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ABSTRACT 

This project was designed to assess the potential for contamination of produce during 

irrigation with wastewater from animal operations. Dairy wastewater from the University 

of Arizona Campus Dairy Research Center was used to irrigate three different types of 

vegetable crops: lettuce, carrot, and bell pepper. This study was conducted over two-

consecutive years. The crops were planted in February and vegetables were harvested 

from May through July. Irrigation water and vegetable samples were examined for 

Escherichia coli, Clostridium perfringens. Listeria monocytogenes, and coliphage. In the 

dairy wastewater, E. coli concentrations averaged 5.7 x 10^ MPN/100 mL in the first year 

(2000), and 9.9 x 10^ MPN/100 mL in the second year (2001). C. perfringens 

concentrations were nearly the same in both years (1.7 x 10'' and 3.4 x 10"* CPU per 100 

mL). Coliphage averaged 2.0 PPU/mL in 2000 and 1.3 x lO'' PFU/mL in 2001 in 

wastewater. E. coli was detected with greater frequency on carrots (100 and 96%) 

succeeded by lettuce (67 and 96%) and bell peppers (63 and 58%). The same was true for 

C. perfringens: carrots (100%), lettuce (86 and 88%), and bell peppers (100 and 50%). 

Coliphages were not detected on any of the vegetable crops except for average 

concentrations of 2 PFU/g on lettuce in the first year. L. monocytogenes was not detected 

on any of the vegetable samples. ANOVA test results indicates that E. coli and C. 

perfringens concentrations on three crops were statistically different (p <0.0001) which 

suggest that the degree of contamination on the surface of the vegetables depends on 

where the edible portion of the crop is situated (above the soil or under the soil). The 

greatest contamination occurred on the carrots followed by lettuce and bell peppers. E. 
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coli and C. perfringens were recovered from the carrots, bell peppers, and soil 55 days 

after wastewater irrigation of the plots had ceased. Positive correlations (p<0.05) were 

found between E. coli and C perfringens density and soil moisture content. The greatest 

risk of infection from pathogenic E. coli (0157:H7) occurs from consumption of lettuce 

and carrots. The annual risk of infection from consumption of all three vegetables was 

above the acceptable risk of 1:10,000 per year. The results of this study suggest that a 

more strict irrigation water quality standard for root and leafy vegetables might be 

appropriate to prevent the risk of infection in exposed population. 
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INTRODUCTION 

Background 

Foodborne Infections 

Every year in the United States, foodbome infections cause millions of illnesses and 

thousands of deaths; most infections go undiagnosed and unreported (Tauxe, 1997). 

According to a report of the World Health Organization, hundreds of millions of people 

worldwide suffer from diseases caused by contaminated food 

(http://www.who.int/archives/inf-pr-1997/enpr97-58.html). Recent surveillance data 

from the US Centers for Disease Control and Prevention (CDC) suggest that foodbome 

diseases cause approximately 76 million illnesses, 325,000 hospitalizations, and 5,000 

deaths and cost an estimated 5 billion U.S. dollars each year in the United States alone 

(Mead et al., 1999; Altekruse et al., 1997). 

In the past two to three decades, public health authorities in industrialized countries have 

been faced with an increasing number of food safety problems. In 1983, a joint Food and 

Agriculture Organization/World Health Organization Expert Committee on Food Safety 

concluded that illness due to contaminated food was perhaps the most widespread health 

problem in the contemporary world and an important cause of reduced economic 

productivity (FAO/WHO, 1984). More recent data from industrialized countries indicate 

that annually up to 10% or more of the population may have a foodbome disease. The 

situation is equally serious in developing countries, where infant diarrhea causes many 

illnesses and deaths. In addition to known foodbome diseases, public health communities 

http://www.who.int/archives/inf-pr-1997/enpr97-58.html
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are being challenged by the emergence of new or newly recognized types of foodbome 

illnesses, often with serious and chronic health consequences. Certain populations (e.g., 

pregnant women, the elderly, infants and children, immunocompromised persons, and the 

undernourished) are particularly vulnerable (Kaferstein et al., 1997). The factors 

contributing to the emergence of foodbome diseases include changes in human 

demographics and behavior, technology and industry, international travel and commerce, 

microbial adaptation, economic development and land use, and the breakdown of public 

health measures (Institute of Medicine, 1992). 

Trends in Fresh Produce Consumption 

Fresh vegetables and fruits are a necessary part of peoples' diet around the world. For 

the last two decades, human nutrition research has increasingly shown that a well-

balanced diet, rich in fruits and vegetables, boosts good health and may reduce the risk of 

certain diseases. Families grow fruits and vegetables for their own consumption where 

land is available. Otherwise, produce is purchased from local farmers and retail outlets 

for further preparation at home, or as a part of meals eaten in restaurants and other food-

service facilities. Advances in agronomic, processing, preservation, distribution, and 

marketing technologies have enabled the produce industry to supply nearly all types of 

high-quality fresh vegetables and fhiits year-round. As a result, annual per capita 

consumption in the US during the 1990s increased by an average of 84 lb (13%) 

compared to the 1980s. One of the most rapidly growing areas of food processing is 

fresh-cut produce, such as salads. Despite the benefits derived from eating fruits and 
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vegetables, food safety of fresh fruits and vegetables remains a concern, as these foods 

eaten raw have long been known to be vehicles for transmitting infectious diseases 

(Beuchat, 1996). 

Fresh Produce Associated Illnesses 

There has been a nationwide increase in reported foodbome outbreaks associated with 

fresh produce. Between 1973 and 1987, among those foodbome outbreaks with an 

identified source reported to CDC, 2% of outbreaks were associated with fresh produce. 

From 1988 to 1991, the proportions had increased to 5%, owing primarily to the number 

of fruit-associated outbreaks. The mean number of reported outbreaks associated with 

fruits and vegetables more than doubled from the period of 1973 to 1987 (4.3 per year) to 

the period of 1988 to 1991 (9.75 per year) (Tauxe, et al., 1997). 

The number of confirmed cases of illness associated with consumption of raw fruits and 

vegetables has been relatively low compared to the number of cases due to consumption 

of food of animal origin. However, recently a wide range of contaminated fresh fruits 

and vegetables, as well as unpasteurized fruit juices, have caused large outbreaks of 

microbial infections. Fresh fruits and vegetables will likely continue to be involved in 

foodbome illnesses, particularly with a major portion being imported from countries 

where pathogen contamination of produce frequently occurs (Meng and Doyle, 2002). 
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Preharvest Contamination of Fresh Produce 

There are several contributing factors in the contamination of produce before harvest: 

Growing location: The choice of a growing location is probably the initial contributing 

factor that will affect safety. Fields on which livestock or wild animals have grazed are 

more likely to be contaminated with enteric pathogens (Tauxe, 1997). In the raw state, 

vegetables may be contaminated with organisms in the soil in which they are grown. 

Fruits that grow high above the ground are less likely to be contaminated than those that 

are in direct contact with soil (Roberts, 1990). Some bacteria can survive in soils for 

months or even years. Watkins and Sleath (1981) demonstrated that Salmonella and L. 

monocytogenes could survive for months in sewage sludge applied to agricultural fields. 

Therefore, growers should be encouraged to consider past exposure to animals and 

manure before choosing growing sites. 

Floodwaters may spread over areas on which farm animals have been grazed or confined 

upstream from vegetable production areas. Floodwaters can become polluted with 

animal waste and carry the contamination downstream, where they may also flood over 

croplands. Major flooding has also caused rivers to cover or damage sewage treatment 

plants. Either the floodwaters or effluents from the plants become contaminated with 

human, municipal, and industrial wastes. Once again, such events can subsequently 

contaminate downstream croplands. 
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Spray irrigation and surface flood irrigation with water that has a high probability of 

containing pathogenic microorganisms can contaminate produce (Brackett, 1999a). The 

quality of irrigation water also plays an important part in the extent of contamination of 

fresh fruits and vegetable products. The use of wastewater can contaminate produce with 

pathogens. In countries where polluted water is used for irrigation and animal and human 

excreta for fertilization, there is a risk of contamination with enteric bacterial pathogens, 

as well as viruses and parasites (Roberts, 1990). Sadovski et al. (1978) noticed that the 

use of wastewater was of greater concern if applied immediately before harvest rather 

than during the early stages of the production. 

Table 1. Preharvest sources of pathogenic microorganisms on fresh produce (adapted 
fromBeuchat, 1996). 

Preharvest sources of contamination 

Feces 

Soil 

Irrigation water 

Green or inadequately composted manure 

Air (dust) 

Wild and domestic animals 

Human handling 

Irrigation Water as a Source of Produce Contamination 

The U.S. Department of Agriculture's National Agricultural Statistics Service classifies 

irrigation methods into four distinct categories: sprinkler systems, gravity-flow systems, 

drip or trickle methods, and subirrigation 
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(http://www.nass.usda.gov/census/census97/fris/fris.htm). Data from 1998 indicated that 

approximately 50 million acres of farmland was irrigated annually in the United States, 

27 million acres with surface irrigation systems and the remainder by sprinkler systems. 

(http://www.nass.usda.gov/census/census97/fris/lTis.htm). 

The practice of surface irrigation is thousands of years old. It collectively represents as 

much as 95 percent of common irrigation activity around the world. The first water 

supplies were developed from stream or river flows onto the adjacent flood plain through 

simple check-dams and a canal to distribute water to various locations where farmers 

could then allocate a portion of the flow to their fields (Walker, 1989). 

Typical sources of agricultural water include flowing surface waters from rivers, streams, 

irrigation ditches, and open canals; impoundments such as ponds, reservoirs, and lakes; 

groundwater from wells and municipal supplies. Agricultural water quality will vary, 

particularly surface waters that may be subject to intermittent, incidental contamination 

such as wastewater discharge or polluted runoff from upstream livestock operations 

(FDA, 1998). 

Irrigation water is one of the most important contributing factors in preharvest 

contamination of fresh produce. There have been several outbreaks associated with 

consumption of fresh produce that were traced back to the contaminated water used for 

irrigation at the field. Mesclun lettuce implicated in a multistate outbreak in 1996 was 

http://www.nass.usda.gov/census/census97/fris/fris.htm
http://www.nass.usda.gov/census/census97/fris/lTis.htm
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spray irrigated and processed with water from a well located adjacent to a pasture and a 

cattle pen facility. The farm allowed free-range chickens access to lettuce fields as well 

as to an adjacent cow pasture. Additionally, pipes that supplied well water to the 

processing shed were connected to both cattle pastures and lettuce fields, allowing the 

possibility that contaminated water may have been used to irrigate the products (Hilbom, 

et al., 1999). Lettuce associated with a 1995 outbreak in Montana was grown downhill 

from a cattle pasture. Ackers et al. (1998) speculated several possibilities for 

contamination of lettuce. Infected cattle feces were present in the adjacent uphill pasture. 

These feces could contaminate either the water used for irrigation or surface runoff, 

which could contaminate the lettuce. In addition, cattle had access to the streams above 

the pond used for irrigation of the lettuce. Their feces could have contaminated this 

water directly. The proximity of domestic or wild animals to irrigation water may serve 

as a vehicle for disease causing microorganisms to gain access to produce growing in the 

field. 

Concentrated Animal Feeding Operations (CAFOs) 

According to the 1998 National Water Quality Inventory, which reported on assessments 

of 32% of the nation's waters, it was determined that 40% of assessed waters were 

impaired. Agriculture is the leading source of impairment in the nation's surveyed rivers 

and lakes (USEPA, 2001). 
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Concentrated animal operations accoiint for over 15 percent of the total deterioration due 

to agriculture (USEPA, 2000). Manure and other animal wastes from these concentrated 

animal feeding operations (CAFOs) can result in human health impacts. Such impacts 

continue to cause concern despite federal effluent limitation guidelines that address 

feedlots, which have been in place since 1974. There have been persistent reports of 

discharge and runoff of manure pollutants reaching surfacewater and groundwater which 

result in harmfiil effects. 

Animal production has undergone significant changes in the past several decades. 

Between 1987 and 1992, the total number of animal units increased by about 4.5 million 

(approximately 3 percent). At the same time, the number of facilities has decreased, 

indicating a consolidation within the livestock industry (USGAO, 1995). Animal feeding 

operations (AFOs) can pose a number of risks to human health and the environment, 

mainly because of the significant amount of animal manure they generate. In the United 

States an estimated 376,000 confined livestock operations generate approximately 128 

billion pounds of manure each year. This number indicates the significance of animal 

waste as a potential source of pollution. 

Concentrated animal feeding operations (CAFOs) are the largest of these livestock 

operations and are regulated under the Clean Water Act (USEPA 2001). 

Untreated CAFOs wastewater becomes a water quality hazard and potentially a food 

safety hazard when discharged or carried in runoff during storm events into drainage 
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canals that leads to irrigation canals. Among CAFOs, dairies are of particular concern 

due to the continuous production of large volumes of wastewater. Dairy wastes, which 

are commonly applied to fields as a disposal method, may pose a health concern, but 

wastewater that reaches transportation systems through runoff may be one of the 

unexpected pathways for food contamination. Once tailwater reaches the drainage 

conveyance system, it has the potential to contribute widely to a deterioration of the 

microbiological water quality because of the inherent design of canal systems. Irrigation 

systems throughout the western U.S. have sought to conserve scarce water resources 

through successive reuse of the tailwater (return flows) in a series of cascading steps 

(Gerba et al., 1999b). 

Runoff from livestock operations enters water bodies when poor maintenance of waste 

lagoons, improper design of storage structures, improper storage of animal waste, and 

excessive rainfall results in spills and leaks of manure-laden water. Overapplication of 

manure to cropland is another source of animal waste runoff When livestock manure 

and other animal waste spills or leaks into surface or groundwater, it can create an 

immediate threat to public health and water resources (USEPA, 2001). 

Foodborne Pathogens 

The wide range of foodborne pathogens includes a variety of enteric bacteria, viruses, 

and parasites, as well as marine dinoflagellates (they produce biotoxins in fish and 

shellfish) and the self-inducing prions of the transmissible encephalopathies. Some 



microorganisms like the Shigella sp. or the Norwalk-like viruses, require the human host 

as part of their life cycle, while many others have primary reservoirs in other animals or 

in the environment. Some are always transmitted through food, while others are capable 

of being transmitted via several different routes in addition to food. This broad spectrum 

causes an array of illnesses in the human host, most with a gastrointestinal component of 

vomiting or diarrhea. The invasive ones produce other clinical symptoms, and the 

foodbome toxins can affect almost any system in the body (Tauxe, 2002). The principle 

foodbome infections in the United States are presented in Table 2. 
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Table 2. Principle foodbome infections, as estimated for 1997, ranked by estimated 
number of cases caused by foodbome transmission each year in the United States 
(Adapted from Tauxe, 2002). 

Norwalk-like viruses* 9,200,000 Bacillus cereus 27,000 

Campylobacter* 1,963,000 Other Escherichia coli 23,000 

Salmonella (nontyphoid) 1,342,000 Cyclospora 
cayetanensis* 

14,000 

Clostridium perfringens 249,000 Vibrio (noncholera)* 5,000 

Giardia lamblia 200,000 Hepatitis A 4,000 

Staphylococcus food 
poisoning 

185,000 Listeria 
monocytogenes* 

2,000 

Toxoplasma gondii 112,000 Brucella in 

Escherichia coli 
0157:H7 and other 
Shiga-toxin producing E. 
coli* 

92,000 Salmonella typhi 
(typhoid fever) 

659 

Shigella 90,000 Botulism 56 

Yersinia enterocolitica* 87,000 Trichinella 52 

Enterotoxigenic E. coli* 56,000 Vibrio cholerae, 
toxigenic* 

49 

Streptococci 51,000 Vibrio vulnificus* 47 

Astrovirus* 39,000 Prions* 0 

Rotavirus* 39,000 Cryptosporidium 
parvum* 

30,000 

* indicates those that have emerged in the last 30 years 
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Fresh Produce and Pathogens 

Of the many pathogenic microorganisms which infect humans, only a relatively few are 

of significant importance in fresh produce (Table 3). 

Table 3. Pathogenic bacteria of concern in fresh produce (Adapted from Brackett, 1999a). 

Gram negative bacteria Gram positive bacteria 

Aeromonas hydrophila Bacillus cereus 

Escherichia coli Clostridium botulinum 

Salmonella sp. Listeria monocytogenes 

Shigella sp. 

Plesiomonas shigelloides 

Vibrio cholera 

Raw vegetables and fruits normally should be free of most human and animal enteric 

pathogens unless fertilized with human and/or animal waste or irrigated with wastewater. 

At the same time, literally every type of fruit and vegetable has the potential for 

becoming contaminated with bacterial pathogens. Indeed, pathogenic bacteria have been 

isolated from a variety of fruits and vegetables (Table 4). 
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Table 4. Pathogenic bacteria isolated from vegetables and fruits. (Adapted from 
Brackett, 1999a; Beuchat, 1996;NACMCF, 1998). 

Product Pathogen Product Pathogen 

Alfalfa sprouts Aeromonas, E. coli 0157:H7 Endive Salmonella 

Apple juice E. coliOXSl-Ml Watermelon Salmonella 

Artichoke Salmonella Green onion Shigella 

Asparagus Aeromonas Lettuce Salmonella, 
Staphyl ococcus, 
Aeromonas. Shigella, E. 
coli 0157:H7 

Bean Sprouts L. monocytogenes. Salmonella Mungbean sprouts Salmonella 

Beet leaves Salmonella Mushrooms Campylobacter jejuni 

Broccoli Aeromonas Egg plant Salmonella 

Cabbage E. coli 0157:H7 , L. monocytogenes, 
V. cholera, Salmonella 

Mustard sprouts B. cereus 

Cantaloupe Salmonella Orange juice Salmonella 

Carrots Staphylococcus Parsley Shigella, 
Staphylococcus, 
Salmonella 

Cauliflower Aeromonas, Salmonella Pepper Aeromonas, Salmonella 

Celery Aeromonas, E. coli 0157:H7 Potatoes L. monocytogenes 

Chili Salmonella Radish Staphylococcus, L. 
monocytogenes 

Cilantro E. co//0157 :H7 Salad greens Salmonella, S. aureus 

Tomato L. monocytogenes. Salmonella Salad vegetables Shigella, S. aureus, L. 
monocytogenes, Y. 
enterocolitica 

Coriander E. co//0157;H7 Soybean sprouts B. cereus 

Cucumber L. monocytogenes Spinach Aeromonas, Salmonella 
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Clostridium perfringens 

Clostridium perfringens is a spore-forming, gram-positive, anaerobic, non-motile rod 

which causes human gas gangrene and two very different foodbome diseases: the 

relatively mild, classic Type A diarrhea and the very serious but rare Type C human 

necrotic enteritis (Brynestad and Granum, 2002; Granum, 1990). The production of one 

or more of the four major toxins (a, P, e, or i) is the basis for the subtyping of the 

organism into five toxigenic type (A, B, C, D, and E). C perfringens enterotoxin (CPE) 

is considered a major virulence attribute and is the principal toxin involved in typical C 

perfringens food-borne illness (Meer et al., 1997). 

