 
Duration Temp (°C) Duration 

# of 

Replications 

Temp 

(°C) 
Duration 

  
54 30 sec 

   
72 72 sec 

EnV 95 10 min 
94 15 sec 

50 40 10 sec (Gregory et al., 2006) 
60 1 min 

AdV 95 10 min 

95 3 sec 

50 40 10 sec (Heim et al., 2003) 55 10 sec 

65 1 min 

MNV 95 10 min 
95 15 sec 

50 40 10 sec (Kitajima et al., 2010) 
60 1 min 
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Table 3. Variables applied to risk model. 

Variable Variable Description Value Reference 

M 
Lettuce consumed daily per capita 

(g/person per day) 
12.1 

 

(Stine et al. 2005) 

ciw 
Concentration of viruses in irrigation water 

(copies/ml) 

Observed 

for this 

study 

 

Vprod 
Volume of irrigation water caught by the 

produce (ml/g) 
0.108 (Hamilton et al., 2006) 

kViral decay Kinetic virus decay constant (per day) 0.69 (Hamilton et al., 2006) 

T 
Time between last irrigation and harvest 

(days) 
4  

Recommended by FSMA for 

water of poor quality (FDA-

FSMA, 2015) 
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Table 4. Models and best fit parameters for each pathogen.  

Pathogen 
Best Fit 

Model 

Optimized 

Parameters 
LD50/ID50 Response Reference 

Adenovirus Exponential k=6.07x10-1 1.14x100 Infection (Couch et al., 1966) 

Enterovirus Exponential k=3.74x10-3 1.85x102 Infection (Cliver, 1981) 
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