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ABSTRACT

Environmental factors and produce practices influence the microbial quality of

produce. The objective of this study was to determine the microbial quality of irrigation

water used for the production of fresh produce in Arizona and factors, which may

influence this water quality such as canal size, location and rainfall. A total of 117

samples were collected from irrigation canals in Yuma County between June 2001 and

March 2003 and 263 water samples were collected in Maricopa County between May

2002 and February 2003. Parameters such as temperature, turbidity, conductivity and pH

were recorded for all samples. Water samples were analyzed for microbial indicators

which included total coliforms, Escherichia colt, Enterococcus , and Clostridium

perfringens. Sampling sites were examined for the presence of Giardia spp.,

Cryptosporidium spp., Noroviruses, Salmonella spp. and Campylobacter spp. Samples

collected in Yuma County showed that 4.3% of the samples were positive for Giardia

spp., 19.6% were positive for Cryptosporidium spp., 17.4% were positive for

Noroviruses, 20.7% were positive for Salmonella spp. and 55.2% were positive for

Campylobacter spp. Overall, results from samples collected in Maricopa County showed

that 2.3% of the samples were positive for Cryptosporidium spp, 18.2% were positive for

Noroviruses, 28.9% were positive for Salmonella spp. and 68.7% were positive for

Campylobacter spp. Giardia spp. were not detected in any samples. One-way ANOVA

did not demonstrate any significant difference between microbial indicator concentrations

in samples collected from Yuma and Maricopa Counties. Overall, E. colt concentrations

correlated strongly with Enterococcus (r=0.858) in samples collected from Maricopa



County. Rainfall within 7 days prior to sampling correlated strongly with overall

averages for each indicator, the strongest correlation was seen with E. colt (r=0.726).

Overall, the main canals tended to have lower microbial numbers than the lateral/drain

canals. In Maricopa County, the sampling sites located furthest north and furthest south

on each of the main canals tended to have the higher microbial numbers. The sampling

points located furthest south tended to be ranked higher in terms of microbial loads.

There appeared to be no positive correlation between the levels of microbial indicators

and enteropathogens in this study.
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INTRODUCTION

Background

Foodborne Disease

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

countries have been faced with an increasing number of food safety issues. 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 facing the world and an important cause of reduced economic

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

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

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

illnesses and deaths. In addition to known foodborne diseases, public health sectors are

being challenged by the emergence of new or newly recognized types of foodborne

pathogens which often result in serious and chronic health consequences. Certain

populations such as pregnant women, the elderly, infants and children,

immunocompromised individuals and the undernourished are particularly vulnerable

(Kaferstein et al. 1997). More than 200 known diseases are transmitted through food

(Archer et al. 1985). In the United States, foodborne illnesses affect 6 to 80 million

individuals, cause 9,000 deaths and cost an estimated 5 billion US dollars annually

(Council for Agricultural Science and Technology 1994). The etiologic agents of

foodborne illness include viruses, parasites and bacteria. The symptoms of foodbome
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illness range from mild gastroenteritis to life-threatening neurologic, hepatic and renal

syndromes. Listeriosis, for example, can cause miscarriages or result in meningitis in

patients with chronic disease (Schuchat et al. 1991). Salmonellosis can cause invasive

disease (Altekruse et al. 1994) or reactive arthritis (Swerdlow et al. 1990).

Campylobacteriosis can lead to Guillan-Barre' syndrome, one of the most common

causes of flaccid paralysis in the United States in the last 50 years (Mishu et al. 1993).

Escherichia coui 0157:H7 infection is a leading cause of hemolytic uremic syndrome, the

most common cause of acute kidney failure in children in the United States (Boyce et al.

1995). The epidemiology of foodbome disease is rapidly changing as newly recognized

pathogens emerge and well recognized pathogens increase in prevalence or become

associated with new food vehicles (Table 1).
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Table 1. Selected outbreaks in the United States 1988-1997, associated with emerging
foodborne pathogens and factors for the emergence of the pathogens (adapted from
Altekruse et al. 1997).

Pathogen/outbreak
	

Location(s)	 Year	 Factors in emergence

Hepatitis A	 MI	 1997	 international travel and
Frozen strawberries	 commerce, technology and

industry

Cyclospora cayetanensis 	 Multistate,	 1996	 international travel and
Guatemalan raspberries 	 Canada	 commerce

Norovirus	 LA	 1994	 economic development and
Gulf Coast oysters	 land use

Escherichia co/i 0157:H7	 Multistate	 1993	 technology and industry,
Fast- food chain hamburgers	 breakdown of public

health measures

Salmonella chester
	

Multistate	 1989	 international travel and
Sliced cantaloupe	 commerce, human

demographics and behavior

Factors that have contributed to the increase in foodborne disease include changes

in human demographics and behavior, technology and industry, international travel and

commerce, microbial adaptation and economic development and land use (Institute of

Medicine 1992). Changing social demographics has increased the proportion of the

population that is elderly, immunocompromised and suffering from chronic disease.