The prevalence of C perfringens food poisoning originates from several qualities of this 

organism. First, the ubiquitous presence of C. perfringens in soil, animal and human 

feces, river sediments, etc., provides this bacterium with abundant opportunity to 

contaminate foods. Second, the very short doubling time (<10 min), and relative aerobic 

tolerance of C. perfringens permits rapid growth in foods, which is necessary for 

reaching the large bacterial load (>10^ vegetative cells per g of food) required to initiate 

C perfringens food poisoning. Finally, the ability of C perfringens to survive in 

incompletely cooked foods is facilitated by the heat tolerance of this bacterium's 

vegetative cells, which have an optimal growth temperature of 43 to 45°C but can grow at 

temperatures up to at least 50°C, and the even greater heat resistance of its spores 

(McClane et al., 2000). 
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C. perfringens type A food poisoning is a relatively mild, self-limiting illness 

characterized by diarrhea and abdominal cramps 6-12 hr after ingestion of contaminated 

food. In healthy individuals the symptoms are usually resolved after 12-24 hr, while it 

may be life threatening in people with compromised health (e.g., elderly or debilitated 

individuals).The most important contributing factor to outbreaks of C. perfringens type A 

food poisoning is holding food under improper storage conditions because of the relative 

heat tolerance of vegetative C perfringens cells. Food should be stored under 

refrigeration or at temperatures above 70°C to prevent bacterial growth. Incomplete 

cooking, which may allow C. perfringens endospores (or vegetative cells) to survive 

cooking and then germinate in the improperly cooked food, is the second most common 

contributing factor to C. perfringens type A food poisoning outbreaks (McClane, 1997). 

Most of these bacteria are killed upon exposure to gastric acid; however if ingested food 

is heavily contaminated (i.e., >10^ to 10^ vegetative cells per gram of food), some 

vegetative cells escape into the small intestine, where they begin multiplying. After an 

initial multiplication period, these C. perfringens cells undergo sporulation, which may 

be triggered by their exposure to low pH in the stomach or to bile salts in the intestine. 

CPE, which is the virulence factor considered responsible for most (or all) 

gastrointestinal symptoms of C. perfringens type A food poisoning, is produced during in 

vivo sporulation. CPE is released into the intestinal lumen at the completion of 

sporulation, i.e., when the mother C. perfringens cell lyses to free its mature endospore 

(McClane, 1997). The CPE disrupts the villus integrity which is responsible for the 

symptoms of C perfringens, namely fluid loss (diarrhea) and cramping (McClane, 1992). 
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The major hemolysins produced by C. perfringens include a-toxin and 0-toxin, which are 

responsible for the outer zone of incomplete (a) and irmer zone of complete (0) 

hemolysis (Walker, 1990). 

Although all types of C. perfringens have the potential to produce enterotoxin, type A is 

primarily if not exclusively responsible for food-borne disease caused by this organism in 

the U.S. (Comillot et al., 1995). 

C perfringens has been proposed as an alternative indicator organism to assess the 

microbiological safety, sanitary quality, and shelf life potential of meat and poultry 

products (Tompkin, 1983). C. perfringens has been proposed as a potential indicator of 

fecal contamination of drinking water (Gleeson and Gray, 1997), bathing water in 

tropical environments (Roll and Fujioka, 1997); as an indicator of Cryptosporidium 

removal from water and wastewater treatment facilities (Payment and Franco, 1993), and 

an indicator of past contamination (Gleeson and Gray, 1997). 

Listeria monocytogenes 

Listeria monocytogenes is a gram-positive, facultative anaerobic, highly motile rod that 

inhabits a broad ecological niche. L. monocytogenes is normally found in soil, water, on 

plants, and in sewage. It can be isolated from many domestic animals and causes 

occasional disease in cattle and sheep. L. monocytogenes is carried in the intestinal tracts 



of 5 to 10 percent of the human population without any apparent symptoms (Salyers and 

Whitt, 1994). 

In the average healthy adult, L. monocytogenes infection is usually asymptomatic or at 

most produces mild influenza-like symptoms. Less commonly, diarrhea and abdominal 

discomfort can occur. L. monocytogenes causes more serious infections in 

immunocompromised adults (e.g., AIDS, cancer, diabetes, old age, and alcoholism). In 

such people, listeriosis can cause central nervous system infections (encephalitis, 

meningitis) and fatal bacteremia. It is one of the few bacteria that can cross the placenta, 

which usually acts as an effective filtration barrier to prevent blood-borne pathogens from 

gaining access to the fetus. In pregnant women who contract listeriosis, the bacteria can 

infect the fetus, resulting in stillbirths, preterm labor, or an infant bom alive but with a 

systemic L. monocytogenes infection (Salyers and Whitt, 1994). 

The organism is psychrophilic and possesses a competitive advantage against other gram-

positive and gram-negative microorganisms in cold environments, such as refrigerators 

(Schlech III, 2000). Several large food-borne outbreaks of listeriosis in humans have 

parallels to epidemic listeriosis in animals. These outbreaks, which have been attributed 

to coleslaw, unpasteurized cheeses, pasteurized milk, and several meat products, have 

established that human infection by L. monocytogenes has a food-bome origin. 

Consumption of coleslaw prepared from contaminated cabbage was linked to a large 

Canadian outbreak of listeriosis in 1981, which resulted in 18 fatalities. The cabbage, 
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used for making coleslaw, was fertilized by sheep manure from a flock that was 

previously diagnosed as having listeriosis (Brackett, 1999b). 

The prevalence of L. monocytogenes in feces of apparently healthy cattle has also been 

reported. Husu (1990) examined 3,878 fecal samples, 16 percent of the samples were 

positive for L. monocytogenes. The highest densities were detected in December and 

during the period that animals were kept indoor. The incidence of L. monocytogenes in 

61 fresh stool samples from healthy cattle were examined by Hofer (1983) who found 

eleven animals to be carriers of L. monocytogenes. 

In the first truly definitive survey, Heisick et al. (1989) determined the incidence of 

various Listeria spp., including L. monocytogenes, in 10 different varieties of raw 

unwashed vegetables (total of 1000 samples) obtained from supermarkets. L 

monocytogenes was recovered from 5 percent of the samples with a higher incidence in 

radishes and potatoes than in other types of vegetables. This survey made it clear that a 

small percentage of raw vegetables marketed in the United States is likely to harbor L. 

monocytogenes , with the incidence of this pathogen being highest in root crops. 

Escherichia coli 

The gram-negative, facultative anaerobe Escherichia coli, is widely distributed in the 

intestinal flora of humans and warm-blooded animals. E. coli is the predominant 

facultative anaerobe in the human bowel and helps to maintain normal physiological 

function of the intestine (Neill et al., 2001). E. coli strains can cause a variety of different 



30 

types of diseases, including diarrhea, dysentery, hemolytic uremic syndrome, bladder and 

kidney infections, septicemia, pneumonia, and meningitis. In general, different strains of 

E. coli are associated with different diseases (Salyers and Whitt, 1994). The 

diarrheagenic E. coli are divided into five major categories: (a) the enteropathogenic E. 

coli (EPEC), (b) the enterotoxigenic E. coli (ETEC), (c) the enteroinvasive E. coli 

(EIEC), (d) the enterohemorrhagic E. coli, and (e) the enteroaggragative E. coli (EAEC) 

(Neill etal.,2001). 

Information on the source of transmission for these groups of E. coli that cause diarrheal 

disease is mainly from outbreak investigations. ETEC are primarily transmitted via 

contaminated food and water, and person-to-person transmission is rare. This is due to 

0 

the relatively large inoculum needed (10 ) to produce illness. Ingestion of 

nonrefrigerated foods and fecally contaminated water can result in intake of an inoculum 

of this magnitude; this is the mode of acquisition in ETEC-associated traveler's diarrhea. 

Items considered at high risk for ETEC contamination include raw vegetables, such as in 

salads, untreated water, and ice. 

Among verotypes of E. coli, the enterohemorrhagic E. coli, serotype 0157:H7, has drawn 

more attention recently. This pathogen was the causative agent of two outbreaks of 

severe bloody diarrhea in Oregon and Michigan in which transmission occurred through 

consumption of contaminated fast-food hamburgers (Hui et al., 2001). The recent cases 

of transmission of E. coli 0157:H7 infection by fresh produce such as lettuce (Ackers et 
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al., 1998), radish sprouts (NIID, 1998), alfalfa sprouts (CDC, 1997), and fresh 

unpasteurized apple juice (CDC, 1996) have been documented. These foods are eaten 

without additional cooking, posing a problem because of the extremely low infectious 

dose for coli 0157:H7 (<100 organisms) (Tilden et al., 1996). 

Epidemiologic investigations have demonstrated that dairy cattle, especially young 

animals, are a principal reservoir of E. coli 0157:H7. Healthy cattle sporadically harbor 

E. coli 0157:H7 in their gastrointestinal tracts and shed the bacteria in their feces. In 

cattle, E. coli 0157:H7 occurs with an overall prevalence of 0.3 to 6.1 percent and the 

average length of time that feces from an individual animal remain culture positive is 30 

days (Sanderson et al., 1995; Wells et al., 1991). Populations of E. coli 0157:H7 ranging 

from <10^ to 10^ CFU/g of feces were detected in the positive calves and the animals 

were determined to intermittently shed E. coli 0157:H7 (Zhao, et al., 1995). Several 

recent outbreaks of E. coli 0157:H7 associated with vegetables and fruits have been 

linked to contamination from cattle feces. 

Within the last decade, 17 foodbome outbreaks have been linked to contaminated lettuce 

or salad. Eight of these outbreaks were attributed to contamination by enterohemorrhagic 

Escherichia coli (EHEC) serotype 0157;H7, resulting in over 366 illnesses and several 

cases of severe hemolytic-uremic syndrome (see internet: 

http://www.cspinet.org/report/outbreak_alert/appendix_a.htm, 

http://www.cspinet.org/new/prodhark.html). Though the source of EHEC contamination 

http://www.cspinet.org/report/outbreak_alert/appendix_a.htm
http://www.cspinet.org/new/prodhark.html
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is often unknown, contamination at the farm and cross-contamination via food handler 

are thought to be responsible for several of these outbreaks (Hilbom et al., 1999). Field 

contamination of EHEC 0157:H7 may occur because of water runoff from nearby cow 

pastures, exposure to contaminated feces from wild animals, or utilization of improperly 

composted manure (Hilbom et al., 1999; Rice et al., 1995). 

Microbial Risk Assessment 

Quantitative risk assessment (QRA) is an approach that allows the expression of risks in a 

quantitative fashion in terms of risk of infection, illness, or mortality from microbial 

pathogens (Gerba, 1999a). 

Risk assessment consists of four basic steps: 

• Hazard identification 

• Exposure assessment 

• Dose-response assessment 

• Risk characterization 

The hazard identification is both identification of the microbial agent and the spectrum of 

human illnesses and disease associated with the specific microorganism. The type of 

clinical outcomes range from asymptomatic infections to death. These data come from 

the clinical literature and studies from clinical microbiology. 
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The exposure assessment is the quantitative estimation of the dose of potentially 

hazardous organisms to which the consumer is exposed at the time of consumption of the 

food. 

The dose-response is aimed at the mathematical characterization of the relationship 

between the dose administered and the probability of infection or disease in the exposed 

population. 

Risk characterization is the estimation of potential impact (human illness or death) of a 

microorganism based on the severity of its effects and the amount of exposure (Gerba, 

1999a). 

Selection of a dose-response model is an important step in microbial risk assessment. 

There are several dose-response models that explain the observed infectivity as a function 

of pathogen dose. The exponential and beta-Poisson models have been shown to provide 

good fits for microbial dose-response data (Regli et al., 1991; Hass et al., 1993, 1999, 

2000). In both models it is assumed that the dose is Poisson distributed and that one 

organism is sufficient to cause infection. 

The beta-Poisson model based on animal studies adequately describes the human 

morbidity risk of E. coli 0157;H7. The beta-Poisson model takes into account the 

variations that exist in pathogen-host interactions (Hass et al, 2000). 
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Objectives of This Study 

This project was designed to assess the potential for contamination of various produce 

during irrigation with untreated dairy wastewater as an example of worst case water and 

the health risk associated with consuming these vegetables. 
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MATERIALS AND METHODS 

Description of the Site 

This study was conducted at The University of Arizona Campus Agricultural Center. Six 

'J 

156 m plots parallel to each other were established for three vegetables. For each 

vegetable, one plot was irrigated with well water as a control and the second plot was 

irrigated with wastewater. A diagram of the field plots is shown in Figure 1. 

Dairy wastewater was collected from the Dairy Research Center at the Campus 

Agricultural Center. The Dairy Research Center has a total of 200 milking cattle and 200 

heads of young stock. The young calves were kept separate from the adults and the waste 

from the calves was not discharged in the main wastewater stream. The wastewater 

passed through a solid separator as the only treatment system. Wastewater was 

transported by a tanker truck to the field plots. A second tanker truck was used to blend 

the untreated dairy wastewater with well water at a ratio of 1:1 before application to the 

field. Furrow irrigation was used as the application method and dairy wastewater, 

blended wastewater, and well water samples were taken weekly during the irrigation of 

the vegetables. Samples were transported in ice-packed coolers to the laboratory. Photos 

of the dairy facility, dairy wastewater collection site, tanker trucks at the field, and well 

water are presented in Figures 2-5. 

Three vegetable plants were chosen for this project: lettuce (Lactuca sativa), carrot 

{Daucus carota), and bell pepper {Capsicum annuum). The study was conducted over 
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two consecutive years. In year 2000, wastewater was applied to vegetable plots weekly 

from May through July. Two harvests were made from each vegetable plot. At each 

harvest event, the vegetables from the control plots were taken first to avoid cross 

contamination from the treatment plots. The samples were placed in plastic bags and 

transported to the laboratory in ice-packed coolers. Lettuce samples were harvested on 

May 24, 2000 and June 6, 2000. Carrot samples were harvested on June 28, 2000 and 

July 10, 2000. Bell pepper samples were harvested on July 13, 2000 and July 17, 2000. 

In 2001, wastewater was applied to the plots weekly from April through June. Lettuce 

samples were harvested on June 1 and June 8. Carrot samples were harvested on June 18 

and June 25. Bell pepper samples were harvested on June 11 and July 2. Pictures of 

lettuce, carrots, and bell peppers plots during irrigation are presented in Figures 6-11. 

A total of 12 vegetable samples were taken from both the experimental plot and control 

plot for each harvest period. Vegetable samples were placed in ziplock plastic bags and 

transported on ice to the main campus microbiology laboratory. 
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Figure 1. Diagram of the plots. 



Figure 2. Dairy Research Center at the Campus Agricultural Canter. 

Figure 3. Dairy wastewater collection site. 



Figure 5. Well water used for irrigation of control plots. 



Figure 6. Irrigation of lettuce with dairy wastewater in treatment plots. 

Figure 7. Irrigation of lettuce with well water in control plots. 



Figure 8. Irrigation of carrots with dairy wastewater in treatment plots. 

Figure 9. Irrigation of carrots with well water in control plots. 



Figure 10. Irrigation of bell peppers with dairy wastewater in treatment plots. 

Figure 11. Irrigation of bell peppers with well water in control plots. 
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Irrigation Water Analysis 

Dairy wastewater, blended dairy wastewater, and well water were analyzed for the 

presence of enteric indicators and pathogens including Escherichia coli. Listeria 

monocytogenes, Clostridium perfringens. Salmonella spp., Cryptosporidium oocysts, and 

coliphages. 

Escherichia coli. Wastewater was serially diluted in Tris buffered saline (Trizma base; 

Sigma, St. Louis, MO) and SimPlate® (Biocontrol, Bellevue, WA) was used according to 

the manufacturer's instructions to quantitate E. coli in wastewater samples in 1999. 

Because of some inconsistency in results, and defective SimPlate® batches, in 2000, E. 

coli enumeration was performed using Quanti-Tray™ (IDEXX Laboratories, Inc, 

Westbrook, MA). Results were reported as Most Probable Number (MPN) per 100 mL 

of wastewater. 

Listeria monocvtosenes. A multiple tube technique was used for detection of L. 

monocytogenes. Triplicate aliquots (10, 1.0, and O.lmL) of wastewater were placed in 

Buffered Listeria Enrichment Broth Base (OXOID Inc., Ogdensburg, NY) and incubated 

for 48 hrs at 30 °C. After incubation, a loopfiil from each tube showing growth was 

streaked onto Listeria Selective Agar Base (Oxford formulation, OXOID Inc., 

Ogdensburg, NY) for isolation and incubated at 31°C for 24 hrs. Presumptive colonies 

were confirmed by a motility test using Motility Media S (Difco Laboratories, Detroit, 

MI) and final confirmation was done using API 20S biochemical test strips (bioMerieux 
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Vitek, Inc, Hazelwood, MO). L. monocytogenes (ATCC 19115) was used as a positive 

control for each step of the procedure. 

Clostridium perfrinsens. A membrane filtration technique was used to detect C. 

perfringens. A total of 10 mL of wastewater was heat shocked at 75 °C for 20 min to kill 

the vegetative cells and stimulate vegetation of C. perfringens spores. Serial dilutions of 

the wastewater were made and these dilutions were filtered through a sterile 0.45-fam 

membrane filter (Millipore Inc. Bedford, MA), and the membranes were transferred to m 

CP media (Acumedia®, Acumedia Manufacturers, Inc., Baltimore, Maryland) and 

incubated in an anaerobic jar for 24 hrs at 45 °C. Yellow colonies that turned pink to red 

after exposure to ammonium hydroxide vapor were considered as presumptive C. 

perfringens colonies. 

Salmonella spp. A multiple tube technique was used for the detection of Salmonella. 

Triplicate samples (100, 10, and 1.0 mL) were placed in Selenite Broth (Difco 

Laboratories, Detroit, MI) for enrichment and incubated for 18-24 hrs at 37 °C. After 

incubation, a loopful from each tube demonstrating growth was streaked onto plates of 

Bismuth Sulfate Agar (Difco Laboratories, Detroit, MI) for isolation and incubated for 37 

°C for 24 hrs. Presumptive colonies were confirmed by picking the colony with a sterile 

inoculating needle and stabbing into the Lysine Iron Agar (Difco Laboratories, Detroit, 

MI) deep and incubated for 24 hrs at 37 "C. Tubes with black sulfate iron precipitate 

were considered positive for Salmonella. 
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Coliphages. The double-layer agar method described by Adams (1959) was used to detect 

coliphages. Escherichia coli, strain ATCC 15597 (American Type Culture Collection, 

Rockville, MD) was used as the host bacterium. 

Cryptosporidium oocysts. An immunofluorescent method was used to detect 

Cryptosporidium oocysts. Wastewater samples were collected in one-liter sterile bottles 

and transported to the laboratory on ice. The samples were kept at 4 °C for no more than 

72 h. The water samples were placed into 750-mL plastic centrifuge bottles and 

concentrated by centrifugation at 1050 x g for 10 min (CS-6 Centrifuge, Beckman, Palo 

Alto, CA). The supernatant was aspirated without disruption of the pellet. The sample 

was then resuspended in a 1:1 ratio (a minimum of 1 mL) in 10% formalin. After 

concentration, the sample was clarified by floatation. This step separates the 

Cryptosporidium oocysts from particulate matter. Not more than 1.0-mL packed pellet 

was floated per centrifuge tube (Coming Costar Corporation, Cambridge, MA). Eluting 

solution (100 mL of 1% sodium dodecyl sulfate (SDS), 100 mL of 1% 

polyoxyethylensorbitan monooleate (Tween 80), and 100 mL of lOX phosphate buffered 

saline: PBS (80 g of NaCl, 2 g of KH2P04, 12.72 g of Na2HP04, and 2 g of KCl mixed 

with 1.0 L of distilled water), 0.1 mL antifoam A (Sigma Chemical, St. Louis, MO), and 

700 mL of distilled water) was added to the centrifuge tube to make a final volume of 20 

mL. A 30-mL of Percoll-sucrose (Percoll, Sigma Chemical, St. Louis, MO) solution (sp. 

Gr. 1.10) was underlaid the 20-mL sample using a pipette. The samples were centrifuged 

at 1050 X g for 10 min. The top 20-mL was collected with a pipette and an additional 5-
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mL was collected below the interface. The sample was washed by centrifiigation with 

eluting solution and then aspirated down to 5-mL (including pellet). The samples were 

stained by indirect fluorescent antibodies (Hydrofluor™ Combo Kit Strategic 

Diagnostics, Inc., Newark, DE), specific Cryptosporidium oocysts. Positive and negative 

controls were done with every sample set to assure reagent performance. The filters were 

placed on glass slides and examined at 200-400X magnifications by epifiuorescence 

microscopy (NH2, Olympus, Lake Success, NY). Oocysts were identified on the basis of 

size, shape, and immunofluorescence (APHA, 1995). 

Soil Analysis 

Two soil samples from each plot were collected before and after the application of 

wastewater. The soil samples were analyzed for Escherichia coli. Listeria 

monocytogenes, Clostridium perfringens, and coliphages. 

Ten g of soil was placed inside an oven at 200°C for 24 h to determine the dry soil 

weight. An additional 10 g of soil was mixed with 96-mL of 0.1% peptone water (0.1 g 

peptone in 100 mL distilled water) in a 250-mL centrifuge bottle. The bottle was shaken 

by hand for 30 to 60 s and then placed on a horizontal shaker and shaken for another 20 

min. After shaking, the bottle was allowed to stand for approximately 30 s and serial 

dilutions were made by transferring 1-mL from the suspension to a 9-mL 0.1% peptone 

water blank. 
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Escherichia coli. A multiple tube technique using EC medium with MUG (Difco 

Laboratories, Detroit, MI) was used for the detection of E. coli. Triplicate dilutions 

(equivalents of 1.0, 0.1, and 0.01 g) were placed in tubes with 10 mL of EC medium with 

MUG containing an inverted Durham tube and incubated at 44.5 °C for 18-24 hrs. After 

incubation, tubes showing gas formation and fluorescence under UV light were 

considered as positive for E. coli. 

Listeria monocvtosenes. A multiple tube technique using Buffered Listeria Enrichment 

Broth Base (OXOID Inc., Ogdensburg, NY) was used for detection of L. monocytogenes. 

TripUcate dilutions (equivalent of 1.0, 0.1, and 0.01 g) were placed in Buffered Listeria 

Enrichment Broth Base (OXOID Inc., Ogdensburg, NY) and incubated at 30 °C for 24 

hrs. After incubation, a loopful from tubes showing growth was streaked onto Listeria 

Selective Agar Base (oxford formulation, OXOID Inc., Ogdensburg, NY) for isolation 

and incubated at 37°C for 24 hrs. Black, concave colonies with black hallow were picked 

and confirmed by a motility test (Motility Medium S, Difco laboratories, Detroit, MI) and 

API 20S biochemical test strips (bioMerieux Vitek, Inc, Hazelwood, MO). 

Clostridium perfrinsens. A membrane filtration technique was used to detect C. 

perfringens. Up to 10 mL of soil dilution was filtered through a sterile 0.45 jam 

membrane filter, and the membrane was placed on m CP media (acumedia®, Acumedia 

Manufacturers, Inc., Baltimore, Maryland) and incubated in an anaerobic jar at 45 °C for 
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24 hrs. Yellow colonies that turned pink to red after exposure to ammonium hydroxide 

vapor were considered as presumptive C. perfringens colonies. 

Coliphages. The soil suspension (10-g soil diluted with 96 mL peptone water) was 

centrifuged at 2000 x g for 15 min to separate the soil from the supernatant. The 

supernatant from the initial dilution was used for making further serial dilutions. The 

double-layer agar method described by Adams (1959) was used to detect coliphages. 

Escherichia coli, strain ATCC 15597 (American Type Culture Collection, Rockville, 

MD) was used as the host bacterium. 

Efficiency Experiment 

Propagation of Microorganisms 

Escherichia coli (ATCC 25922) was obtained from Dr. Gerba's laboratory at the 

University of Arizona and was maintained on tryptose soy agar (TSA) (Difco 

laboratories, Detroit, MI). The bacterium was grown overnight in a tube containing 10 

mL of tryptic soy broth (TSB) (Difco Laboratories, Detroit, MI) at 37°C without shaking. 

One milliliter of this culture was used to inoculate 100 mL of tryptic soy broth. The 

inoculated culture was incubated for 3 h at 37°C with continuous shaking. The culture 

was then titered using Quanti-Tray™. 

L. monocytogenes (ATCC 19115) was obtained from Dr. Gerba's laboratory, and was 

maintained on TSA. L monocytogenes was subcultured in Bacto Tryptose Phosphate 
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Broth (Difco laboratories, Detroit, MI) and incubated at 30°C for 24 h. The culture was 

serially diluted and plated on Listeria Selective Agar Base (oxford formulation, OXOID 

Inc., Ogdensburg, NY) to determine the titer. 

C perfringens type A (NfTCC 3624) was obtained from Dr. Songer's laboratory at the 

University of Arizona, and was maintained in cooked meat broth (Difco Laboratories, 

Detroit, MI). To subculture for sporulation, 0.5 mL of the cooked meat culture was 

transferred to a tube containing 10 mL of freshly steamed fluid thioglycollate medium 

(Difco laboratories, Detroit, MI). The tube was incubated at 35°C for 4 hr, and then this 

fresh thioglycollate culture was transferred to modified Duncan-Strong sporulation media 

(4 g yeast extract, 15 g proteose peptone, 1 g sodium thioglycollate, 10 g Na2HP04 

(dibasic)-7H20, and 4 g raffinose) and was incubated at 35°C for 24 hr. The suspension 

was centrifuged at 10,000 x g for 10 min and the supernatant was discarded. The pellet 

was suspended in 20 mL of cold sterilized DI water, tittered, and stored at 4°C. 

Bacteriophage MS-2 was grown and assayed using E. coli 15597 (ATCC) as the host 

bacterium. The bacterial host was grown as described above. The phage stock was 

serially diluted in Tris buffered saline (Trizma base; Sigma, St. Louis, MO) and phage 

was assayed according to double-layer technique (Adams, 1959). After incubation, 8-10 

mL tris buffered saline was added to the plates with confluent plaques and incubated for 

4 h at room temperature for release of phage particles into the solution. The liquid 

portion was pipetted off the plates and the suspension was centrifuged at 10,000 x g for 
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15 min to remove the bacterial debris. The supernatant was filter-sterilized using a 0.45-

um membrane filter. The phage stock was titered and stored at 4 °C xmtil needed. 

Lettuce, carrots, and bell peppers were bought from the supermarket for the efficiency 

experiments. The amount of vegetable material processed for this experiment was about 

200 g. Three batches of vegetables were prepared for three different shaking periods and 

each shaking period experiment was done in triplicate. Each batch of vegetables were 

placed in a 4-liter sterilized plastic beaker and seeded with 1-mL suspension of 

Escherichia coli (ATCC 25922), Listeria monocytogenes (ATCC 19115), C perfringens 

spores (NTCC 3624) and MS-2. The concentration of microorganisms was 

approximately 10^ per mL. The seeded vegetables were incubated for 2 hr at 4 °C. 

Microorganisms on the vegetable surface were eluted off by shaking the vegetables in 

phosphate buffered saline solution (0.85% NaCl in 0.02 M phosphate buffer, pH 7.4-8.0) 

at a ratio of 1:2 (weight of vegetables to volume of rinse solution). The first batch was 

shaken for 7 min, the second batch for 10 min, and the third batch for 15 min at 

approximately 200 strokes per minute. Another batch was prepared without any 

vegetables, only 1 -mL suspension of microorganisms was added to 400 mL of rinse 

solution in 4-liter beaker and was processed exactly like the other batches and these 

results were used as a positive control. 
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The same amount of vegetables (200 g) without seeding any microorganisms was tested 

for the presence of background E. coli, L monocytogenes, C. perfringens spores and MS-

2 following the same procedure as above. 

Escherichia coli. Quanti-Tray™ (IDEXX Laboratories, Inc, Westbrook, MA) was used 

to detect E. coli. 

Listeria monocytogenes. The membrane filtration technique or spread plate technique 

using Listeria Selective Agar Base (oxford formulation, OXOID Inc., Ogdensburg, NY) 

was used to detect L. monocytogenes in the rinse solution. 

Clostridium perfrinsens. The detection method was explained earlier in the section on 

irrigation water analysis. 

Coliphages. The double-layer agar method described by Adams (1959) was used to detect 

coliphages. Escherichia coli, strain ATCC 15597 (American Type Culture Collection, 

Rockville, MD) was used as the host bacterium. 

Vegetable Samples Analysis 

Each lettuce sample consisted of four heads of lettuce. The dimension of the lettuce 

heads was measured to determine the surface area of the processed sample. The four 

outermost layers of lettuce head were aseptically removed and weighed. Carrot samples 
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weighed from 700 to 1400 g and the weight of bell pepper samples ranged from 500 to 

1000 g. The dimension of each individual carrot and bell pepper was measured and used 

to calculate the surface area for each sample. Vegetable samples were placed in a 4-liter 

plastic beaker and phosphate buffered saline solution (0.85% NaCl in 0.02 M phosphate 

buffer, pH 7.4-8.0) was added at the ratio of 1:2 (weight of vegetables to volume of rinse 

solution). Microorganisms on the vegetable surface were eluted by shaking the beakers 

on a horizontal shaker for 10 min at approximately 200 strokes per min. 

The rinse solution was processed for E. coli, C. perfringens, and coliphages as explained 

previously. 

Listeria monocytoeenes. The multiple tube technique using Buffered Listeria Enrichment 

Broth Base (OXOID Inc., Ogdensburg, NY) was used for detection of L. monocytogenes. 

Aliquots of 100, 10, and 1.0 mL of diluent was placed in Buffered Listeria Enrichment 

Broth Base (OXOID Inc., Ogdensburg, NY) and incubated at 30°C for 24 hr. After 

incubation, a loopful from tubes showing growth was streaked onto Listeria Selective 

Agar Base (oxford formulation, OXOID Inc., Ogdensburg, NY) for isolation and 

incubated at 37°C for 24 hrs. Black colonies with a black hallow were picked and 

confirmed by a motility test (Motility Medium S, Difco laboratories, Detroit, MI) and 

API 20S biochemical test strip (bioMerieux Vitek, Inc, Hazelwood, MO). In 2001, a 

presence/absence test was performed for L. monocytogenes. One hundred milliliter of 
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diluents was placed in 100 mL of 2X Buffered Listeria Enrichment Broth base and 

incubated at 30°C for 24 hr. The sample was processed as previously described. 

In order to further confirm presence or absence of Listeria spp., the presumptive positive 

Listeria Enrichment Broths were kept at 4°C for about two weeks and then sent to 

Arizona Veterinary Diagnostic Laboratory (Tucson, AZ). Initial subcultures were done 

on blood agar plates with conventional morphologic, cultural, and biochemical 

identification methods performed for suspicious colonies. After further cold enrichment, 

subsequent subcultures were done onto Eraser enrichment broth, with plating onto 

modified Oxford agar at 24 and 48 hr. Suspicious colonies were characterized by 

Remel's Listeria Micro ID tests. 

Survival Experiments 

At the end of the project in 2001, wastewater irrigation was terminated and all plots were 

irrigated with well water only. Three carrot, bell pepper, and soil samples were taken 

from each treatment plot weekly from July 7 through August 20. Samples were analyzed 

for the presence of E. coli and C. perfringens. Samples were processed and analyzed as 

previously described. The positive Quanti-Tray™ for vegetable samples and positive 

tubes for soil samples were further confirmed using API 20 E biochemical test strips 

(bioMerieux Vitek, Inc, Hazelwood, MO). C perfringens colonies on m CP agar were 

verified by streaking the colonies onto blood agar plates (Difco laboratories, Detroit, MI) 

and the formation of double hemolysis around colonies verified C. perfringens. 
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Risk Assessment 

Risk assessment was conducted to evaluate the gastroenteritis risk that might result from 

the ingestion of vegetables irrigated with dairy wastewater under the surface irrigation 

method. The Hass quantitative microbial risk assessment (QMRA) model (Hass et al., 

1999) was used to estimate annual risk of infection. The beta-Poisson dose-response 

model was adopted to calculate the probability of infection, P,, according to Eq. 1. 

A = 1 - [ 1 + J / N 5 o ( 2 E q .  1  

Where d represents the dose, a is the slope parameter, and N50 is the dose that would 

infect half the exposed population. 

Annual risk of infection (P^) can be determined using following formula: 

P^=l-(1-P,)"" Eq.2 

Statistical Analysis 

Arithmetic averages, geometric averages, standard deviations, ranges, and Pearson 

correlation coefficients were calculated using Microsoft Excel version 10 (Microsoft 

Corporation, Washington). Analysis of variance and was conducted through the use of 

computer program JMP version 3.2.1 (SAS Institute Inc.) and included one-way analysis 

of variance. All the graphs were generated using SigmaPlot 2001 (2) computer program 

(SPSS Inc). The following equation (Eq. 3) was used to calculate r value for the 

correlation coefficients: 

t  = r V (n-2) / V ( l  -  r ^ )  Eq. 3 

n = sample size 



r = Pearson's correlation coefficient 

The t-value obtained was then compared to a t-distribution table with a level of 

significance of a = 0.05 (95% confidence level). Values which were equal or below the 

significance level (a = 0.05) were considered significant. 
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RESULTS 

Dairy Wastewater, Diluted Wastewater, and Well Water 

Samples were collected weekly for each type of water (dairy wastewater, diluted dairy 

wastewater, and well water). A total of 24 samples were taken during the first year 

(5/4/00 through 7/13/00), and 33 samples during the second year (4/16/01 through 

6/25/01) for each type of water. Cryptosporidium oocysts and Salmonella spp. were not 

detected in any of the wastewater samples. The results are presented in Tables 5-10 and 

Appendix D: Tables: D1-D6. 

Table 5. Dairy wastewater (first year: 5/4/00 through 7/13/00). 

E. coif C. perfringens^ L. monocytogenes^ Coliphage® 

Arithmetic Ave. 5.7x10^ 9.8x10^ 17 179 

Geometric Ave. 4.9x10^ 4.9 xlO"^ 4 2 

Standard Dev. 7.4x10^ 9.9x10^ 38 754 

a: MPN/100 mL b: CFU/100 mL c: PFU/mL 

Table 6. Diluted dairy wastewater (first year: 5/4/00 through 7/13/00). 

E. coif C. perfringen^ L. monocytogenes^ Coliphage*^ 

Arithmetic Ave. 4.3x10^ 4.9x10'' 6.0 13.0 

Geometric Ave. 6.0x10^ 1.7 xlO"* 2.0 2.0 

Standard Dev. 5.9x10^ 5.9x10^ 12 35 

a: MPN/100 mL b: CFU/100 mL c: PFU/mL 
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Table 7. Well water (first year: 5/4/00 through 7/13/00). 

E. coif C. perfringens L. monocytogenes Coliphage 

Arithmetic Ave. 2.3 <1 A <1 

Geometric Ave. 1.4 <1 A <1 

Standard Dev. 3.4 <1 A <1 

a: MPN/100 mL 
b: CFU/100 mL 
c: Presence/Absence 
d: PFU/ lOmL 
A: Absent 

Table 8. Dairy wastewater (second year: 4/16/01 through 6/25/01). 

E. coif C. perfringens^ L. monocytogenes'^ Coliphage'' 

2.0x10^ 6.8x10' '  A 1.3x10^ 

1.5x10^ 4.7x10^ A 1.9x10^ 

1.5x10^ 4.8x10^ A 2.9x10^ 

a: MPN/100 mL 
b: CFU/100 mL 
c: Presence/Absence 
d: PFU/mL 
A: Absent 

Arithmetic Ave. 

Geometric Ave. 

Standard Dev. 
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Table 9. Diluted dairy wastewater (second year: 4/16/01 through 6/25/01). 

E. coif C. perfringens^ L. monocytogenes^ Coliphage'' 

Arithmetic Ave. 1.4x10^ 5.1x10"^ A 8.8 xlO"* 

Geometric Ave. 9.9 x lO' 3.4 x lO'* A 1.3 x lO'* 

Standard Dev. 8.4x10^ 3.7 xlO"^ A 2.0x10^ 

a: MPN/100 mL 
b: CFU/100 mL 
c: Presence/Absence 
d: PFU/mL 
A: Absent 

Table 10. Well water (second year: 4/16/01 through 6/25/01). 

E. coif C. perfringens^ L. monocytogenes'^ Coliphage^ 

Arithmetic Ave. 3.4 <1 A <1 

Geometric Ave. 1.2 <1 A <1 

Standard Dev. 12.5 <1 A <1 

a; MPN/100 mL 
b: CFU/100 mL 
c: Presence/Absence 
d: PFU/lOmL 
A: Absent 
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Vegetables 

Lettuce 

Treatment plots 

In the first year of the study (2000), E. coli and C. perfringens were detected on 67 and 

86 percent of the lettuce samples respectively. Concentrations ranged from <0.02 to 102 

MPN/g with the geometric average of 0.5 for E. coli, and from <0.02 to 9 CFU/g with the 

geometric average of 0.7 CFU/g for C. perfringens. Coliphage were present in 29 

percent of the samples with an average of 0.2 PFU/g. None of the samples were positive 

for L. monocytogenes. 

In second year (2001), E. coli and C. perfringens were found in 96 and 87.5 percent of 

samples with a geometric average of 16.5 MPN/g and 6 CFU/g, respectively. The 

greatest concentrations for E. coli and C. perfringens were 4,800 MPN/g and 29 CFU/g 

respectively. None of the samples were positive for coliphage or L. monocytogenes. 

Control plots 

E. coli, C. perfringens, and coliphages were detected in 13, 46, and 8 percent of the 

lettuce samples with geometric average of 0.3 MPN/g, 0.04 CFU/g, and 0.04 PFU/g, 

respectively in the first year of the study. In the second year, 42 and 58 percent of the 

samples were positive for E. coli and C. perfringens with the geometric average of 0.24 

MPN/g and 0.03 CFU/g respectively. Concentrations of E. coli up to 4,838 MPN/g were 

found on control lettuce. Coliphages were not detected in any of the samples. None of 
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the samples collected over two years were positive for L. monocytogenes. The results are 

shown in Tables 11-14 and Appendix A; Tables A1-A4. 

Table 11. Wastewater irrigated lettuce (first year harvest: 5/24/00 and 6/6/00). 

E. coif C. perfringens^ L. monocytogenes^ Coliphage*^ 

Arithmetic Ave. 13.0 1.8 <0.02 0.2 

Geometric Ave. 0.5 0.74 <0.02 NA 

Standard Dev. 27.8 2.3 0 0.6 

Range <0.02-102.0 <0.02-9.0 <0.02 <0.2-3.0 

% Positives 66.6 85.5 0 28.8 

NA: Not Applicable 
a: MPN/g 
b: CFU/g 
c: PFU/g 

Table 12. Well-water irrigated lettuce (5/24/00 and 6/6/00). 