These factors increase the population that is susceptible to foodborne infections (De

Roever 1998). Changes in consumer food preferences has resulted in a 50% increase in

the consumption of fresh fruits and vegetables in the US from 1970 to 1994 (Bureau of

the Census, US Department of Commerce 1996). Fresh produce is susceptible to

contamination during growth, harvest and distribution. Human or animal feces may
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contaminate the surface of plants and fruits. Pathogens on the surface of produce (e.g.

melons) may contaminate the inner surface during cutting and multiply if the fruit is held

at room temperature (Ries et al. 1990). In the United States from 1990 to 1997, the

increased consumption of fresh produce may have contributed to a series of foodborne

outbreaks associated with foods such as sliced cantaloupe (Ries et al. 1990), green onions

(Cook et al. 1995), unpasteurized cider (Besser et al. 1993), fresh squeezed orange juice

(Cook et al. 1996), lettuce (Ackers et al. 1996), raspberries (Herwaldt et al. 1997), alfalfa

sprouts (Mahon et al. 1997), sliced tomatoes (Wood et al. 1991) and frozen strawberries

(MMWR 1997). Another changing food consumption practice is increased use of fast-

food restaurants and salad bars. Outbreaks outside the home accounted for nearly 80% of

reported outbreaks in the United States in the 1990s (Bean et al. 1996). Such food venues

may contribute to foodborne disease through practices such as holding of hazardous

foods at temperatures that permit amplification of low-dose pathogens, incomplete

cooking of foods such as hamburgers, cross-contamination of cooked foods (Altekruse et

al. 1997) and food handling errors with fresh produce (De Roever 1998). The trend

towards greater geographic distribution of products from large centralized food

processors carries a risk for dispersed outbreaks. When mass-distributed food products

are intermittently contaminated or contaminated at a low level, illnesses may appear

sporadic rather than part of an outbreak (Killalea et al. 1996). For example, larger and

more centralized production units and a longer food chain could permit amplification of

pathogen numbers and their distribution to susceptible individuals in geographically

dispersed areas (De Roever 1998, Tauxe et al. 1997). The increase in global trade makes



18

food from around the world available to the average consumer and brings an end to

seasonality in the availability of fresh produce. This potentially exposes the consumer to

exotic microflora (De Roever 1998, Tauxe et al. 1997). In 1996, 1,465 cases of infection

with Cyclospora cayetanensis were reported in 20 states, the District of Columbia, and

two Canadian provinces. The investigation implicated raspberries imported from

Guatemala (Herwaldt et al. 1997). The therapeutic use of an antimicrobial agent in

human or animal populations creates a selective pressure that favors bacterial strains

resistant to the agent. Antimicrobial resistant strains of Salmonella have been

increasingly prominent (Lee et al. 1994). In the United States, the percentage of

antimicrobial resistant Salmonella infections increased from 17% of isolates in the late

1970s to 31% in the late 1980s (Lee et al. 1994). Patients with antimicrobial resistant

infections are more likely to require hospitalizations and to be hospitalized for longer

periods compared to patients with susceptible infections (Lee et al. 1994). In the United

States, food animals generate 1.8 billion tons of manure each year (Natural Resources

Conservation Service 1995). On large-scale production facilities, manure disposal is a

growing problem. The increased use of manure rather than chemical fertilizers may serve

as a reservoir for Salmonella, Campylobacter jejuni and Escherichia coli 0157:H7 if

improperly treated (Altekruse et al. 1997, Tauxe et al. 1997).

Outbreaks Related to Fresh Produce Consumption

In the past two decades there has been a noticeable increase in the consumption of

fresh fruits and vegetables in the United States and a marked increase in the global
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distribution of fresh produce (De Roever 1998). Between 1973 and 1987, among the

foodborne outbreaks with an identified food source reported to CDC, 2% of outbreaks

were associated with fresh produce. Between 1988 and 1991, the proportions increased to

5% and 8%, respectively, owing primarily to the number of fruit associated outbreaks.

The mean number of reported produce-associated outbreaks has more than doubled from

the period 1973 to 1987 (4.3 per year) to the period 1988 to 1991 (9.75 per year). The

mean number of persons affected by produce-associated outbreaks has more than doubled

from 242 per year in the first period compared with 614 per year in the second period

(Tauxe et al. 1997).