E. coif C. perfringens^ L. monocytogenes^ Coliphage'^ 

Arithmetic Ave. 0.3 0.04 <0.02 0.04 

Geometric Ave. 0.03 NA <0.02 NA 

Standard Dev. 1.1 0.1 0 0.2 

Range <0.02-5.0 <0.02-0.3 <0.02 <0.2-0.8 

% Positives 12.5 45.8 0 8.3 

NA: Not Applicable 
a: MPN/g 
b: CFU/g 
c: PFU/g 



Table 13. Wastewater irrigated lettuce (second year harvest: 6/1/01 and 6/8/01). 

E. coli C. perfringens L. monocytogenes Coliphage 

MPN/g MPN/cm^ CFU/g CFU/cm^ Presence/Absence PFU/g 

Arithmetic Average 652.6 23.4 2.0 0.05 A <0.1 

Geometric Average 16.5 0.6 0.3 0.01 A <0.1 

Standard Deviation 1470.5 52.7 5.9 0.15 A 0 

Range 
<0.02- <0.001- <0.02- <0.001-

A NA Range 
4800 186.7 29.2 0.75 

A NA 

% Positives 95.8 87.5 A 0 

NA: Not Applicable A: Absent 

Table 14. Well-water irrigated lettuce (6/1/01 and 6/8/01). 

E. coli C. perfringens L monocytogenes Coliphage 

MPN/g MPN/cm^ CFU/g CFU/cm' Presence/Absence PFU/g 

Arithmetic Average 403.8 12.2 0.27 0.02 A <0.1 

Geometric Average 0.24 0.04 0.03 0.004 A <0.1 

Standard Deviation 1359.9 41.9 0.9 0.05 A 0 

Range <0.02-4838 
<0.001-
188.1 

<0.02-4.1 
<0.001-

0.15 
A NA 

% Positives 42 58.3 A 0 

NA: Not Applicable 
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Carrots 

Treatment plots 

E. coli ranged from 3.6 to 1.4 x 10^ MPN/g on carrot samples the first year with the 

geometric average of 1,028 MPN/g. C perfringens spores averaged 15 CFU/g on carrot 

with concentrations up to 40 CFU/g. All the carrot samples were positive for E. coli and 

C. perfringens (100%). L. monocytogenes and coliphages were below the detection limit 

of the assays. 

In the second year, 96 and 100 percent of carrot samples were positive for E. coli and C. 

perfringens respectively. E. coli ranged from <0.02 to 311 MPN/g with a geometric 

average of 17 MPN/g. C. perfringens ranged from 0.1 to 34 CFU/g, with a geometric 

average of 7 CFU/g. 

Control plots 

In the first year, 79 and 33 percent of carrots were positive for E. coli and C. perfringens 

with the geometric average of 0.8 MPN/g and 0.1 CFU/g, respectively. E. coli 

concentrations as high as 4 x 10^ MPN/g was found on carrots. E. coli and C. perfringens 

ranged from <0.02 to 1.3 g in second year and 25 and 96 percent of carrot samples were 

positive fori?, coli and C. perfringens. Results are presented in Tables 15-18 and 

Appendix B: Tables B1-B4. 



Table 15. Wastewater irrigated carrots (first year harvest: 6/28/00 and 7/10/00). 

E. coll C. perfringens L. monocytogenes Coliphage 
MPN/g MPN/cm^ CFU/g CFU/cm^ MPN/g PFU/g 

Arithmetic Average 2.5 X 10^ 2.3 X 10"^ 18.3 13.2 <0.02 <0.1 

Geometric Average 1027.7 836.5 15.2 11 <0.02 <0.1 

Standard Deviation 5.1 X 10^ 4.5 X lO'' 10.2 6.8 0 0 

Range 
3.6-

1.4 X 10^ 
2.2-

1.3 X 10^ 
3.2-39.6 2-26 NA NA 

% Positives 100 100 0 0 

NA: Not Applicable 

16. Well-water irrigated carrots (6/28/00 and 7/10/00). 

E. coli C perfringens L monocytogenes Coliphage 
MPN/g MPN/cm^ CFU/g CFU/cm^ MPN/g PFU/g 

Arithmetic Average 2.0 X 10^ 173.6 0.1 0.05 <0.02 <0.1 

Geometric Average 0.8 0.5 NA 0.02 <0.02 <0.1 

Standard Deviation 839.3 714.3 0.1 0.07 0 0 

Range 
<0.02-

4.1 X 10^ 
<0.01-
3564.8 

0-0.4 <0.01-0.3 NA NA 

% Positives 79.2 33.3 0 0 

NA: Not Applicable 

o^ 



Table 17. Wastewater irrigated carrots (second year harvest: 6/18/01 and 6/25/01). 

E. coli C. perfringens L. monocytogenes Coliphage 

MPN/g MPN cm^ CFU/g CFU/cm^ Presence/Absence PFU/g 

Arithmetic Average 39.2 36.1 11 8.6 A <0.1 

Geometric Average 17.2 13.8 7 6.1 A <0.1 

Standard Deviation 63.3 70.6 7.7 6.9 A 0 

Range <0.02-311 0.1-34 
0.2-
33.8 

A NA 

% Positives 95.8 100 A 0 

NA: Not Applicable A: Absent 

Table 18. Well-water irrigated carrots (6/18/01 and 6/25/01). 

Arithmetic Average 

Geometric Average 

Standard Deviation 

Range 

% Positives 

E. coli C. perfringens L. monocytogenes 

MPN/g 

0.1 

0.03 

0.3 

<0.02-1.3 

MPN/cm^ 

0.08 

0.02 

0.3 
<0.01-

1.4 
25 

CFU/g 

0.5 

0.4 

0.3 

<0.02-1.3 

95.8 

CFU/cm^ 

0.4 

0.3 

0.3 
<0.01-

1.4 

Presence/ Absence 

A 

A 

A 

A 

A 

Coliphage 

PFU/g 

<0.1 

<0.1 

0 

NA 

0 

NA: Not Applicable A: Absent 

ON 
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Bell peppers 

Treatment plots 

In the first year, E. coli and C. perfringens were detected on 63 and 100 percent of bell 

pepper samples, respectively. Concentrations ranged from <0.02 to 21 MPN/g with the 

geometric average of 0.1 for E. coli, and from 0.02 to 3.6 CFU/g with the geometric 

average of 0.2 CFU/g for C. perfringens. Coliphage were present in 8.3 percent of 

samples with the average of 0.2 PFU/g. None of the samples were positive for L. 

monocytogenes. 

In the second year, E. coli, and C. perfringens were found in 58 and 50 percent of 

samples with a geometric average of 0.2 MPN/g and 0.02 CFU/g, respectively. The 

greatest concentrations for E. coli and C. perfringens were 70 MPN/g and 49 CFU/g, 

respectively. None of the samples were positive for coliphages nor L. monocytogenes. 

Control plots 

E. coli and C. perfringens were detected in 17 and 33 percent of samples with average of 

0.02 MPN/g and 0.03 CFU/g, respectively in the first year of the study. During the 

second year, 17 and 13 percent of samples were positive for £•. coli and C perfringens 

with the geometric average of 0.03 MPN/g and 0.02 CFU/g, respectively. Concentrations 

of E. coli up to 104 MPN/g was found on control bell peppers. Coliphages were not 

detected in any of samples. None of the samples were positive for L. monocytogenes. 

Results are presented in Tables 19-22 and Appendix C: Tables C1-C4. 



Table 19. Wastewater irrigated bell peppers (first year harvest: 7/13/00 and 7/17/00). 

E. coli C. perfringens L. monocytogenes Coliphage 

MPN/g MPN/cm^ CFU/g CFU/cm^ MPN/g PFU/g 

Arithmetic Average 1.2 1.0 0.4 0.3 <0.02 0.2 

Geometric Average 0.1 0.06 0.2 0.1 <0.02 NA 

Standard Deviation 4.3 3.7 0.7 0.6 0 0.9 

Range <0.02-21 0.02-3.6 
<0.01-

2.9 
NA 0-4.6 

% Positives 62.5 100 0 8.3 

NA: Not Applicable 

Table 20. Well-water irrigated bell peppers (7/13/00 and 7/17/00). 

E. coli C. perfringens L. monocytogenes Coliphage 

MPN/g MPN/cm^ CFU/g CFU/cm^ MPN/g PFU/g 

Arithmetic Average 

Geometric Average 

0.02 0.01 

0.02 0.01 

0.03 

NA 

0.02 

0.01 

<0.02 

<0.02 

<0.1 

<0.1 

Standard Deviation 0.02 0.02 0.06 0.03 0 0 

Range 

% Positives 

<0.02-0.12 

16.6 

<0.02-
0.2 

<0.01-
0.1 

33.3 

NA 

0 

NA 

0 
NA: Not Applicable 

OS 



Table 21. Wastewater irrigated bell peppers (second year harvest: 6/11/01 and 7/2/01). 

E. coli C. perfringens L. monocytogenes Coliphage 

MPN/g MPN/cm^ CFU/g CFU/cm^ Presence/Absence PFU/g 

Arithmetic Average 5.9 3.9 0.04 0.02 A <0.1 

Geometric Average 0.2 0.1 0.02 0.01 A <0.1 

Standard Deviation 17.2 11.7 0.06 0.02 A 0 
<0 01- <0 01-

Range <0.02-70 
49 

<0.02-0.3 q" A NA 

% Positives 58.3 50 A 0 

NA: Not Applicable A: Absent 

Table 22. Well-water irrigated bell peppers (6/11/01 and 7/2/01). 

Arithmetic Average 

Geometric Average 

Standard Deviation 

Range 

% Positives 

E. coli C. perfringens L. monocytogenes 

MPN/g 

4.4 

0.03 

21.2 

<0.02-104 

MPN/cm^ CFU/g CFU/cm^ 

2.7 

0.02 

12.7 

<0.01-
63.7 

16.7 

0.02 

0.02 

0 

<0.02-0.02 

12.5 

<0.01 

<0.01 

0 

<0.01-

0.01 

Presence/Absence 

A 

A 

A 

A 

A 

Coliphage 

PFU/g 

<0.1 

<0.1 

0 

NA 

0 
NA; Not Applicable A: Absent 

as 
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Figure 12. Average concentrations of E. coli and C. perfringens on vegetables in 
treatment plots (2000 and 2001). 



69 

1e+4 

1e+3 

1e+2 

1e+1 

O) 
O le+0 ^ 

1e-1 

1e-2 

I 

T 

I 

I 

Lettuce Carrot 

IL 

Bell pepper 

E. coli, 2000 
E.coli, 2001 

i— C.perfringens, 2000 
[=] C.perfringens, 2001 

Figure 13. Average concentrations of E. coli and C. perfringens on vegetables in control 
plots (2000 and 2001). 
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Lettuce Carrot Bell pepper 

I E. coli, 2000 
• E. coli, 2001 
I C. perfringens, 2000 
D C. perfringens, 2001 

Figure 14. Percentage of vegetables samples positive for E. coli and C perfringens in 
treatment plots. 
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Lettuce Carrot Bell pepper 

I E.coli, 2000 
D E.coli, 2001 
I C.perfringens, 2000 

I] C. perfringens, 2001 

Figure 15. Percentage of positive samples for E. coli and C. perfringens in control plots. 
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Soil 

Soil samples were collected before application of dairy wastewater to the plots. A total 

of two samples were taken from each plot (treatment and control). Another set of 

samples were taken at the second harvest of each vegetable (after application of dairy 

wastewater).  The results are simmiarized in Tables 23-26 and Appendix E: Tables El-

E4. 

Table 23. Microbial concentration in treatment plots soil before and after application of 
dairy wastewater (2000). 

Before application of dairy wastewater (4/26/00) 
E. colt C. perfringens^ L. monocytogenes^ Coliphage*^ 

Arithmetic Ave. <1 <1 <1 <1 
Geometric Ave. <1 <1 <1 <1 
Standard Dev. 0 0 0 0 

After application of dairy wastewater (7/17/00) 
Arithmetic Ave. 280 387 <1 <1 
Geometric Ave. 174 375 <1 <1 
Standard Dev. 236 102 0 0 

a: MPN/g 
b: CFU/g 
c: PFU/g 

Table 24. Microbial concentration in control plots soil before and after application of 
dairy wastewater (2000). 

Before application of dairy wastewater (4/26/00) 
E. coif C. perfringens^ L. monocytogenes^ Coliphage*^ 

Arithmetic Ave. <1 <1 <1 <1 
Geometric Ave. <1 <1 <1 <1 
Standard Dev. 

o
 

o
 

o
 0 

After application of dairy wastewater (7/17/00) 
Arithmetic Ave. 2 3.2 <1 <1 
Geometric Ave. 1.6 2 <1 <1 
Standard Dev. 1 3.7 0 0 

a; MPN/g 
b: CFU/g 
c; PFU/g 
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Table 25. Microbial concentration in treatment plots soil before and after application of 
dairy wastewater (2001). 

Before application of dairy wastewater (4/12/01) 
E. coif C. perfringens L. monocytogenes^ Coliphage*^ 

Arithmetic Ave. 0.4 <1 <1 <1 
Geometric Ave. 0.37 <1 <1 <1 
Standard Dev. 0.3 0 0 0 

After application of dairy wastewater (7/2/01) 
Arithmetic Ave. 24.5 133 <1 <1 
Geometric Ave. 5 37 <1 <1 
Standard Dev. 43 166 0 0 

a: MPN/g 
b: CFU/g 
c; Presence/Absence 
d: PFU/g 

Table 26. Microbial concentration in control plots soil before and after application of 
dairy wastewater (2001). 

Before application of dairy wastewater (4/12/01) 
E. coif C. perfringens^ L. monocytogenes'^ Coliphage" 

Arithmetic Ave. 0.3 <1 <1 <1 
Geometric Ave. 0.3 <1 <1 <1 
Standard Dev. 0.04 0 0 0 

After application of dairy wastewater (7/2/01) 
Arithmetic Ave. <1 6 <1 <1 
Geometric Ave. <1 3 <1 <1 
Standard Dev. 

o
 

V
 0 

a: MPN/g 
b: CFU/g 
c: Presence/Absence 
d: PFU/g 
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Survival Study 

A total of eight bell pepper and carrot samples were taken weekly from treatment plots 

after wastewater irrigation had ceased. E. coli concentrations ranged from 0.2 to 124 

MPN/g and 1 to 172 MPN/g on bell pepper and carrot samples, respectively. 

Concentrations of C. perfringens on bell peppers and carrot samples ranged from 0.02 to 

0.8 CFU/g and 1 to 11 CFU/g, respectively. Results are shown in Tables 27 and 28 and 

Appendix F: Tables F1 and F2. 

Table 27. Survival of E. coli and C perfringens on bell peppers and carrots in treatment 
plots. 

Bell pepper 
E. coli C. perfringens 

Carrot 
E. coli C. perfringens 

Date MPN/g MPN/cm^ CFU/g CFU/cm^ MPN/g MPN/cm^ CFU/g CFU/cm^ 

7/2/01 ND ND ND ND 65.7 55.5 5.0 3.6 

7/9/01 124.4 119.2 0.1 0.08 171.5 166.2 7.1 7.1 

7/16/01 89.2 81.2 0.03 0.03 8.5 9.7 6.6 7.6 

7/23/01 0.7 0.7 0.04 0.04 1.1 1.3 2.8 3.2 

7/30/01 15.4 9.0 0.1 0.07 33.3 36.5 11.3 11.9 

8/6/01 0.2 0.2 0.3 0.3 1.2 1.3 2.4 2.5 

8/13/01 0.4 0.3 0.02 0.02 3.9 4.9 1.0 1.2 

8/21/01 3.7 3.5 0.8 0.7 28 35.5 2.1 2.5 
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Table 28. Survival of E. coli and C. perfringens on bell peppers and carrots in control 
plots. 

Bell pepper Carrot 
E. coli C. perfringens E. coli C. perfringens 

Date MPN/g MPN/cm ̂  CFU/g CFU/cm^ MPN/g MPN/cm^ CFU/g CFU/cm^ 

8/6/01 16.2 13.3 <0.02 <0.02 3.2 0.5 0.2 0.2 

8/13/01 0.02 0.02 <0.02 <0.02 0.03 0.04 0.4 0.4 

8/20/01 163.3 151.3 <0.02 <0.02 0.9 0.9 0.6 0.6 

Soil from bell pepper and carrot plots were sampled for eight weeks after the termination 

of wastewater application. E. coli ranged from 0.3 to 110 MPN/g and 0.4 to 45 MPN/g in 

the soil of bell pepper and carrot plots. Concentrations of C. perfringens ranged from 54 

to 186 CFU/g and 30 to 324 CFU/g in the soil of bell pepper and carrot plots respectively. 

Results are presented in Tables 29 and 30. 
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Table 29. Survival of E. coli and C. perfringens on bell peppers and carrots in soil 
(treatment plots). 

E. coli 
Bell pepper 

C perfringens E. coli 
Carrot 

C. perfringens 

Date MPN/g CFU/g MPN/g CFU/g 

7/2/01 ND ND 44.8 96.7 

7/9/01 3.5 56.6 37.6 30.3 

7/16/01 17.1 117.7 0.9 32.2 

1123 m 0.3 128.8 0.4 126.6 

7/30/01 110 138.9 0.7 135.5 

8/6/01 38.2 185.5 38.6 324.4 

8/13/01 1.9 54.4 37.1 187.7 

8/21/01 18.9 68.9 37.3 61.1 

Table 30. Survival of E. coli and C. perfringens on bell peppers and carrots in soil 
(control plots). 

E. coli 
Bell pepper 

C. perfringens E. coli 
Carrot 

C. perfringens 

Date MPN/g CFU/g MPN/g CFU/g 

8/6/01 1.0 7.0 16.1 28.8 

8/13/01 0.3 1.0 36.9 26.6 

8/21/01 0.3 1.8 1.4 11.1 
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Figure 16. Survival of E. coli and C. perfringens on bell peppers. 
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Figure 17. Survival of E. coli and C. perfringens on Carrots. 
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Figure 18. Survival of E. coli and C. perfringens in soil (bell peppers plot). 
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Efficiency Experiment 

Table 31. Percent recovery efficiencies of E. coli, C. perfringens, MS-2, and L. 
monocytogenes from the surface of lettuce, carrot, and bell pepper (average of three 
trials). 

E. coli C. perfringens MS-2 L. monocytogenes 
(%) (%) (%) (%) 

Lettuce 74.2+/-9.6 46.1 +/-7.8 80.4+/-7.8 56.2+/-7.3 

Carrot 66.6+/- 11 41.7+/- 10.3 34+/-5.4 85.3 +/- 12 

Bell pepper 28.6+/- 1.6 63.1 +/-5.4 31.3+/-3.8 50.8+/-4.2 

Statistical Analysis 

Analysis of variance test was performed on bacterial concentrations in order to determine 

the significance of the different vegetable types and plots as treatments of sources of 

bacterial variation. The value of a < 0.05 was considered to be significant (95-percent 

confidence level). The test results are presented in Tables 32-35. 

Table 32. ANOVA test results for E. coli concentrations in treatment plots. 

Source of 
variation 

Degree of 
freedom 

Sum of squares F value Significance of F 

Vegetable type 

Plot type 

2 

1 

216.7 

213.1 

59 

91.5 

<0.0001 

<0.0001 
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Table 33. ANOVA test results for C. perfringens concentrations in treatment plots. 

Source of 
variation 

Degree of squares F value 
freedom 

Significance of F 

Vegetable type 

Plot type 

2 117.5 132.3 

1 29.2 31.8 

<0.0001 

<0.0001 

Table 34. ANOVA test results for E. coli concentrations in control plots. 

Source of 
variation 

Degree of squares F value 
freedom ^ 

Significance of F 

Vegetable type 2 15 6 0.0034 

Table 35. ANOVA test results for C. perfringens concentrations in control plots. 

Source of 
variation 

Degree of squares F value 
freedom ^ 

Significance of F 

Vegetable type 2 16 17 <0.0001 

Pearson correlation was computed to determine if there are any significant correlations 

(p< 0.05) between soil moisture percentage and the concentrations of E. coli and C. 

perfringens in treatment plots soil after application of wastewater and also during the 

survival study. Correlation coefficients (r) values, degree of freedom and p values are 

presented in Table 36. 
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Table 36. Correlation coefficients (r), degree of freedoms, and p values. 

Degree of 
freedom 

Log E. coli and % moisture during 
survival study 

P value 

Log E. coli and % moisture 0.74 11 <0.005 
Log C. perfringens mdi%mo\sXmQ 0.63 11 0.01 

0.24 44 0.1<p<0.05 

Log C. perfnngens and % moisture „ 
J . • 1 . J 0.28 44 <0.05 
durmg survival study 

Risk Assessment Analysis 

The risk associated with exposure to pathogenic E. coli 0157:H7 by consumption of 

dairy wastewater irrigated vegetables was calculated using beta-Poisson dose-response 

model. 

P i = l - [ l + d / N 5 0  (2 ""-!)] •" 

Where Pi is probability of infection, d represents the dose, a is the slope parameter, and 

N50 is the dose that would infect half the exposed population. The E. coli 0157:H7 

dose-response parameters used for calculation were obtained from Powell et al. (2000). 

N5O= 1 .9x10 '  

a = 0.221 

Annual risk of infection {Pa ) can be determined using following formula; 

P a = \ - { \  

Alum (2001) calculated the share of each lettuce leaf in cumulative weight of a lettuce 

head. Based on the calculation, the four outer leaves on a lettuce head contribute about 

40 percent of total weight of a lettuce head. This correction factor was used to calculate 
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one time and yearly exposure assessment by ingesting contaminated lettuce. In addition, 

this study disregards the prepackaging-pruning effect which is discarding the outermost 

leaves, thereby, reducing the risk of infection. It was also assumed that there was no 

reduction in the number of bacteria on the vegetables during transit and marketing. 

The federal dietary guidance (USDA and HHS, 1995) and the Food Guide Pyramid 

(USDA, 1996) provides information about the serving size for each vegetable. The 

serving weight and the annual average per capita consumption of each vegetable was 

adapted from USDA (1998) and the nation consumption data (USDA, 1999), 

respectively. The annual per capita consumption was then divided by the one serving 

weight to calculate per capita average annual servings consumed for that vegetable. The 

serving size, serving weight, annual per capita consumption and calculated annual 

number of servings for each vegetable are presented in Table 37. The arithmetic average 

of E. coli on vegetables (the highest of two years) was chosen for exposure assessment 

calculations. In addition, the maximum numbers of E. coli on each vegetable was used 

for exposure assessment to calculate the risk of infection in the worst-case scenario. The 

calculated dose {d) and risk of infection from consumption of one serving of each 

vegetable (using average and maximum number of E. coli) are shown in Table 38. 

To estimate the annual risk of infection, the number of annual servings per capita (Table 

37) were placed in the formula for annual risk of infection (Pa) to calculate the annual 

risk of infection: 
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P — 1 /I n \no. of annual servings 1- (1 - r,; 

Where Pt is the risk of infection from consumption of one serving of vegetables (Table 

38). The annual risk of infection from consumption of dairy wastewater irrigated 

vegetables is presented in Table 39. 

Table 37. Serving size, serving weight, annual per capita consumption and calculated 
annual no. of servings consumed per capita. 

Vegetables 
Serving 

size 

Serving 
weight 

(g)' 

Annual per 
capita 

consumption 
(g) 

Adjusted 
annual per 

capita 
consumption^ 

(R) 

Annual no. of 
servings 

consumed per 
capita 

Carrots 1/2 cup 62 5657.5 5657.5 91 

Lettuce Vi cup 28 11041 4416.5 160 

Bell peppers V2 cup 61 3248.5 3248.5 53 

1:USDA, 1998 2: Alum, 2001 

Table 38. Average and maximum E. coli concentrations per surface area of vegetables 
and calculated dose and risk of infection based on consumption of one serving of each 
vegetable. 

Vegetables 
E. coli (MPN/cm^) 

Ave. Max. 

Dose 
(one serving) 

Ave. Max. 

Risk of infection from 
consumption of one 

serving 

Ave. Max. 

Carrots 2.3 X 10^ 1.3 X 10^ 2x 10® 1.1 X 10^ 0.7 0.79 

Lettuce 23.4 186.7 1.6 X 10^ 1.3 X 10^ 0.2 0.46 

Bell peppers 4 49 4.1 X 10^ 5x 10^ 0.01 0.1 
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Table 39. The annual risk of infection from consumption of dairy wastewater irrigated 
vegetables (based on average and maximum no. of E. coli detected on the crops). 

Vegetables 
Annual risk based on ave. no. of 

E. coli 
Annual risk based on max. no. of 

E. coli 

Carrots 1 1 

Lettuce 1 1 

Bell pepper 0.41 0.99 
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DISCUSSION 

Irrigation Water 

Dairy wastewater was used as the irrigation water which very closely mimics the worst-

case water that may come into contact with the vegetables at the field. There have been 

previous studies that used water seeded with laboratory-grown microorganisms or 

partially treated wastewater as irrigation water to assess the degree of vegetable 

contamination (Wachtel et al., 2002a; Solomon et al., 2002a; Oron et al., 2001; Bastos 

and Mara, 1995; Armon et al., 1995; Rosas et al., 1984; Sadovski et al., 1978; Tiemey et 

al., 1977). The average concentration of indicator bacteria (10 -10 ) in partially treated 

wastewater was lower than the same concentrations in dairy wastewater (10^-10^) which 

was used as irrigation water in this study. The problem with laboratory grown bacteria is 

that they are grown under nutrient rich conditions which may cause them to die off faster 

than expected or their behavior may be different from indigenous microorganisms. 

Diluted Dairy Wastewater 

E. coli, C. perfringens, L. monocytogenes, and coliphages were detected in dairy 

wastewater and diluted wastewater used for irrigation. In the diluted wastewater, E. coli 

concentrations averaged 6x10^ MPN/100 mL in the first year (2000) and 9.9 x 10^ 

MPN/100 mL in the second year (2001). In the year 2000, dairy wastewater sampling 

days coincided with the days that copper sulfate, a disinfectant, was discharged into the 

wastewater. This event resulted in the lower numbers of E. coli and coliphages in that 

year in comparison with 2001(copper sulfate was used to disinfect the cattle's feet in the 
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dairy facility). C. perfringens concentrations were nearly the same in both years (1.7 x 

10"^ and 3.4 x 10"* CFU per 100 mL). A greater concentration of C. perfringens (6.9 x 

106/100 mL) was detected in dairy wastewater by Karpiscak et al. (2001). Coliphage 

averaged 2.0 PFU/mL in 2000 and 1.3 x 10'^ PFU/mL in 2001 in diluted wastewater. 

Greater average concentrations (7.3 x 10^ PFU/mL) were isolated from dairy wastewater 

by Karpiscak et al. (2001). L. monocytogenes averaged 2.0 CFU/100 mL in the first year 

and was below the detection limit in 100 mL of wastewater. L. monocytogenes has been 

isolated from the environment of dairy farms (Ueno et al., 1996), feces of dairy cattle 

(I Iusu, 1990; Skovgaard and Morgen, 1988), and beef cattle feces (Hofer, 1983). In this 

study, the use of disinfectants inside the dairy facility may have had a detrimental effect 

on the presence of L. monocytogenes. 

Recovery Efficiency of Studied Organisms 

Inoculated lettuce, carrots, and bell peppers were used to assess the efficiency of the 

eluting solution and the shaking time on the recovery of the microorganisms. Lettuce has 

a more complex morphological structure in comparison with carrots and bell peppers. 

Bell peppers have a smooth and less intricate surface compared to lettuce and carrots. 

Surface structure may play a critical role in the attachment and survival of 

microorganisms on the vegetables. Several studies have looked at the surface structure of 

lettuce leaves in terms of the interaction of microorganisms with the complex cuticular 

wax and its surface biofilms (Morris et al., 1997; Seo and Frank, 1999; Solomon et al., 
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2002b; Wachtel et al., 2002a). The interactions of bell peppers and carrots surfaces with 

microorganisms are unknown. 

Phosphate buffered saline solution (PBS) and a shaking time of 10 min were used to 

recover the organisms from the surface of the vegetables. Shaking is a physical treatment 

to release microorganisms from the surface of the vegetables into the eluting solution. 

Sadovski et al. (1974) used PBS to recover total and fecal coliforms from the sxirface of 

sewage contaminated cucumbers and eggplants and reported 45 to 79 percent recovery of 

fecal coliforms after seven min of shaking time. They also reported that shaking 

vegetables in buffered saline solution continuously may result in multiplication of 

coliform bacteria. For this study, 10 min shaking time was chosen to avoid multiplication 

of bacteria since the horizontal shaker was located inside a 37°C incubator. 

Morris et al. (1997) successfully isolated biofilms associated with the surface of lettuce 

with gently shaking lettuce leaves for 3 min in phosphate buffer solution. Ward et al. 

(1982) used phosphate buffered saline to recover poliovirus and adenovirus from lettuce 

with 10 min of shaking and reported 49 to 58 percent recovery for poliovirus and 40 to 69 

percent recovery for adenovirus. 

No report of recovery efficiency of microorganisms from the surface of bell peppers and 

carrots have been previously reported in the literature. The greatest recovery efficiency 

obtained was for L. monocytogenes from the surface of bell peppers (85%). Recovery 
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efficiencies of 29 and 31 percent were observed for E. coli and MS-2 from bell peppers, 

respectively. These recovery efficiencies were lower than those of lettuce and carrots 

(Table 31). 

Treatment Plots 

The four outermost leaves of the lettuce heads were removed and examined for the 

presence of microorganisms. Previous studies have demonstrated that most of the 

microorganisms are on the outer leaves, and concentration of microbes on the inner parts 

is very low (Alum, 2001; Maxcy, 1978). Maxcy (1978) reported that the extreme outer 

leaves and the total blend of the heads had approximately the same magnitude of 

microbial load (6.3 x 10''-1.6 x 10^) and the inner leaves had a substantially lower 

microbial load (3.2 x lO'). 

Lettuce, carrots, and bell peppers were positive for E. coli over the two years of the study. 

E. coli concentrations of 4.8 x 10^, 10^, and 70 MPN/g was detected on lettuce, carrots, 

and bell peppers, respectively. The average concentrations of E. coli on each crop are 

shown in Figure 12. Overall comparison of average E. coli concentrations on three 

vegetable crops over the two years indicates that the greatest numbers were detected on 

carrots, followed by lettuce and bell peppers. As shown in Figure 12, carrot samples had 

the highest concentrations of E. coli in the year 2000 followed by lettuce and bell 

peppers, but lettuce had the highest concentration in 2001. The percentage of positive 

samples for E. coli demonstrates the same trend, the number of positive samples are the 
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greatest in carrots (100 and 96%) followed by lettuce (67 and 96%) and bell peppers (63 

and 58%) (Figure 14). 

The bacteriological quality of vegetables irrigated with domestic wastewater was studied 

in Xochimilco plots, Mexico city by Rosas et al. (1984). The fecal coliform values in 

wastewater ranged from 500 to 3000 CFU/100 mL. The crops selected in that study were 

radishes, spinach, lettuce, parsley, and celery. The leaves and roots of each crop were 

examined separately. Percent distributions of fecal coliform bacteria found on different 

parts of crops (leaf, stem, and root) indicate that the roots had the highest concentration 

of fecal coliforms in comparison with leaf and stem and this was due to their direct 

contact with the soil. Fecal coliforms were detected on the roots and the leaves 48-91 

percent and 6-47 percent, respectively. Among the leaves, the highest bacterial counts 

were encountered on leafy vegetables, i.e., spinach and lettuce with fecal coliform 

concentrations of 24 CFU/g and 36 CFU/g, respectively. It was concluded that these high 

concentrations could be attributed to their surface area which is larger than that of celery 

and radishes. The greater the size of the vegetable, the easier for soil bacteria to be 

deposited on the crops by rain splash or other mechanisms. Lettuce and spinach also 

have foliar surfaces with many folds and fissures that render good shelter for 

microorganisms, and the leaves are fragile and thus allow the penetration and 

reproduction of bacteria in their inner tissues. Celery exhibited the lowest degree of 

contamination on leaves and stalks. This can be attributed to the presence of more 
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resistant tissues and less-extended surface areas when compared with those from lettuce 

and spinach. 

In a study by Bastos and Mara (1995), bacterial quality of lettuce and radish crops fiirrow 

irrigated with waste stabilization pond effluent was studied. The pond effluent contained 

E. coli ranging from 1.7x10 to 5x10 per 100 mL. E. coli concentrations of 5.6 x 10 

per gram were found on lettuce in only one sampling trial, and 0.6 to 28 per gram on the 

radishes. The authors concluded that because of the nature of the crops grown and the 

irrigation method, crop contamination was closely related to soil contamination, and both 

reflected the quality of irrigation water used. 

There is a clear relationship between the microbial quality of irrigation water and the 

degree of microbial contamination on vegetables (Armon et al., 1995; Wachtel et al., 

2002a). Occurrence of E. coli on cabbage inadvertently irrigated with unchlorinated 

tertiary-treated wastewater was studied by Wachtel et al. (2002b). A sewage spill 

released unchlorinated tertiary-effluent into a creek used to irrigate commercial produce. 

Cabbage samples were collected 7 days after the plants came into contact with the tainted 

water. E. coli was detected associated with cabbage roots. However, E. coli was not 

detected on the cabbage leaves. It was concluded that the inability to detect E. coli on 

leaves was due to the small numbers of bacteria in the irrigation water and alternatively 

the organisms may not have survived on the leaf surface. In another study by Wachtel et 

al. (2002a), it was demonstrated that bacterial-plant association was generally dose-
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dependent, with the highest inoculation doses resulting in the greatest association levels. 

EHEC (enterohemorrhagic E. coli) associates rapidly with the edible portions of the 

lettuce when soil is irrigated with water contaminated with large numbers of these 

organisms. 

There is a possibility for microorganisms to multiply after coming into contact with the 

surface of root and leafy crops. Wachtel et al. (2002a) examined the adherence of EHEC 

in irrigation water to growing lettuce. Seeds were allowed to grow in soil in the presence 

of the water, which has been inoculated with various concentrations of EHEC. The 

greatest numbers were associated with roots both individually and in small aggregates, 

also substantial bacterial numbers were found associated with the edible portion of the 

plant, singly and in aggregates. Aggregates seen on roots suggest the bacteria are bound 

as an aggregate, or that the bacteria grew after initial binding, potentially around a 

favorable nutrient source. 

In a study by Solomon et al. (2002b), lettuce was grown in manure-contaminated soil and 

irrigation water. It was shown that direct contact between the lettuce leaves and the 

contaminated soil or water was not required for E. coli (0157:H7) to become integrated 

into edible part of lettuce but rather through transport of the pathogen into the plant by 

their root system. 
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C. perfringens spores were detected on lettuce, carrots, and bell peppers in both years. 

The greatest C. perfringens concentrations on lettuce, carrots, and bell peppers were 29, 

40, and 4 CFU/g, respectively. The average concentrations of C. perfringens are shown 

in Figure 12. The highest percentage positive samples were observed in carrots (100%), 

followed by lettuce (86 and 88%), and bell peppers (100 and 50%) (Figure 14). There 

have not been any studies regarding the presence of spore forming bacteria on the 

wastewater irrigated crops. There have been numerous studies on the occurrence of C. 

perfringens in meat, but little information is available on its occurrence on produce. A 

survey conducted by Strong et al. (1963) reported that C perfringens was detected on 3.8 

percent of the fruits and vegetables versus 16.4 percent of meat products. 

C. perfringens has been used as an alternative indicator of fecal contamination of surface 

waters. There are several advantages over other fecal indicators: it is capable of 

surviving for long periods of time in the environment, does not grow in the environment, 

it is present in both human and animal feces, and detection methods are easy. In this 

study, C. perfringens was the indicator organism most commonly isolated (in comparison 

with E. coli and coliphage), probably due to their greater resistance. This is significant 

since viral pathogens are known to survive longer on produce than E. coli in the 

environment (Hiu, 2001). Since C perfringens was also isolated from the vegetables in 

control plots, use of this organism as an indicator of fecal contamination of vegetables at 

the field is still a matter of debate. These results suggest that C. perfringens has the 
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potential to be used as an indicator of fecal contamination of the vegetable crops at the 

field but more research is needed to confirm its role. 

L. monocytogenes was not detected on any of lettuce samples, probably due to the low 

concentrations in dairy wastewater in comparison to the concentrations of E. coli and C. 

perfringens. An average coliphage concentration of 0.2 PFU/g was found on the lettuce 

samples in the first year of the study and below the detection limit in the second year. 

This might be due to the low efficiency of the eluting solution in removing virus particles 

from the surface of vegetables. In a study by Alum et al. (2001), recovery efficiency of 

different eluting solutions to recover viruses from the surface of vegetable crops was 

examined. According to their study, they found that 3% beef extract with sodium 

pyruvate was the best eluting solution for virus particles. Coliphage have been suggested 

by several investigators as an indicator of enteric viruses in water and food (Gleeson and 

Gray, 1997; Lukasik et al., 2001). However, the results of this study suggest that they are 

poor indicators of fecal contamination on the studied vegetables, even though they were 

always isolated from the dairy wastewater. 

ANOVA tests were performed in order to determine if there is a significant difference 

among the bacterial mean concentrations on the three vegetable types (leaf, root, or fruit) 

(Table 32). Appendix H, Figure 1 shows the ANOVA and student's t test result for logio 

E. coli in treatment plots. As seen in the figure, the means and the confidence intervals 

do not overlap, and p value of less than 0.0001 indicates that there is statistically 
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significant difference among the mean concentrations of E. coli on the three vegetables. 

The same tests were performed for logio C. perfringens in treatment plots (Table 33). 

The results indicates that C. perfringens concentrations on three crops were statistically 

different (p <0.0001). Means of each pair was compared using the student's t test. The t 

test results suggest that each pair means are significantly different in treatment plots 

(Appendix H: Figures 1 and 2). The statistical analysis suggests that depending on where 

the edible part of the crops is situated (ie; in the soil or above the soil) has a significant 

effect on the degree of contamination on the surface of the vegetable crops. 

A study of furrow-irrigated vegetables with sewage-polluted water in the South Platte 

River basin (U.S. Department of Interior, Federal Water Pollution Control 

Administration, 1967) revealed that bacteriological quality of farm produce was related to 

two arbitrary levels of irrigation water quality based upon fecal coliform densities. 