Many different bacteria, viruses and protozoa have been linked to fresh produce-

associated outbreaks. Table 2 lists the pathogens most commonly associated with

foodborne disease that were due to fresh produce and the food items that have been

linked epidemiologically to outbreaks caused by these pathogens. Most pathogens are

linked to several types of produce.

Although spoilage bacteria, yeasts and molds dominate the m croflora on raw

fruits and vegetables, the occasional presence of pathogenic bacteria, viruses and

parasites capable of causing human infection have been documented (De Roever 1998,

Beuchat 1996a and 1996b, Francis et al. 1999). All types of produce have the potential to

harbor pathogens (Brackett 1999) however Shigella sp., Salmonella, enterotoxigenic and

enterohemorrhagic Escherichia co/i, Campylobacter sp., Listeria monocytogenes,

Bacillus cereus, Clostridium botulinum, viruses and parasites such as Giardia lamblia,
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Cyclospora cayetanensis and Cryptosporidium parvum are of greatest public health

concern (De Roeyer 1998, Beuchat 1996a, Ortega et al. 1997, Sterling and Ortega 1999).

Table 2. Pathogens most commonly associated with fresh or minimally processed
produce (adapted from Tauxe et al. 1997).

Pathogen	 Fresh produce

Bacillus cereus	 sprouts

Clostridium botulin urn 	chopped garlic

Enterotoxigenic E. coui (ETEC)	 canots

E. coli 0157:H7	 apple cider, lettuce

Listeria monocytogenes	 cabbage

Salmonella sp.	 tomatoes, sprouts, watermelon,
cantaloupe, orange juice, apple
cider

Shigella sp.	 lettuce, scallions

Hepatitis A virus	 lettuce, raspberries, strawberries,
tomatoes

Noroyirus	 melon, green salad, celery

Cyclospora cayetanensis	 raspberries

Cryptosporidium parvum	 apple cider 
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Sources of Contamination

There are several steps in the fresh produce production chain and several potential

sources of microbial contamination. Fruits and vegetables may become contaminated

with pathogenic microorganisms while growing in fields, orchards, vineyards, or during

harvesting, post-harvest handling, processing, distribution, and preparation in food

service or home settings (Beuchat 1996a) (Table 3).

Table 3. Sources of pathogenic microorganisms on fresh fruits and vegetables (adapted
from Beuchat 1996a).

Preharvest	 Postharvest

feces	 feces

soil	 human handling (workers, consumers)

irrigation water	 harvesting equipment

improperly composted manure	 transport containers (field to packing shed)

air (dust)	 wild and domestic animals

wild and domestic animals	 wash and rinse water

human handling	 sorting, packing, cutting and further
processing equipment

ice

transport vehicles

improper storage (temperature, physical
environment)

cross-contamination (other foods in storage,
preparation and display areas)

improper handling after wholesale or retail
purchase
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Diseases associated with fresh fruits and vegetables are primarily those

transmitted by the fecal-oral route. This implies that control of fecal contamination is of

primary concern. It should be noted that not all pathogens can be correlated with

indicators of fecal contamination, and there are other pathogens whose primary source is

not feces (Nguyen and Carlin 1994, Monge and Chinchilla 1996). Raw agricultural

commodities that do not receive any treatment designed to kill all pathogens prior to

consumption are of particular concern. It must be assumed that even under the best

production, processing, distribution and marketing conditions, a small percentage of

produce will harbor one or more pathogens. The focus of activities must be realistically

directed toward risk reduction and not elimination (De Roeyer 1998). The lack of lethal

treatment at any step between farm production and consumption means that pathogens

introduced at any point may be present when the produce is consumed. For most enteric

pathogens, the ultimate source would be human or animal feces. However, the specific

means by which produce may be contaminated is varied, and includes both direct and

indirect transmission via soil, water, and human handling (De Roeyer 1998).

Sources of Fecal Contamination

Production Sources

Anything in the production environment that comes into contact with the plant has

the potential to be a pathogen source. Irrigation water, animals, farm workers and the soil

are particularly important (De Roeyer 1998). In the case of fresh produce, events

occurring before the crop is even planted can affect the bacteriological quality and safety
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of the final product. The choice of the 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). Some

bacteria may survive in soils for months or even years. Watkins and Sleath (1981)

demonstrated that Salmonella and Listeria tnonocytogenes could survive for months in

sewage sludge applied to agricultural soil.

Soil

Soil that has not been contaminated with feces is generally not a primary source

of enteric microorganisms. However, Clostridium botulinum, Clostridium perfringens

and Bacillus cereus can be isolated from soils free of fecal contamination, and may be

commonly associated with fresh vegetables (Hauschild 1989, Labbe 1989, Roberts et al.

1982). Coliforms can be found in association with both soil and decaying vegetation, but

are largely restricted to coliforms of non-fecal origin such as Enterobacter sp. and

Klebsiella sp. Significant levels of Escherichia coui and related enteric microorganisms of

fecal origin are thought to be limited to fecally contaminated soils (Geldreich et al. 1962)

and are transitory in nature. It has been concluded that except for the soil-borne

pathogens mentioned, soil per se is not an important source of human pathogens on

plants. However, the presence of fecally transmitted pathogens is likely to occur if

improperly composted sewage or manure is used as fertilizer (De Roever 1998).

Another factor that may affect the bacteriological quality of croplands is a history

of flooding. This may become a problem when floodwaters cover areas on which farm
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animals have grazed or confined upstream from vegetable production areas. Floodwaters

may become polluted with animal waste and carry the contaminants downstream, where

they may also flood over croplands (Brackett 1999).

Irrigation water

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

streams, irrigation ditches, and open canals, groundwater from wells and municipal

supplies. Agricultural water quality will vary, particularly surface waters that may be

subject to intermittent, temporary contamination such as wastewater discharge or polluted

runoff from livestock operations. It is generally assumed that groundwater is less likely to

be contaminated with high levels of pathogens than surface water (FDA/CFSAN 1998).

Therefore, an important source of fecal contamination appears to be related to the quality

of water used for irrigation. The extent of contamination is dependent on both the type of

irrigation and produce. Generally, the greatest contamination is associated with leafy

vegetables, which provide large surface areas and topographical features that facilitate the

attachment of microorganisms (De Roever 1998). Irrigation techniques that subject the

plant to direct contact with contaminated water increase the risk of contamination. Spray

irrigation would be expected to increase contamination as compared to drip irrigation or

flooding. Irrigation water may become polluted either through direct introduction of

sewage, or through non-point pollution sources such as ground water run-off. For

example, drainage and run-off from animal pens after a rainfall event may lead to

localized contamination of irrigation sources (De Roever 1998). Irrigation water
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containing raw sewage or improperly treated effluents from sewage treatment plants may

contain hepatitis A viruses, Noroviruses or enteroviruses (polio virus, echovirus, and

Coxsackie viruses (Bagdasargan 1964). Wang and Doyle (1996) and Dunlop and Wang

(1961) recovered Salmonella, Ascaris ova and Endamoeba coli cysts from more than half

of irrigation water samples contaminated with either raw sewage or primary-treated

chlorinated effluents.

Farm Animals

Feces are also a source of pathogens on contaminated fruits and vegetables.

Among the more recent outbreaks are those linking unpasteurized apple juice to

Escheri chia coli 0157:H7 infections. This pathogen may remain viable in bovine feces

for up to 70 days, depending on inoculum level and temperature (Wang and Doyle 1996).

Ctyptosporidium infection linked to the consumption of unpasteurized apple juice was

hypothesized to have been caused by contamination of apples by calf feces (Millard et al.

1994). Contact with fruits and vegetables by pickers and handlers at the time of harvest

also poses a mechanism by which pathogens in feces may contaminate raw produce

(Beuchat and Ryu 1997).

Wild and domestic animals, including mammals and birds, are another source of

pathogenic bacteria in the agricultural environment. Wild birds are known to disseminate

Campylobacter (Luechtefield et al. 1980, Quessy and Messier 1992), Salmonella (Quessy

and Messier 1992, Jones et al. 1978), Vibrio cholerae (Lee et al. 1982) and Listeria sp.

(Fenlow 1985). Birds may be a particularly important contamination source because of
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their ability to transmit bacteria over great distances. More recently, E. coui 0157:H7 has

been isolated from wild bird feces. In a survey of wild birds, mainly gulls, 0.9% of the

bacterial isolates from fecal samples at an urban landfill and 2.9% of bacterial isolates

from fecal samples on intertidal sediments were E. coui 0157:H7 (Wallace et al. 1997).

Pathogenic bacteria are probably picked up as a result of birds feeding on garbage,

sewage, fish, or lands that are grazed with cattle or have had applications of fresh

manure. Control of preharvest contamination of fresh produce with pathogenic bacteria

from wild birds would be a difficult task (Beuchat and Ryu 1997). A significant portion

of the resident populations of rodents, rabbits and other commonly occurring mammals in

the production areas are likely to harbor enteric pathogens and are potential sources of

fecal contamination, either through direct contamination of the field or via contamination

of irrigation water (Geldreich and Bordner 1971). Allowing domestic animals access to

orchards can result in contamination of fresh fruits and tree nuts, particularly if gathered

after having fallen to the ground. Such practices may be linked to the presence of

Salmonella and Escherichia coui 0157:H7 in apple cider and apple juice (CDC 1975,

Goverd et al. 1979, Besser et al. 1993).