Irrigation water with a fecal coliform mean density of 630 organisms per 100 mL did not 

significantly alter the levels of fecal contamination for either root crops or leafy 

vegetables. Application of irrigation water containing a fecal coliform mean density of 

58,000 organisms per 100 mL, however, resulted in greater numbers of fecal organisms 

on root crops in comparison with leafy vegetables. The difference in the bacteriological 

quality of root crops and leafy vegetables was probably related to the adverse affect of 

sunlight and the desiccation of organisms on leaf surface as contrasted to more favorable 

environmental factors in the soil. 
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These results suggest that the nature of the crop is one of the significant factors 

determining the contamination of crops in the field. The surface texture, surface area, 

contact with irrigation water and soil, exposure to sunlight and aerosols are the most 

important factors determining the contamination of vegetables at the field. 

Control Plots 

Control plots were irrigated with the well water the same day wastewater was applied to 

the treatment plots. The microbial quality of well water is presented in Tables 7 and 10. 

Out of 57 well water samples examined, only 8 samples were positive for E. coli with the 

very low average concentrations (2.3 and 3.4 MPN/100 mL). Crops grown in the control 

plots were positive for the presence of E. coli and C. perfringens. Since the two sets of 

plots were very close in distance (about 3-4 ft), cross contamination likely occurred. 

Aerosols, insects, animals, field workers, and wind could have resulted in the transfer of 

microorganisms between the two plots. 

As expected, ANOVA test results indicate that mean concentrations of E. coli and C. 

perfringens in the treatment and control plots were significantly different (p< 0.0001) 

(Tables 32 and 33). ANOVA test results imply that the mean bacterial concentrations on 

the three vegetables were significantly different in control plots as well (Tables 34 and 

35). Lettuce, carrots, and bell peppers were significantly different in terms of E. coli and 

C perfringens concentrations with p = 0.003 and p <0.0001, respectively. Yet, when 

comparing each pair separately using student's t test (Appendix H: Figures 3 and 4), it 
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was found that mean E. coli concentrations of lettuce and carrots were not significantly 

different. Moreover, the mean C perfringens densities of lettuce and bell peppers were 

not statistically different. 

These results suggest the potential for contamination of different vegetable types from an 

adjacent plot which was irrigated with wastewater. 

Soil 

Prior to application of wastewater to the plots in the first year of study, none of the 

microorganisms were detected in the soil samples (Table 23). This suggests that the soil 

had not been irrigated with fecally contaminated water. E. coli and C. perfringens 

concentrations of 280 MPN/g and 378 CFU/g were detected in the soil of the 

experimental plots at the end of the experiment in the first year, respectively (Table 23). 

Low numbers of E. coli and C. perfringens were isolated from the soil of control plots 

(Table 24). 

Prior to the application of the wastewater in the second year, very low numbers of E. coli 

was detected in surface soil (0.3 and 0.4 MPN/g) (Table 25). Considering the soil was 

contaminated by the application of wastewater the year before, C. perfringens was not 

detected in any of soil samples which might be due to the small soil sample analyzed (one 

gram) or the die-off of the organism. 
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At the end of the experiment in the second year, E. coli and C. perfringens concentrations 

of 25 MPN/g and 133 CFU/g were detected in the experimental soil plots, respectively 

(Table 25). In control soil plots, only C perfringens was detected with a concentration of 

6 CFU/g (Table 26). Coliphages were not detected in any of the soil samples. This 

might be due to low efficiency of eluting solution (0.1% peptone) to remove the virus 

particles from the soil even though they were always isolated from the dairy wastewater. 

Correlation analysis results indicate that there were positive correlations (p<0.05) 

between E. coli and C. perfringens density and soil moisture content (Table 36). Soil 

moisture content is presented in Appendix E. Soil samples were taken from the close 

vicinity of the plants, which means the soil samples were shaded by plants and as a result 

remained moist between irrigation and protected from solar radiation. Another important 

factor is soil organic matter content which increases after application of wastewater. It 

has been shown that sewage application to soil generally promotes the numbers and 

survival of soil microorganisms by increasing soil organic matter (Tate, 1978). 

Malkawi and Mohammad (2003) demonstrated higher numbers of fecal coliforms in soil 

samples irrigated with treated wastewater than those irrigated with potable water. In 

addition, surface soil was found to have higher numbers than soil below the surface 

suggesting that bacteria are removed from irrigation water by the first few centimeters of 

soil due to natural infiltration of soil. It has been shown that the retention of bacteria by 

soil is greater in the presence of sewage than of potable water (Goldshmid et al., 1973). 
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In a study by Fascioio et al. (2002), treated municipal wastewater (oxidation ditch) with 

E. coli concentrations of 2.5 x 10 MPN/100 mL and well water (free of E. coli) was used 

to furrow irrigate crops. At harvest time, E. coli concentrations up to 800 MPN/g was 

detected in control plots soil which were irrigated with well water, while the soil irrigated 

with wastewater contained 1500 MPN/g of E. coli. 

Page et al. (2001) examined various soil types for the presence of E. coli to demonstrate 

whether manure contaminated soil had greater concentrations of E. coli than non-manure 

contaminated soils. Results indicate that E. coli was present in soils contaminated with 

chicken manure, but was not isolated in samples where fecal contamination was minimal. 

Survival Study 

E. coli and C. perfringens were recovered from the carrots, bell peppers, and soil 55 days 

after wastewater flooding of the plots had ceased. During this period, plots were irrigated 

with well water only (Tables 27-30 and Figures 16-19). The moisture content of the soil 

samples during this period are shown in Appendix F. 

The survival study was conducted during the monsoon season. The numbers of E. coli 

detected on bell peppers and carrots decreased up to two logio on July 23 and August 6, 

which might be due to rainfall events during the previous weeks (Figures 16 and 17). 

Rainfall may rinse the microorganisms from the surface of the plants (Rose, 1986). The 

same trend can be observed for E. coli concentrations on July 23 and August 20 in bell 
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peppers soil plots and from July 16 to July 30 in carrots soil plots (Figures 18 and 19). 

The rain can lead to runoff that washes the microorganisms from the surface of the soil. 

Once the wastewater is used on land for irrigation, a variety of circumstances may 

enhance inactivation or survival of the pathogens. Organisms which infiltrate into the 

soil have been shown to survive longer than those remaining on plant surfaces. Kowal 

(1982) reported Salmonella species may persist from 11 to 280 days in soil as opposed to 

7 to 53 days on crops. Enteroviruses have also been found to survive greater than 180 

days in the soil vs. 60 days on crops. Rosas et al. (1984), in an investigation of fecal 

coliforms on crops irrigated with wastewater, recovered the majority of organisms from 

crop roots, indicating the protective nature of the soil. 

Survival of microorganisms on carrots is directly related to the soil condition, since 

carrots are in direct contact with soil. Soil moisture, organic matter content, temperature 

(Oron et al., 2001; Zibilske and Weaver 1978; Chandler and Craven, 1980), soil type, 

exposure to sunlight (Tannock and Smith, 1972), and protozoan predation (Recorbet et 

al., 1992) are the most important factors affecting survival of microorganisms in soil. 

Pearson correlation analysis demonstrated a strong positive correlation between C 

perfringens and soil moisture content (p<0.05) and a marginal positive correlation 

(between 90 to 95 percent confidence level) between E. coli and soil moisture content 

(Table 36). 
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Inactivation of microorganisms on bell peppers is probably largely related to exposure to 

solar radiation and desiccation. Bell peppers covered by plant leaves would be expected 

to prolong the survival of pathogens. 

Long-term persistence of E. coli 0157 in the environment was demonstrated by Ogden et 

al. (2002). The study indicated approx. 105 days of survival of E. coli 0157 in soil. 

Presence of manure enhances the survival of E. coli in untilled soil, due possibly to 

enhanced microsite habitats (Gagliardi and Kams, 2000). 

Sadovski et al. (1978) studied the survival of polio virus and drug resistant E. coli in soil 

irrigated with an inoculated effluent. They were found to persist in the irrigation pipes 

and in the soil for at least 8 to 18 days, respectively. E. coli could be recovered from the 

soil 20 days after the last inoculation and 15 days after irrigation was completely 

terminated and the soil moisture content had declined to 3 percent. Thus, climatic 

conditions and soil type should be considered as important factors affecting the survival 

of microbial contamination in the field. 

Oron et al. (2001) reported that pathogenic bacteria can survive on fruits and vegetables 

from a few days up to several weeks, depending on local conditions, weather, and the 

degree of contamination. Fecal coliform populations on alfalfa, irrigated with municipal 

sewage lagoons effluent, were rapidly reduced during the first 24 hr after application of 

sewage, under conditions of bright sunlight, low humidity and high temperatures. The 
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initial concentration of fecal coliforms in the wastewater was 10^ per 100 mL. They 

observed that moisture and organic matter content of the soil were the most important 

factors in pathogen survival. When soil moisture content decreased, a significant 

reduction in all pathogens was noted. 

Beuchat (1999) determined the survival characteristics of EHEC on iceberg lettuce using 

0.1% peptone water and bovine feces as carriers for the inocula. Bovine feces are a 

potential vehicle for transmitting EHEC to humans. Four levels of inoculum, ranging 

from 10® to 10^ CPU of EHEC per gram of lettuce, were applied. Populations surviving 

on lettuce stored at 4°C were monitored for up to 15 days. Viable cells of EHEC were 

detected on lettuce after 15 days, even when the initial inoculum was 10® to 10^ CFU/g. 

Risk Assessment Analysis 

The risk assessment analysis presented here is the risk of infection in worst-case scenario, 

when the untreated dairy wastewater has been used to irrigate vegetables that are often 

eaten raw. 

The annual risk of infection from the ingestion of dairy wastewater irrigated lettuce, 

carrots, and bell peppers based on the arithmetic average and the maximum number of E. 

coli found on these vegetables were calculated (Table 39). The annual risk of infections 

from consumption of carrots and lettuce were 100 percent suggesting that all the exposed 

population might become infected. The annual risk of infections from consumption of 
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bell peppers was lower based on the average numbers of E. coli (0.41) but based on the 

maximum numbers of E. coli on bell peppers was about 99 percent (Table 39). 

Risk assessment has not been used for establishing standards for microbial pathogens in 

food. The only existing regulation is the U.S. EPA's armual acceptable risk of 1 infection 

in 10,000 (10"'^) for Giardia cysts and enteric viruses in drinking water (Regli et al., 

1991). The daily and annual risks of E. coli infection from ingestion of all three 

vegetable crops are above annual risk of 1:10,000. 

E. coli Standard in Irrigation Water 

In order to make an estimate of the concentrations of E. coli in irrigation water required 

to achieve a risk below the USEPA annual acceptable risk of 1:10,000 we first had to 

determine the dose {d), number of E. coli ingested, to achieve the armual acceptable risk 

for each vegetable crop. Also the ratio of E. coli concentrations on the vegetables to the 

concentrations of E. coli in wastewater was calculated to determine the percentage of E. 

coli in wastewater that ended up on vegetables. The results are presented in Table 40. 
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Table 40. Percentage of E. coli in wastewater that contaminated the vegetables. 

- - ,. % based on max. no. detected on % based on average no. detected 
ege a es vegetables on vegetables 

Carrots 325.6 0.6 

Lettuce 0.34 0.05 

Bell peppers 0.005 4.3 x 10""^ 

With having the percentage of E. coli in wastewater that might contaminate the 

vegetables and also the number of E. coli per g of each vegetable to attain the acceptable 

risk we could calculate the concentrations of E. coli in irrigation water that would achieve 

the acceptable risk. The results are shown in Table 41. The details for all the 

calculations are presented in Appendix G. 

Table 41. Calculated concentrations of E. coli per 100 mL of irrigation water required to 
achieve 1:10,000 acceptable risk (based on consumption of only one serving of 
vegetables). 

Based on average no. of Based on max no. of E. coli on 
E. coli on vegetables vegetables 

Carrots 3 5.5 x 10"^ 

Lettuce 78 11.5 

Bell peppers 4.2 x 10^ 3.6 x 10^ 

The existing irrigation water quality standard in U.S. is based on the average of fecal 

coliforms which allows < 1000 fecal coliforms per 100 mL of irrigation water. The 

correlations between the concentrations of fecal coliforms and occurrence of salmonella 

in surface waters were used for the proposal of the standard (Geldreich and Bordner, 
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1970). In this study, the risk assessment was used to calculate the permissible 

concentrations of E. coli in irrigation water. The results indicate that the standard for E. 

coli in irrigation water can be set based on the type of the crop at the field (root, leafy 

vegetables, or aerial plants). The concentrations of E. coli in irrigation water for root 

crops (i.e. carrots) need to be less than 3 to prevent the risk of infection in exposed 

populations. According to the results calculated based on the average concentrations of 

E. coli on the vegetables, the E. coli concentrations of irrigation water for leafy 

vegetables like lettuce have to be less than 78 per 100 mL and E. coli concentrations up 

to 4,200 per 100 mL of irrigation water are allowed for aerial plants like bell peppers. To 

be very conservative, we have to consider the maximum numbers that could contaminate 

the vegetables and also the crop that has the potential for worst contamination which is 

carrot. According to these results the risk of E. coli infection from surface irrigated 

carrots does not approach the annual risk of 1:10,000 until the concentration in irrigation 

water reaches 0.005 E. coli per 100 mL. These results suggest that the number of E. coli 

per 100 mL of irrigation water needs to be less than 1 to achieve less than 1:10,000 

acceptable risk. Since the maximum numbers were detected in very few samples (6.3% 

of lettuce samples, 8.3% of carrots, and 4.2% of bell pepper samples), it might not be 

realistic to use the risk of infections from the maximum number to set standards for E. 

coli in irrigation water. 

In addition, the assumption for the calculation was that every E. coli on the vegetables 

were enterohemorrhagic E. coli 0157:H7. Although the studies have shown that cattle 
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are the principle reservoirs for E. coli 0157:H7, especially dairy cattle, E. coli 0157:H7 

occurs only with an overall prevalence of 0.3 to 6.1% in cattle (Wang et al., 1996). This 

fact helps to be more objective about setting the standard for E. coli in irrigation water. 
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CONCLUSIONS 

The potential for contamination of three types of vegetables, lettuce, carrots, and bell 

peppers, was assessed during surface irrigation with the diluted dairy wastewater. The 

findings of this study can be summarized as follows: 

• Based on statistical analysis of data, the mean concentrations of both E. coli and 

C perfringens on three crops were significantly different (p < 0.0001) which 

strongly suggests that depending on where the edible part of the crops is situated 

(ie; in the soil or above the soil) has a significant effect on the degree of 

contamination on the surface of the vegetable crops. 

• The soil and vegetables in adjacent plots can readily become contaminated with 

fecal bacteria fi-om a near field which has been exposed to highly contaminated 

irrigation water. 

• The positive correlations (p<0.05) between E. coli and C. perfringens density and 

soil moisture content indicates that the soil moisture has an important effect in 

occurrence and survival of microorganisms in soil. 

• E. coli and C perfringens survived on the vegetables and in soil 55 days after 

wastewater application was ceased. They both have the potential to be used as the 

indicators of fecal contamination of vegetables at the field. 
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• C perfringens was the organism most commonly isolated from the vegetables in 

treatment plots, but since the vegetable in control plots were also positive for C. 

perfringens, a firm conclusion can not be made about the role of C. perfringens as 

an indicator of fecal contamination of vegetables at the field. More studies are 

needed in this matter. 

• The greatest risk of infection from pathogenic E. coli (0157;H7) occurs from 

consumption of lettuce and carrots. The armual risk of infection from 

consumption of all three vegetables was above the acceptable risk of 1; 10,000 per 

year. 

• The results of this study suggest that a more strict irrigation water quality standard 

for root and leafy vegetables might be appropriate to prevent the risk of infection 

in exposed population. 
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Table Al. Microbial concentrations on wastewater irrigated lettuce (first year: 5/24/00 
and 6/6/00) 

E. coif C. perfringens^ L. monocytogenes^ Coliphage'^ 

let-1 1.2 0.02 <0.02 <0.1 

let-2 <0.02 0.44 <0.02 0.2 

let-3 0.32 3.5 <0.02 0.2 

let-4 0.02 0.02 <0.02 <0.1 

let-5 0.02 0.02 <0.02 0.2 

let-6 <0.02 0.46 <0.02 <0.1 

Iet-7 46 1.6 <0.02 <0.1 

let-8 3.8 4.3 <0.02 0.2 

let-9 2 3.14 <0.02 <0.1 

let-10 6 0.46 <0.02 <0.1 

let-11 <0.02 0.44 <0.02 3.2 

let-12 0.8 3.44 <0.02 <0.1 

let-13 <0.02 0.1 <0.02 <0.1 

let-14 <0.02 <0.02 <0.02 <0.1 

let-15 48 1.8 <0.02 0.4 

let-16 82 5.2 <0.02 <0.1 

let-17 <0.02 0.2 <0.02 <0.1 

let-18 0.24 0.2 <0.02 <0.1 

let-19 19.2 9 <0.02 <0.1 

let-20 102 5.7 <0.02 <0.1 

let-21 <0.02 <0.02 <0.02 <0.1 

let-22 4.8 1.5 <0.02 <0.1 

let-23 <0.02 <0.02 <0.02 <0.1 

let-24 0.8 3 <0.02 0.2 

Arith. ave. 13.2 1.98 <0.02 0.19 

SD 27.82 2.28 0 0.65 

Geo. ave. 0.49 0.74 NA NA 
a: MPN/g 
b; CFU/g 
c: PFU/g 
NA: Not Applicable 



112 

Table A2. Microbial concentrations on wastewater irrigated lettuce (second year: 6/1/01 
and 6/8/01) 

E. colt C. perfringens^ L. monocytogenes^ Coliphage^ 

let-1 10.2 1 A <0.1 

let-2 109.5 0.1 A <0.1 

let-3 1.6 0.04 A <0.1 

let-4 3100 1.5 A <0.1 

let-5 0.8 <0.02 A <0.1 

let-6 0.8 0.9 A <0.1 

let-7 0.08 0.02 A <0.1 

let-8 52.3 0.2 A <0.1 

let-9 4.5 2.6 A <0.1 

let-10 6.2 <0.02 A <0.1 

let-11 223.9 0.3 A <0.1 

let-12 32.4 3.3 A <0.1 

let-13 259.9 0.8 A <0.1 

let-14 7.6 0.1 A <0.1 

let-15 4800 5 A <0.1 

let-16 202.2 0.1 A <0.1 

let-17 2022.2 29.2 A <0.1 

let-18 0.8 0.1 A <0.1 

let-19 20.2 0.1 A <0.1 

let-20 <0.02 0.06 A <0.1 

let-21 1.7 0.2 A <0.1 

let-22 4800 2.5 A <0.1 

let-23 2.1 0.04 A <0.1 

let-24 2.6 <0.02 A <0.1 

Arith. ave. 652.6 2.0 NA <0.1 

SD 1470.5 5.93 NA 0 

Geo. ave. 16.5 0.26 NA NA 
a: MPN/g A: Absent 
b: CFU/g d: PFU/g 
c: Presence/Absence NA: Not Applicable 
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Table A3. Microbial concentrations on well water irrigated lettuce (first year: 5/24/00 
and 6/6/00) 