Human Handlers

As with animals it is assumed that a portion of the humans in the farm

environment harbor one or more enteric pathogens and therefore may play a role in the

contamination of fresh produce. The potential for transferring fecal contamination to the
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surface of produce is increased when there is a lack of suitable sanitary hand-washing

facilities in the production area. (De Roever 1998).

During Harvest

The overall sanitary quality of crops during production is primarily dependent on

the growing environment. However, harvesting introduces human and mechanical contact

that has an impact on the microbiological safety of fresh produce (Brackett 1999). The

degree of a farmer's personal hygiene can have an important impact on the transmission

of pathogenic bacteria to produce being harvested. Farmers often come from diverse

cultural backgrounds, not all of which stress proper personal hygiene. Many foodborne

illnesses are transmitted by humans, therefore workers involved in farming may have an

important impact on the microbial safety of produce they handle. It is therefore very

important that agricultural workers adhere to proper sanitary procedures. Workers who do

not appreciate or who refuse to employ important hygienic practices, such as

handwashing, are likely to constitute a risk of contaminating produce they touch with

foodborne pathogens (Brackett 1999). For example, agricultural workers were the likely

source of contamination in an outbreak of cholera associated with sliced melon (Ackers

et al. 1997).

Several critical steps should be taken to help reduce the contribution of

agricultural workers. Firstly, adequate sanitary facilities must be provided to workers

(NACMCF 1998). These should include at the very least portable toilets and hand-

washing facilities. These should be located in a relatively convenient area, in close
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proximity to the work area. Secondly, workers must be trained in the importance of

proper personal hygiene, specifically handwashing after using restrooms.

Table 4. Examples of produce-associated outbreaks with probable points of
contamination (adapted from De Roever 1998).

Stage of food chain
	

Product	 Pathogen

Growing and harvesting or
Handling and processing

Handling and processing

Growing and harvesting or
Handling and processing

Growing and harvesting

Growing and harvesting or
Handling and processing

Processing

cantaloupes

tomatoes

scallions

sprouts

apple cider

lettuce

Salmonella

Salmonella

Shigella

Salmonella

Cryptosporidium parvum

Shigella sonnei

Pathogens of Concern

Protozoan Parasites

Information on the occurrence of enteric protozoan parasites in waters used for

agriculture is virtually non-existent. Previous work has largely focused on the occurrence

of indicator bacteria such as total and fecal coliforms (Gortares, unpublished data).

Protozoan parasites such as Cryptosporidium, Giardia and Cyclospora, have in recent

years, been associated with water and food-borne disease in the United States. All of

these organisms produce cysts and oocysts, the infective stage, which make them very

resistant to adverse environmental conditions. The parasites' infective stage may remain
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viable in the environment for extended periods of time. Cryptosporidium causes a severe

untreatable gastroenteritis in immunocompromised individuals that may result in 50%

mortality. The rapid rise in drinking water associated outbreaks with Cryptosporidium,

the most notable being the Milwaukee outbreak of 1993, and past outbreaks of Giardia in

drinking water has resulted in a number of nationwide surveys for these organisms in

surface water used for drinking water purposes in the United States (Le Chevallier et al.

1991, Rose et al. 1991). These studies have indicated that these organisms are common in

surface waters and can be expected to occur in almost all surface waters since wild and

domestic animals serve as reservoirs for these parasites (Fayer 1997).

More than a dozen water-borne outbreaks of Cryptosporidium have been

documented (Lisele and Rose 1995). The potential for foodborne transmission of this

parasite has been demonstrated. A 1994 outbreak of cryptosporidiasis in Maine was

associated with drinking hand-pressed apple cider (Millard et al. 1994). A similar

outbreak of apple cider-associated infections with Cryptosporidium occurred in New

York in October 1996 (CDC 1997). Cryptosporidium oocysts have also been detected on

lettuce, tomatoes, and carrots in a vegetable market in Central America (Monge and

Chinchilla 1996).

Giardia has been shown to occur on raw produce and foodborne outbreaks have

been documented (Jay 1992). Of 64 heads of lettuce examined in Rome, Italy, 48

contained Giardia cysts.
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Foodborne Viruses

Hepatitis A virus and Noroviruses are the most commonly documented viral food

contaminants. Viruses may be excreted in large numbers by infected individuals and have

been isolated from sewage and untreated wastewater used for irrigation (Beuchat 1996a).

Although viruses do not grow on produce, they can survive long enough to cause disease

in humans. From 1988 to 1992, a total of 45 outbreaks (2,401 cases) of viral foodborne

illness were reported to CDC (1996). However, no vehicle of transmission could be

positively identified in approximately 57% of the outbreaks, approximately 10% of the

outbreaks in which a vehicle of transmission was determined were caused by

contaminated produce.

It has been well documented that crops irrigated with wastewater become

contaminated with enteric microorganisms (Rose 1986, Sadovski et al. 1978). Studies in

which enteric viruses have been added to sewage effluent used for crop irrigation have

demonstrated that viruses can remain viable for three to five weeks on crops (Tierney et

al. 1977, Ward and Irving 1987). Furthermore, Badawy et al. (1985) have shown that

enteroviruses and rotaviruses can survive for 1 to 4 months on vegetables during

commercial and household storage. Outbreaks of hepatitis A attributed to field

contamination of strawberries (Niu et al. 1992) and consumption of commercially

distributed lettuce (Rosenblum et al. 1990) have been documented. More recently, an

outbreak of hepatitis A virus occurred in November 2003 in Monaca, Pennsylvania. The

outbreak was associated with eating a food item containing green onions at a single

restaurant. Traceback investigations indicated that the green onion source was one or
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more farms in Mexico (MMWR 2003). These outbreaks suggest the possibility of viral

disease transmission through contaminated produce prior to or during harvest. Viruses

don't survive for long on exposed surfaces due to the effects of solar radiation,

desiccation and high temperatures. However, in protected parts of the plant such as roots,

closed foliage and internal parts, survival may increase up to 60 days (Smith 1992).

Noroviruses

Since the discovery of the Norwalk virus in 1972, Noroviruses (NVs), previously

called small round structured viruses (SSRVs), human caliciviruses, "Norwalk-like

viruses" (NLVs), have emerged as the single most common cause of acute nonbacterial

gastroenteritis in humans. Noroviruses are the major cause of infections in all age groups

whereas Sapoviruses (SVs), previously called "Sapporo-like viruses" (SLVs), cause

gastroenteritis in children and rarely cause outbreaks. The Centers for Disease Control

and Prevention (CDC) have determined that NVs account for 93% of reported outbreaks

of nonbacterial gastroenteritis that have been examined over a 3 year period in the United

States (Fankhauser et al. 2002).

The family Caliciviridae has recently been divided into four genera: Norovirus

(type strain Norwalk virus), Sapovirus (type strain Sapporo virus), Vesivirus (type strain

Vesicular exanthema of swine virus) and Lagovirus (type strain Rabbit hemorrhagic

disease virus) (ICTV meeting, Paris 2002). Norovirus and Sapovirus are the two genera

that have been implicated in human disease and are generally called human caliciviruses.

Vesiviruses and Lagoviruses are known to cause disease in animals. Humans are
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currently thought to be the only reservoir of human caliciviruses. However, recent studies

identifying NVs genetically (by nucleotide sequence analysis) in farm animals, suggest

that animal reservoirs may be possible (Dastjerdi et al. 1999, Liu et al. 1999, Sugieda et

al. 1998, Van de Poel et al. 2000).

Based on sequence analysis, the Noroviruses can be divided into four genetic

groups, called genogroups (G), GI-GIV, of which genogroup III has so far been only

found to cause disease in cattle (Ando and Fankhauser 2000). Noroviruses (NVs) may be

further divided into at least 18 genetic clusters or genotypes. Similarly, Sapoviruses

(SVs) may be divided into three genogroups (GI-Gill), consisting of 5 genotypes, of

which genogroup I and II strains have been detected in humans and genogroup III

comprises one porcine (Cowden) strain (Schuffenecker et al. 2001). The human

caliciviruses are non-enveloped viruses, 27 to 35 nm in diameter, possessing single-

stranded positive sense RNA genome of approximately 7.6 to 7.7 kb in length surrounded

by a protein capsid (Jiang et al 1993). To date, no human caliciviruses have been

effectively propagated in cell culture. Molecular methods, like reverse transcription

polymerase chain reaction (RT-PCR) have been shown to detect Norovirus RNA in water

and environmental samples.

Numerous foodborne and waterborne outbreaks of NVs have been reported

throughout the world (Hedlund et al. 2000, Maguire et al. 1999, Koopmans et al. 2000,

Vinje' et al. 1997, O'Ryan et al. 2000, Nakata et al. 2000, Bon et al. 1999, Pang et al.