E. coif C perfringens^ L. monocytogenes^ Coliphage'^ 

let-1 <0.02 <0.02 <0.02 <0.1 

let-2 <0.02 0.24 <0.02 <0.1 

let-3 5.2 0.26 <0.02 0.2 

let-4 0.02 <0.02 <0.02 <0.1 

let-5 <0.02 <0.02 <0.02 <0.1 

let-6 <0.02 <0.02 <0.02 <0.1 

let-7 <0.02 <0.02 <0.02 <0.1 

let-8 <0.02 <0.02 <0.02 <0.1 

let-9 <0.02 0.02 <0.02 <0.1 

let-10 <0.02 0.06 <0.02 <0.1 

let-11 <0.02 0.02 <0.02 <0.1 

let-12 <0.02 0.2 <0.02 <0.1 

let-13 <0.02 <0.02 <0.02 <0.1 

let-14 <0.02 <0.02 <0.02 <0.1 

let-15 <0.02 0.02 <0.02 <0.1 

let-16 <0.02 0.06 <0.02 <0.1 

let-17 <0.02 0.02 <0.02 <0.1 

let-18 <0.02 <0.02 <0.02 <0.1 

let-19 <0.02 0.04 <0.02 0.8 

let-20 <0.02 0.02 <0.02 <0.1 

let-21 1.6 <0.02 <0.02 <0.1 

let-22 <0.02 <0.02 <0.02 <0.1 

let-23 <0.02 <0.02 <0.02 <0.1 

let-24 <0.02 <0.02 <0.02 <0.1 

Arith. ave. 0.3 0.04 <0.02 0.04 

SD 1.1 0.08 0 0.2 

Geo. ave. 0.03 NA NA NA 
a: MPN/g 
b: CFU/g 
c: PFU/g 
NA: Not Applicable 
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Table A4. Microbial concentrations on well water irrigated lettuce (second year: 6/1/01 
and 6/8/01) 

E. coif C. perfringen^ L. monocytogenes^ Coliphage'' 

let-1 5 <0.02 A <0.1 

let-2 <0.02 0.02 A <0.1 

let-3 <0.02 0.02 A <0.1 

let-4 4800 0.02 A <0.1 

let-5 1 <0.02 A <0.1 

let-6 0.4 <0.02 A <0.1 

let-7 5.8 1.9 A <0.1 

let-8 <0.02 <0.02 A <0.1 

let-9 0.6 <0.02 A <0.1 

let-10 <0.02 0.02 A <0.1 

let-11 <0.02 0.02 A <0.1 

let-12 <0.02 0.02 A <0.1 

let-13 <0.02 0.04 A <0.1 

let-14 <0.02 0.1 A <0.1 

let-15 <0.02 <0.02 A <0.1 

let-16 11.3 <0.02 A <0.1 

let-17 <0.02 <0.02 A <0.1 

let-18 0.02 0.02 A <0.1 

let-19 4838.3 0.06 A <0.1 

let-20 <0.02 0.02 A <0.1 

let-21 <0.02 <0.02 A <0.1 

let-22 28.4 4.1 A <0.1 

let-23 <0.02 <0.02 A <0.1 

let-24 <0.02 0.02 A <0.1 

Arith. ave. 403.8 0.27 NA <0.1 

SD 1359.9 0.9 NA 0 

Geo. ave. 0.24 0.03 NA NA 
a: MPN/g A: Absent 
b: CFU/g d: PFU/g 
c; Presence/Absence NA; Not Applicable 
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Table Bl. Microbial concentrations on wastewater irrigated carrots (first year: 6/28/00 
and 7/10/00) 

E. coif C. perfringens^ L. monocytogenes^ Coliphage'^ 

car-l 1.40E+03 30.6 <0.02 <0.1 

car-2 6.20E+02 24 <0.02 <0.1 

car-3 1.40E+05 20 <0.02 <0.1 

car-4 8.80E+02 30 <0.02 <0.1 

car-5 3.20E+02 9.5 <0.02 <0.1 

car-6 1.40E+05 19.8 <0.02 <0.1 

car-7 l.OOE+05 5.1 <0.02 <0.1 

car-8 1.40E+05 10.3 <0.02 <0.1 

car-9 40.4 10 <0.02 <0.1 

car-10 l.lOE+03 19.6 <0.02 <0.1 

car-l 1 7.40E+04 21.8 <0.02 <0.1 

car-12 l.OOE+03 6.9 <0.02 <0.1 

car-13 464 24.4 <0.02 <0.1 

car-14 3.6 20 <0.02 <0.1 

car-15 264 12.3 <0.02 <0.1 

car-l 6 7S4 39.6 <0.02 <0.1 

car-17 2.00E+03 35.2 <0.02 <0.1 

car-18 15.2 17.6 <0.02 <0.1 

car-19 2.90E+03 27.6 <0.02 <0.1 

car-20 480 12 <0.02 <0.1 

car-21 72 8.2 <0.02 <0.1 

car-22 940 27.4 <0.02 <0.1 

car-2 3 96 5 <0.02 <0.1 

car-24 92 3.2 <0.02 <0.1 

Arith. ave. 2.53E+04 18.34 <0.02 <0.1 

SD 50613.62 10.19 0 0 

Geo. ave. 1027.75 15.19 NA NA 
a: MPN/g 
b: CFU/g 
c: PFU/g 
ND: Not Determined 
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Table B2. Microbial concentrations on wastewater irrigated carrots (second year: 6/18/01 
and 6/25/01) 

E. coif C. perfringens^ L. monocytogenes'^ Coliphage'^ 

car-1 6.90E+01 9.6 A <0.1 

car-2 2.14E+01 12.1 A <0.1 

car-3 1.96E+01 4.5 A <0.1 

car-4 1.67E+01 14 A <0.1 

car-5 1.12E+01 11.5 A <0.1 

car-6 1.03E+02 33.7 A <0.1 

car-7 9.22E+01 22.6 A <0.1 

car-8 2.75E+01 11.3 A <0.1 

car-9 14 16.6 A <0.1 

car-10 1.31E+01 2.9 A <0.1 

car-11 3.56E+01 20 A <0.1 

car-12 3.57E+01 17.6 A <0.1 

car-13 1.15E+01 8.4 A <0.1 

car-14 2.60E+01 6.2 A <0.1 

car-15 2.60E+00 0.1 A <0.1 

car-16 l.llE+01 9.5 A <0.1 

car-17 3.11E+02 17.2 A <0.1 

car-18 <2.00E-02 0.3 A <0.1 

car-19 1.96E+01 5.9 A <0.1 

car-20 4.00E+00 1.5 A <0.1 

car-21 26.7 8.6 A <0.1 

car-22 2.19E+01 12 A <0.1 

car-23 2.58E+01 8.5 A <0.1 

car-24 2.15E+01 8.3 A <0.1 

Arith. ave. 3.92E+01 10.95 NA <0.1 

SD 63.29 7.7 NA 0 

Geo. ave. 17.20 7.02 NA NA 
a: MPN/g A: Absent 
b: CFU/g 
c; Presence/Absence 
d: PFU/g 
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Table B3. Microbial concentrations on well water irrigated carrots (first year: 6/28/00 
and 7/10/00) 

E. coli^ C. perfringens^ L. monocytogenes^ Coliphage'^ 

car-1 4.10E+03 0.13 <0.02 <0.1 

car-2 0.22 0.13 <0.02 <0.1 

car-3 7.2 <0.02 <0.02 <0.1 

car-4 48 0.06 <0.02 <0.1 

car-5 6.4 <0.02 <0.02 <0.1 

car-6 0.3 <0.02 <0.02 <0.1 

car-7 5.90E+02 <0.02 <0.02 <0.1 

car-8 12.4 0.13 <0.02 <0.1 

car-9 19.2 <0.02 <0.02 <0.1 

car-10 0.2 <0.02 <0.02 <0.1 

car-11 12.8 <0.02 <0.02 <0.1 

car-12 0.3 <0.02 <0.02 <0.1 

car-13 0.24 <0.02 <0.02 <0.1 

car-14 <0.02 <0.02 <0.02 <0.1 

car-15 1.5 <0.02 <0.02 <0.1 

car-16 0.3 <0.02 <0.02 <0.1 

car-17 0.08 0.2 <0.02 <0.1 

car-18 <0.02 <0.02 <0.02 <0.1 

car-19 <0.02 <0.02 <0.02 <0.1 

car-20 <0.02 0.4 <0.02 <0.1 

car-21 <0.02 0.2 <0.02 <0.1 

car-22 0.06 <0.02 <0.02 <0.1 

car-23 0.2 0.1 <0.02 <0.1 

car-24 0.14 <0.02 <0.02 <0.1 

Arith. ave. 2.00E+02 0.06 <0.02 <0.1 

SD 839.3 0.1 0 0 

Geo. ave. 0.79 NA NA NA 
a: MPN/g 
b: CFU/g 
c: PFU/g 
NA: Not Applicable 
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Table B4. Microbial concentrations on well water irrigated carrots (second year: 6/18/01 
and 6/25/01) 

E. coif C. perfringens^ L. monocytogenes^ Coliphage'' 

car-1 0.04 0.75 A <0.1 

car-2 <0.02 0.2 A <0.1 

car-3 <0.02 0.32 A <0.1 

car-4 <0.02 <0.02 A <0.1 

car-5 <0.02 0.24 A <0.1 

car-6 <0.02 0.6 A <0.1 

car-7 <0.02 0.6 A <0.1 

car-8 0.13 0.5 A <0.1 

car-9 <0.02 0.3 A <0.1 

car-10 <0.02 0.5 A <0.1 

car-11 0.15 0.3 A <0.1 

car-12 <0.02 1 A <0.1 

car-13 <0.02 0.6 A <0.1 

car-14 <0.02 0.6 A <0.1 

car-15 <0.02 0.6 A <0.1 

car-16 <0.02 0.5 A <0.1 

car-17 <0.02 0.6 A <0.1 

car-18 <0.02 1.3 A <0.1 

car-19 <0.02 0.2 A <0.1 

car-20 <0.02 0.3 A <0.1 

car-21 0.02 0.6 A <0.1 

car-22 0.1 0.5 A <0.1 

car-23 1.3 0.2 A <0.1 

car-24 <0.02 0.2 A <0.1 

Arith. ave. 0.09 0.48 NA <0.1 

SD 0.3 0.28 NA 0 

Geo. ave. 0.03 0.40 NA NA 
a: MPN/g A: Absent 
b: CFU/g d: PFU/g 
c: Presence/Absence NA: Not Applicable 



APPENDIX C: BELL PEPPER DATA 
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Table CI. Microbial concentrations on wastewater irrigated bell peppers (first year: 
7/13/00 and 7/17/00) 

E. coif C. perfringens^ L. monocytogenes^ Coliphage*^ 

bel-1 0.12 0.06 <0.02 <0.1 

bel-2 0.2 0.3 <0.02 <0.1 

bel-3 <0.02 0.28 <0.02 4.6 

bel-4 <0.02 0.2 <0.02 <0.1 

bel-5 0.2 0.4 <0.02 <0.1 

bel-6 0.04 0.3 <0.02 <0.1 

bel-7 <0.02 3.6 <0.02 <0.1 

bel-8 0.04 0.12 <0.02 <0.1 

bel-9 <0.02 0.76 <0.02 <0.1 

bel-10 <0.02 0.26 <0.02 <0.1 

bel-11 0.04 0.38 <0.02 <0.1 

bel-12 <0.02 0.02 <0.02 <0.1 

bel-13 <0.02 0.16 <0.02 <0.1 

bel-14 2.6 0.04 <0.02 <0.1 

bel-15 <0.02 0.06 <0.02 <0.1 

bel-16 0.66 0.04 <0.02 <0.1 

bel-17 0.34 0.48 <0.02 0.4 

bel-18 2.6 0.14 <0.02 <0.1 

bel-19 0.2 0.32 <0.02 <0.1 

bel-20 0.02 1.12 <0.02 <0.1 

bel-21 0.08 0.06 <0.02 <0.1 

bel-22 0.02 0.06 <0.02 <0.1 

bel-23 20.9 0.16 <0.02 <0.1 

bel-24 <0.02 0.08 <0.02 <0.1 

Arith. ave. 1.18 0.39 <0.02 0.21 

SD 4.26 0.73 0 0.94 

Geo. ave. 0.09 0.18 NA NA 
a: MPN/g 
b: CFU/g 
c: PFU/g 
NA: Not Applicable 
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Table C2. Microbial concentrations on wastewater irrigated bell peppers (second year: 
6/11/01 and 7/2/01) 

E. coif C. perfringens^ L. monocytogenes'^ Coliphage'' 

bel-1 3.7 <0.02 A <0.1 

bel-2 0.08 0.02 A <0.1 

bel-3 0.5 0.02 A <0.1 

bel-4 <0.02 <0.02 A <0.1 

bel-5 <0.02 <0.02 A <0.1 

bel-6 <0.02 0.3 A <0.1 

bel-7 0.06 0.02 A <0.1 

bel-8 6.5 <0.02 A <0.1 

bel-9 <0.02 0.04 A <0.1 

bel-10 <0.02 0.02 A <0.1 

bel-11 0.4 0.02 A <0.1 

bel-12 2.8 <0.02 A <0.1 

bel-13 1.2 <0.02 A <0.1 

bel-14 <0.02 0.02 A <0.1 

bel-15 <0.02 0.02 A <0.1 

bel-16 <0.02 <0.02 A <0.1 

bel-17 0.06 <0.02 A <0.1 

bel-18 0.08 0.02 A <0.1 

bel-19 3.32 <0.02 A <0.1 

bel-20 51.8 <0.02 A <0.1 

bel-21 70 <0.02 A <0.1 

bel-22 <0.02 0.06 A <0.1 

bel-23 0.72 0.04 A <0.1 

bel-24 <0.02 <0.02 A <0.1 

Arith. ave. 5.9 0.04 NA <0.1 

SD 17.2 0.06 NA 0 

Geo. ave. 0.21 0.02 Na NA 
a: MPN/g A: Absent 
b; CFU/g d: PFU/g 
c; Presence/Absence NA: Not Applicable 
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Table C3. Microbial concentrations on well water irrigated bell peppers (first year: 
7/13/00 and 7/17/00) 

E. coif C. perfringens^ L. monocytogenes^ Coliphage'^ 

bel-1 <0.02 <0.02 <0.02 <0.1 

bel-2 <0.02 <0.02 <0.02 <0.1 

bel-3 <0.02 <0.02 <0.02 <0.1 

bel-4 <0.02 <0.02 <0.02 <0.1 

bel-5 <0.02 <0.02 <0.02 <0.1 

bel-6 <0.02 0.08 <0.02 <0.1 

bel-7 0.12 0.2 <0.02 <0.1 

bel-8 <0.02 <0.02 <0.02 <0.1 

bel-9 <0.02 0.02 <0.02 <0.1 

bel-10 <0.02 0.04 <0.02 <0.1 

bel-11 <0.02 <0.02 <0.02 <0.1 

bel-12 <0.02 0.2 <0.02 <0.1 

bel-13 <0.02 <0.02 <0.02 <0.1 

bel-14 <0.02 <0.02 <0.02 <0.1 

bel-15 <0.02 <0.02 <0.02 <0.1 

bel-16 0.04 0.02 <0.02 <0.1 

beI-17 <0.02 <0.02 <0.02 <0.1 

bel-18 <0.02 <0.02 <0.02 <0.1 

bel-19 <0.02 <0.02 <0.02 <0.1 

bel-20 <0.02 0.04 <0.02 <0.1 

bel-21 <0.02 <0.02 <0.02 <0.1 

bel-22 <0.02 0.02 <0.02 <0.1 

bel-23 <0.02 <0.02 <0.02 <0.1 

bel-24 <0.02 <0.02 <0.02 <0.1 

Arith. ave. 0.03 0.03 <0.02 <0.1 

SD 0.02 0.06 0 0 

Geo. ave. 0.02 NA NA NA 

a: MPN/g 
b: CFU/g 
c: PFU/g 
NA: Not Applicable 
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Table C4. Microbial concentrations on well water irrigated bell peppers (second year: 
6/11/01 and 7/2/01) 

E. coif C perfringens^ L. monocytogenes^ Coliphage^ 

bel-1 <0.02 <0.02 A <0.1 

bel-2 0.02 <0.02 A <0.1 

bel-3 <0.02 <0.02 A <0.1 

bel-4 <0.02 <0.02 A <0.1 

bel-5 <0.02 <0.02 A <0.1 

bel-6 <0.02 0.02 A <0.1 

bel-7 <0.02 <0.02 A <0.1 

bel-8 <0.02 <0.02 A <0.1 

bel-9 <0.02 <0.02 A <0.1 

bel-10 <0.02 <0.02 A <0.1 

bel-11 <0.02 <0.02 A <0.1 

bel-12 <0.02 0.02 A <0.1 

bel-13 <0.02 <0.02 A <0.1 

beI-14 0.08 <0.02 A <0.1 

bel-15 <0.02 <0.02 A <0.1 

bel-16 0.04 0.02 A <0.1 

bel-17 <0.02 <0.02 A <0.1 

bel-18 <0.02 <0.02 A <0.1 

bel-19 <0.02 <0.02 A <0.1 

bel-20 <0.02 <0.02 A <0.1 

bel-21 <0.02 <0.02 A <0.1 

bel-22 104 <0.02 A <0.1 

bel-23 <0.02 <0.02 A <0.1 

bel-24 <0.02 <0.02 A <0.1 

Arith. ave. 4.4 0.02 NA <0.1 

SD 21.2 0 NA 0 

Geo. ave. 0.03 NA NA NA 
a: MPN/g A; Absent 
b: CFU/g d: PFU/g 
c: Presence/Absence NA: Not Applicable 
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Table D1. Microbial concentrations in dairy wastewater (first year: 2000) 

E. coif C. perfringens^ L. monocytogenes^ Coliphage'^ 
5/4/2000 2.20E+06 4.70E+04 45.1 <1 

2.40E+06 6.30E+04 136.5 <1 
3.10E+06 4.90E+04 136.5 <1 

5/11/2000 1 2.00E+03 13.6 <1 
1 1.60E+03 28.6 <1 
1 3.40E+03 13.6 <1 

5/19/2000 2.00E+05 3.30E+04 4.5 <1 
1.20E+05 2.70E+04 1.9 <1 
3.20E+05 3.30E+04 4.5 <1 

5/24/2000 7.00E+06 5.20E+04 4.5 <1 
8.60E+06 5.50E+03 4.5 <1 
9.40E+06 5.00E+04 4.5 <1 

6/1/2000 2.20E+06 l.lOE+05 1.9 <1 
1.80E+06 l.lOE+05 4.5 <1 
3.60E+06 1.20E+05 1.9 <1 

6/8/2000 1.90E+07 l.lOE+05 <0.01 <1 
5.40E+06 2.00E+05 <0.01 <1 
3.10E+07 1.60E+05 <0.01 <1 

6/22/2000 1.40E+07 2.90E+05 <0.01 <1 
1.90E+06 3.50E+05 <0.01 <1 
1.50E+07 3.20E+05 <0.01 <1 

7/13/2000 1.90E+06 8.00E+04 1.99 3.70E+03 
5.80E+06 5.70E+04 <0.01 3.00E+02 
3.00E+06 8.20E+04 <0.01 2.70E+02 

Arith. ave. 5.75E+06 9.81E+04 17.36 178.79 
Geo. ave. 493025.43 49236.51 4.1 2.26 

SD 7465679.78 99395.75 38.11 754.28 
a: MPN/100 mL 
b: CFU/100 mL 
c: PFU/mL 
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Table D2. Microbial concentrations in dairy wastewater (second year:2001). 