2000). NVs caused 93% and 73.4% of non-bacterial gastroenteritis outbreaks in the

United States and Japan, respectively, over a three-year period (Fankhauser et al. 2002,
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Iritani et al. 2000). Recent estimates suggest 38.6 million annual cases of gastroenteritis

in the U.S., with 80% of viral infections of which the majority are attributed to

Noroviruses (Mead et al. 1999).

Norovirus outbreaks have been reported in many different settings such as schools

(Adler and Zickl 1969), nursing homes (Green et al. 2002), hospitals (Hedlund et al.

2000), cruise ships (Herwaldt et al. 1994, Khan et al. 1994, MMWR 2002), tourist resorts

(Boccia et al. 2002), childcare centers (Hedlund et al. 2000), and navy ships (McCarthy et

al. 2000). NVs are primarily transmitted through the fecal-oral route. During an outbreak,

primary cases usually result from exposure to a fecally contaminated vehicle such as food

or water (Daniels et al. 2000, Deneen et al. 2000, Boccia et al. 2002), whereas secondary

or tertiary cases among contacts of primary cases result from person-to-person

transmission (Becker et al. 2000). Despite the transmission of NVs throughout the year,

studies from 12-year round surveys conducted between 1978 through 1998 in 8 countries

indicate that the peak incidence of NVs occurs during the winter months. (Mounts et al.

2000).

Although documented waterborne outbreaks are far less common than foodborne,

NVs have been associated with numerous gastroenteritis outbreaks in which sources of

contaminated water have been implicated. Noroviruses have been detected in surface

water (Jiang et al. 2001), groundwater (Abbaszadegan et al. 1999), drinking water

(Kukkula et al. 1999), mineral water (Beuret et al. 2002) and are a well-documented

cause of waterborne outbreaks of acute gastroenteritis (Kukkula et al. 1997, Beller et al.

1997, Kaplan et al. 1982, Boccia et al. 2002).
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Noroviruses are estimated to be the leading cause of foodborne-illness attributable

to a known etiologic agent (Deneen et al. 2000, Evans et al. 1998). Mead et al. (1999)

estimated that there were 38,629,641 cases of foodborne illness related to viruses

accounting for 67% of all foodborne illness in the United States. The Centers for Disease

Control (CDC 2000) recently estimated that 96% of reported outbreaks of nonbacterial

gastroenteritis in the United States were caused by NVs (Fankhauser et al. 1998).

Consumption of contaminated food was the most commonly identified mode of

transmission (Fankhauser et al. 1998, Schwab et al. 2000a). Outbreaks of foodborne

disease have been associated with consumption of bakery products (frosting), various

types of salads (potato, chicken, fruit and tossed), sandwiches and pre-cooked meats

(cooked ham, served cold) (Hedberg and Osterholm 1993, Metcalf et al. 1995, Schwab et

al. 2000b, Wanke and Guerrant 1987, Patterson et al. 1993, Riordan et al. 1984).

Additionally, raw and minimally processed fruits and vegetables are frequently

implicated in NV outbreaks (Alexander et al. 1986, Griffin et al. 1982, Heun et al. 1987,

Kilgore et al. 1996, Ponka et al. 1999). Consumption of raw or cooked shellfish has been

implicated in numerous documented outbreaks of human calicivirus -associated disease

(Ando et al. 1995, Chalmers and McMillan 1995, Dowell et al. 1995, Kohn et al. 1995,

Lees et al. 1995, Le Guyader et al. 1996, McDonnell et al. 1997, Morse et al. 1986).

Of the 348 outbreaks of NV gastroenteritis reported to CDC during January 1996-

November 2000, food was implicated in 39%, person-to person contact in 12%, and

water in 3%; 18% could not be linked to a specific mode of transmission (Centers for

Disease Control 2001) (Figure 1).
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No data
28%

Foodborne
39%

18%
Person-to-

person
12%

Figure 1. Settings of 348 outbreaks of gastroenteritis reported to CDC during January
1996-November 2000 (adapted from MMWR 2001).

The human caliciviruses cause a self-limiting gastroenteritis usually lasting 24 to

72 hours. The incubation period is dose-dependent and ranges from 24-48 hours, with an

average time of 36 hours (Clarke et al. 2000). The onset of systems is rapid. The most

common symptoms include nausea, vomiting and diarrhea. Other symptoms may include

headache, malaise, chills, cramping, and abdominal pain. Stools typically do not contain

blood or mucus. Vomiting may be projectile. As many as 30% of the infections may be

asymptomatic (Graham et al. 1994).
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Bacterial Pathogens

In the past decade bacterial outbreaks of foodborne illness from the consumption

of raw fruits and vegetables have increased in the US (Beuchat and Ryu 1997). Pathogens

such as Listeria monocytogenes, Bacillus cereus and Clostridium botulinum are common

soil inhabitants and may contaminate produce through improper washing procedures.