E. coif C. perfringens L. monocytogenes'^ Coliphage*^ 
4/16/2001 8.50E+07 l.lOE+03 A 1.50E+05 

3.10E+07 9.40E+04 A 2.00E+05 
2.70E+07 l.lOE+05 A 1.50E+05 

4/23/2001 l.OOE+08 8.50E+04 A 4.10E+03 
1.20E+08 7.70E+04 A 3.50E+03 
1.50E+08 6.90E+04 A 3.40E+03 

4/30/2001 7.50E+07 8.80E+04 A 1.40E+04 
5.80E+07 l.lOE+05 A 1.40E+04 
7.70E+07 1.20E+05 A l.lOE+04 

5/7/2001 3.40E+08 1.40E+05 A 5.60E+04 
1.90E+08 2.00E+05 A 5.90E+04 
3.20E+08 1.70E+05 A 7.00E+04 

5/14/2001 1.20E+08 9.00E+04 A 3.20E+03 
1.60E+08 9.20E+04 A 3.00E+03 
1.70E+08 8.10E+04 A 3.00E+03 

5/21/2001 l.lOE+08 7.30E+04 A 6.80E+03 
1.40E+08 3.10E+04 A 7.90E+03 
1.40E+08 5.80E+04 A 6.30E+03 

5/29/2001 5.40E+07 4.50E+04 A 1.20E+03 
3.40E+07 3.30E+04 A l.lOE+03 
7.70E+07 4.90E+04 A 1.60E+03 

6/4/2001 4.30E+08 8.20E+04 A 1.80E+03 
5.80E+08 9.80E+04 A 9.50E+02 
4.10E+08 8.20E+04 A 2.20E+03 

6/11/2001 1.90E+08 2.00E+04 A 6.50E+04 
2.30E+08 1.50E+04 A 5.50E+04 
2.20E+08 2.00E+04 A 5.50E+04 

6/18/2001 3.60E+08 1.20E+04 A 9.70E+05 
5.50E+08 7.00E+03 A 1.20E+06 
2.30E+08 1.20E+04 A 9.60E+05 

6/25/2001 3.90E+08 2.30E+04 A 8.50E+04 
2.30E+08 3.60E+04 A 7.20E+04 
2.70E+08 2.80E+04 A 7.90E+04 

Arith. ave. 2.02E+08 6.82E+04 NA 1.31E+05 
Geo. ave. 151786303.9 47152.12 NA 18678.85 

SD 147626416 47878.13 NA 299189.24 
a: MPN/100 mL b; CFU/100 mL 
c: PFU/mL d: Presence/Absence 
NA: Not Applicable A: Absent 
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Table D3. Microbial concentrations in diluted dairy wastewater (first year:2000). 

E. coif C. perfringens^ L. monocytogenes^ Coliphage'^ 
5/4/2000 2.00E+06 3.30E+04 30.7 <1 

1.80E+06 4.10E+04 19.9 10 
9.60E+05 3.10E+04 45.5 10 

5/11/2000 2.30E+03 9.00E+02 <0.01 0.5 
4.80E+03 l.OOE+02 <0.01 <1 
4.30E+03 9.00E+02 <0.01 <1 

5/19/2000 1.80E+04 1.20E+04 1.99 <1 
2.50E+04 3.20E+03 4.5 <1 
1.60E+04 1.40E+04 <0.01 <1 

5/24/2000 1.80E+06 1.20E+04 1.99 <1 
1.20E+07 1.50E+04 1.99 <1 
1.40E+07 5.70E+03 4.5 <1 

6/1/2000 1.80E+06 9.10E+04 <0.01 <1 
2.20E+06 8.70E+04 <0.01 <1 

6/8/2000 1.90E+07 2.10E+05 <0.01 <1 
1.60E+07 1.80E+05 <0.01 <1 

6/22/2000 4.00E+06 9.20E+04 <0.01 <1 
5.80E+06 8.00E+04 <0.01 <1 

7/13/2000 2.50E+06 3.00E+04 <0.01 l.OOE+02 
1.80E+06 5.00E+04 <0.01 1.30E+02 

Arith. ave. 4.29E+06 4.94E+04 6.15 13.27 
Geo. ave. 606191.36 17361.56 2.15 1.95 

SD 5929976.38 59032.59 11.95 35.24 
a: MPN/lOOmL 
b; CFU/100 mL 
c: PFU/mL 



129 

Table D4. Microbial concentrations in diluted dairy wastewater (second year:2001). 

E. coif C. perfringens^ L. monocytogenes'^ Coliphage*^ 
4/16/2001 2.80E+07 7.40E+04 A 1.20E+02 

1.50E+07 6.50E+04 A l.lOE+05 
l.lOE+07 7.30E+04 A 8.90E+04 

4/23/2001 3.40E+07 8.40E+04 A 3.50E+03 
1.20E+08 5.50E+04 A 7.00E+03 
8.70E+07 8.00E+04 A 5.50E+04 

4/30/2001 4.60E+07 4.90E+04 A 7.10E+03 
5.20E+07 4.70E+04 A 6.10E+03 
3.60E+07 3.50E+04 A 8.00E+03 

5/7/2001 1.30E+08 1.60E+05 A 3.50E+04 
1.90E+08 1.30E+05 A 5.10E+04 
3.40E+08 1.20E+05 A 6.40E+04 

5/14/2001 6.50E+07 5.20E+04 A 2.30E+03 
7.10E+07 4.00E+04 A 2.00E+03 
6.10E+07 4.00E+04 A 1.60E+03 

5/21/2001 l.OOE+08 4.60E+04 A 6.00E+03 
1.60E+08 2.60E+04 A 7.00E+03 
1.30E+08 3.00E+04 A 8.10E+03 

5/29/2001 l.OOE+08 7.60E+04 A 3.10E+03 
1.40E+08 8.90E+04 A 3.40E+03 
l.lOE+08 8.00E+04 A 2.70E+03 

6/4/2001 1.40E+08 3.20E+04 A 7.50E+02 
3.90E+08 3.80E+04 A 1.30E+03 
2.40E+08 5.20E+04 A 1.20E+03 

6/11/2001 1.80E+08 1.50E+04 A 3.80E+04 
1.60E+08 1.70E+04 A 4.30E+04 
1.30E+08 2.30E+04 A 4.60E+04 

6/18/2001 1.20E+08 2.00E+03 A 7.20E+05 
1.70E+08 1.50E+03 A 6.80E+05 
1.90E+08 4.00E+03 A 7.40E+05 

6/25/2001 1.60E+08 l.OOE+04 A 5.20E+04 
1.60E+08 1.50E+04 A 5.90E+04 
1.90E+08 1.60E+04 A 5.20E+04 

Arith. ave. 1.29E+08 5.08E+04 NA 8.80E+04 
Geo. ave. 99966957.04 34273.6 NA 13551.8 

SD 84439876.85 37743.36 NA 202969.97 
a: MPN/100 mL A: Absent 
b: CFU/100 mL c: PFU/mL 
d: Presence/Absence NA: Not Applicable 
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Table D5. Microbial concentrations in well water (first year:2000). 

E. coif C. perfringens° L. monocytogenes'^ Coliphage'' 
5/4/2000 <0.01 <0.01 A <0.1 

<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

5/11/2000 <0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

5/19/2000 <0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

5/24/2000 12 <0.01 A <0.1 
8.6 <0.01 A <0.1 
12.2 <0.01 A <0.1 

6/1/2000 <0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

6/8/2000 <0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

6/22/2000 <0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

7/13/2000 2 <0.01 A <0.1 
1 <0.01 A <0.1 
2 <0.01 A <0.1 

Arith ave. 2.33 <0.01 NA <0.1 
Geo. ave. 1.43 NA NA NA 

SD 3.39 0 NA 0 
a: MPN/100 mL 
b: CFU/100 mL 
c: PFU/mL 
d: Presence/Absence 
NA: Not Applicable 
A: Absent 



Table D6. Microbial concentrations in well water (second year:2001). 

E. coif C. perfringens^ L. monocytogenes^ Coliphage® 
4/16/2001 <0.01 <0.01 A <0.1 

<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

4/23/2001 <0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

4/30/2001 <0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

5/7/2001 <0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

5/14/2001 <0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

5/21/2001 <0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

5/29/2001 <0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

6/4/2001 <0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

6/11/2001 <0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

6/18/2001 8.6 <0.01 A <0.1 
72.7 <0.01 A <0.1 

<0.01 <0.01 A <0.1 
6/25/2001 <0.01 <0.01 A <0.1 

<0.01 <0.01 A <0.1 
<0.01 <0.01 A <0.1 

Arith. ave. 3.4 <0.01 NA <0.1 
Geo. ave. 1.22 NA NA NA 

SD 12.51 0 NA 0 
a: MPN/100 mL A: Absent 
b: CFU/100 mL c: PFU/mL 
d: Presence/Absence NA: Not Applicable 
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Table El. Microbial concentrations in experimental soil plots (first year; 2000). 

Before application of dairy wastewater 
E. coif C. perfringens L. monocytogenes^ Coliphage*^ % moisture 

<1 <1 <1 <1 12.7 
<1 <1 <1 <1 11.5 
<1 <1 <1 <1 14 
<1 <1 <1 <1 10.4 
<1 <1 <1 <1 11 
<1 <1 <1 <1 12.5 

Arith. ave. <1 <1 <1 <1 
Geo. ave. NA NA NA NA 

SD 0 0 0 0 
After application of dairy wastewater 

20 230 <1 <0.1 13.7 
260 360 <1 <0.1 13.3 
80 370 <1 <0.1 13.7 

680 440 <1 <0.1 15.4 
380 540 <1 <0.1 14.4 
260 380 <1 <0.1 12.4 

Arith. ave. 280 386.67 <1 <0.1 
Geo. ave. 174.2 374.66 NA NA 

SD 235.97 101.91 0 0 
a: MPN/g 
b: CFU/g 
c: PFU/g 
NA: Not Applicable 
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Table E2. Microbial concentrations in experimental soil plots (second year; 2001). 

Before application of dairy wastewater 
E. coif C. perfringens^ L. monocytogenes'^ Coliphage'^ % moisture 

<0.3 <1 A <1 7.6 
<0.3 <1 A <1 6.4 
<0.3 <1 A <1 7 
<0.3 <1 A <1 8 
<0.3 <1 A <1 6 
1.1 <1 A <1 7 

Arith. ave. 0.43 <0.1 NA <1 
Geo. ave. 0.37 NA NA NA 

SD 0.33 0 NA 0 
After application of dairy wastewater 

9.3 96.6 A <1 3 
<1 <1 A <1 1.4 
2.1 10 A <1 4.8 
1.1 26.6 A <1 5.1 
110 250 A <1 3.4 
24 413.3 A <1 2.6 

Arith. ave. 24.47 132.92 NA <0.1 
Geo. ave. 5.07 37.21 NA NA 

SD 42.84 165.8 NA 0 
a: MPN/g 
b: CFU/g 
c; PFU/g 
d: Presence/Absence 
NA; Not Applicable 
A: Absent 
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Table E3. Microbial concentrations in control soil plots (first year: 2000). 

Before application of dairy wastewater 
E. coif C. perfringens^ L. monocytogenes^ Coliphage'^ % moisture 

<1 <1 <1 <1 11.7 
<1 <1 <1 <1 8 
<1 <1 <1 <1 10 
<1 <1 <1 <1 6 
<1 <1 <1 <1 12 
<1 <1 <1 <1 9.2 

Arith. ave. <1 <1 <1 <1 11.7 
Geo. ave. NA NA NA NA 

SD 0 0 0 0 
After application of dairy wastewater 

3.1 5 <1 0 13.5 
<1 10 <1 0 12.2 
3.1 <1 <1 0 12.7 
<1 <1 <1 0 12.3 
<1 <1 <1 0 11.2 
2 <1 <1 0 10.5 

Arith. ave. 1.87 3.2 <1 0 
Geo. ave. 1.64 1.92 NA NA 

SD 1.03 3.71 0 0 
a; MPN/g 
b: CFU/g 
c; PFU/g 
NA: Not Applicable 
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Table E4. Microbial concentrations in control soil plots (second year: 2001). 

Before application of dairy wastewater 
E. coif C. perfringens^ L. monocytogenes Coliphage® % moisture 

<0.3 <1 A <1 6.3 
<0.3 <1 A <1 6.7 
<0.3 <1 A <1 5 
<0.3 <1 A <1 6.6 
0.4 <1 A <1 6.4 

<0.3 <1 A <1 4.5 
Arith. ave. 0.32 <1 NA <1 
Geo. ave. 0.31 NA NA NA 

SD 0.04 0 NA 0 
After application of dairy wastewater 

<0.3 20 A <1 4 
<0.3 3.3 A <1 2 
<0.3 <1 A <1 2.4 
<0.3 10 A <1 3.1 
<0.3 <1 A <1 2.7 
<0.3 <1 A <1 3.7 

Arith. ave. <0.3 6.05 NA <1 
Geo. ave. NA 2.95 NA NA 

SD 0 7.67 NA 0 
a: MPN/g 
b: CFU/g 
c: PFU/g 
d: Presence/Absence 
NA: Not Applicable 
A: Absent 



APPENDIX F: SURVIVAL STUDY DATA 



Table F1. Survival of E. coli and C. perfringens on bell peppers and carrots 
experimental plots. 

Bell peppers Carrots 
E. coW C. perfringens^ E. coW C perfringens^ 

7/2/01 ND ND 19.2 5.1 
ND ND 95.6 2.2 
ND ND 82.2 7.8 

7/9/2001 223.8 0.06 483.8 16.8 
3.9 0.12 9.8 1.66 

145.4 0.08 20.8 2.8 
7/16/2001 129.8 0.02 15.2 14.4 

137.4 0.06 1.97 2 
0.4 0.01 8.2 3.4 

7/23/2001 <0.02 0.03 1.5 3.8 
0.62 0.02 0.2 1 
1.5 0.07 1.7 3.6 

7/30/2001 8.5 0.04 82.2 6 
33.2 0.08 0.62 11.2 
4.4 0.15 17.2 16.8 

8/6/2001 0.62 0.15 1.3 3.9 
<0.02 0.8 2.2 2.7 
<0.02 0.04 0.2 0.5 

8/13/2001 1 0.04 6.8 1.3 
<0.02 <0.02 4.8 1.2 
<0.02 0.01 0.2 0.5 

8/20/2001 2.2 0.02 1 1.9 
7 0.02 5.5 0.5 

1.96 2.34 77.4 3.8 
a: MPN/g 
b: CFU/g 
ND: Not Determined 
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Table F2. Survival of E. coli and C. perfringens in experimental soil plots. 

Bell peppers Carrots 

£. co//® C. 
perfringens^ 

% 
moisture 

£. co/f 
C 

perfringens^ 
% 

moisture 
7/2/2001 ND ND ND 110 152.5 5 

ND ND ND 24 60 3.5 
ND ND ND <0.3 77.5 1.4 

119 2.3 20 7 2.3 56.6 10.5 
3.8 116.6 6.3 110 33.3 11.4 
4.3 33.3 5 0.4 <1 5 

7/16/2001 4.3 16.6 5.4 1.5 33.3 7 
46 266.6 6 0.92 23.3 8.7 
0.9 70 6.7 <0.3 40 7.4 

7/23/2001 <0.3 106.6 3.2 0.4 250 5.2 
<0.3 173.3 3 <0.3 46.6 4 
<0.3 106.6 3.7 0.4 83.3 3.6 

7/30/2001 110 250 5.8 0.92 193.3 6.5 
110 123.3 5.8 <0.3 43.3 4.6 
110 43.3 5.4 0.92 170 7.5 

8/6/2001 110 216.6 9 110 126.6 10 
4.3 323.3 11 4.3 486.6 9.4 

<0.3 16.6 6.6 1.5 360 10.7 
8/13/2001 1.1 66.6 6.7 0.92 356.6 10.3 

4.4 50 5 0.4 90 4.5 
<0.3 46.6 5.7 110 116.6 6.8 

8/20/2001 1.4 10 4.4 <0.3 10 2.8 
46 20 2.7 110 83.3 4.7 
9.3 176.6 4.2 1.5 90 3.3 

a: MPN/g 
b: CFU/g 
ND; Not Determined 
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APPENDIX G: CACULATION FOR E. coli STANDARD IN IRRIGATION 
WATER 
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1) Percentage of E. coli in wastewater that contaminated each vegetable: 

Considering 1 mL of wastewater is equal 1 g of wastewater 
The greater average of E. coli between two years was chosen 

(Average no. of E. coli on / Average no. of E. coli) x 100 
each vegetable (g) in wastewater (mL) (g) 

Lettuce: (653 / 1.4 x 10^) x 100 = 0.05% 

Carrots: (2.5 x lOV 4.3 x lO'') x 100 = 0.6% 

Bell peppers: (6 /1.4 x 10^) x 100 = 4.3 x 10"^% 

(Max. no. of E. coli on / Average of E. coli) x 100 
each vegetable (g) in wastewater (mL) 

Lettuce: (4800 / 1.4 x 10^) x 100 = 0.34% 

Carrots: (1.4 x 10^ / 4.3 x 10^) x 100 = 325.6% 

Bell peppers: (70 /1.4 x 10^) x 100 = 0.005% 

2) Based on the acceptable annual risk of 1:10,000 (10-4), the daily acceptable risk was 
calculated: 

P ^ = l _ ( l _ P i )365 

10-4= 1 _(1 -Pi)365 

Pi = 2.7 X 10-^ 

- using the beta-Poisson dose-response model: Pi = 1 - (1 + d/Nso {2^'^ - 1))"® 
- the dose required to achieve acceptable risk was calculated 
- where: Pi = 2.7 X 10"^ N5o= 1.9x10^ a = 0.221 
- d = 0.011 

3) No. of E. coli allowed on vegetables to attain acceptable risk was calculated with 
having the dose and based on consumption of one serving of each vegetable (Table 37) 

0.011 = no. of E. coli per gram lettuce x 28 g 
no. of E. coli on lettuce = 3.9 x lO""* 
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with having the percentage of E. coli on lettuce: 

(3.9 X 10"^ / no. of E. coli in wastewater) = (0.05 / 100) 
no. of E. coli in wastewater = 0.78/mL 
0.78 X 100 mL = 78/100 mL is the no. of E. coli in irrigation water to achieve the 
acceptable risk of 1; 10,000 

Carrots: 

0.011 = no. of E. coli on carrots x 62 g 
no. of E. coli on carrots = 1.8 x 10"^ 
(1.8 X 10"^ / no. of E. coli in wastewater) = (0.6 / 100) 
no. of E. coli in wastewater = 3 x 10' /mL 
3x10"  X 100  mL =  3 /100  mL i s  the  no .  o f  E. coli in irrigation water to achieve the 
acceptable risk. 

Bell peppers: 

0.011 = no. of E. coli on bell peppers x 61 g 
no. of E. coli on bell peppers = 1.8 x 10""^ 
(1.8 X lO""* / no. of E. coli in wastewater) = (4.3 x 10"^ /100) 
no. of E. coli in wastewater = 42/mL 
42 X 100 mL = 4.2 x 10 /100 mL is the no. of E. coli in irrigation water to achieve the 
acceptable risk for bell peppers. 

4) the same calculation was repeated using the percentage of E. coli on vegetables based 
on the max. no. of E. coli on each vegetables 

- Lettuce : no. of E. coli in irrigation water = 11.5/100 mL 
• • • • 'X 

Carrots: no. of E. coli in irrigation water = 5.5 x 10' /lOO mL 
- Bell peppers: no. of E. coli in irrigation water = 3.6 x 10 /lOO mL 
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APPENDIX H: ANOVA AND STUDENT T TEST 
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