Since Listeria monocytogenes is found throughout the environment, it can be found in

any type of food. In addition to outbreaks associated with animal products, produce has

also been implicated (Ho et al. 1986, Schlech et al. 1983). Other pathogens such as

Salmonella, Escherichia coui 0157:H7, Campylobacter jejuni and Vibrio cholerae are

more likely to contaminate produce through such vehicles as raw sewage, improperly

composted manure, irrigation water containing untreated sewage, animal waste or

contaminated wash water.

Poultry and other meat products, eggs, and dairy products are the most commonly

implicated sources in salmonellosis outbreaks. Fresh fruits and vegetables are implicated

less frequently, although outbreaks have been documented (Beuchat 1996a). Several

large outbreaks of salmonellosis have been attributed to fresh produce. Two multistate

outbreaks implicated the consumption of raw tomatoes, one involved Salmonella javiana

in 1990 (Wood et al. 1991) and the other involved Salmonella montevideo in 1993

(Hedberg et al. 1994). Outbreaks of salmonellosis in the United States have involved

fresh fruits, mainly melons. Salmonella infections were linked to the consumption of

precut melons in 1955 (Gayler et al. 1955). In 1990, cantaloupe from multiple sources in

Mexico and Central America were linked to 245 cases of Salmonella chester infections in
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30 states (Ries et al. 1990). A second outbreak of salmonellosis apparently caused by

cantaloupe occurred in 1991 (CDC 1991). The outbreak involved 185 confirmed cases of

Salmonella poona infection in 23 states in the United States and 56 cases in two

Canadian provinces. Infections were linked to the consumption of presliced cantaloupe

that originated from Texas and/or Mexico.

In the United States, Escherichia coli 0157:H7 infections are usually associated

with ground beef. However other foods and drinking water have also been implicated in

outbreaks of infections with this pathogen. In 1991, an outbreak of E. coli 0157:H7

infections affecting 23 persons in Massachusetts was associated with the consumption of

apple cider from a traditional cider mill (Besser et al. 1993). Most of the apples used in

the cider were "drops" or apples collected from the ground. Contamination was thought

to have occurred prior to or following harvest, through exposure to bovine feces. In 1995,

an outbreak of E. coli 0157:H7 involved at least 40 persons in Montana and was

epidemiologically linked to the consumption of leaf lettuce (Ackers et al. 1996). The

mechanism of contamination was not determined, however, the lettuce was spray

irrigated with surface water at one source farm and investigations of area grocery stores

revealed unsanitary leaf handling methods. Also in 1995, an outbreak of E. coui 0157:H7

infections involving 30 persons attending a Boy Scouts gathering in Maine was

epidemiologically linked to lettuce (Mermin et al. 1996). It is not known where or when

the lettuce was contaminated. It is possible however that cross-contamination from meat

products may have occurred during food preparation or storage.
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Campylobacter species are a leading cause of bacterial foodbome illness in the

United States. As few as 500 Campylobacter jejuni can cause a severe mucohemorrhagic

diarrhea in the infected host. (Steele and McDermott 1978). Park and Sanders (1991)

were able to detect Campylobacter in spinach (3.3%), lettuce (3.1%), radish (2.7%),

green onions (2.5%), parsley (2.4%) and potatoes (1.6%) sampled from outdoor markets

and supermarkets, with C. jejuni (88%) being the predominant Campylobacter species

isolated.
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Objectives of This Study

The purpose of this study was to assess the microbiological quality of irrigation

water used in the production of fresh produce in Arizona by determining the occurrence

of various indicator organisms and enteropathogens belonging to various microbial

groups including Campylobacter, Salmonella, Cryptosporidium, Giardia, and

Noroviruses. Additionally, to determine the impact of various factors such as canal size,

location, distance from water source and rainfall on the microbial quality of the water.
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MATERIALS AND METHODS

Location and Description of Study Sites

This study was conducted on irrigation canals located in two agricultural counties

in Arizona, namely Yuma and Maricopa. The first part of this study was conducted in

Yuma County and the second part in Maricopa County.

Yuma County

The Yuma Groundwater Basin (YGB) is located in the southwestern comer of

Arizona (Figure 2). Precipitation in this arid basin averages less than 3 inches annually,

but because of irrigation, it is one of the world's most productive agricultural zones. This

area requires the use of several water sources (surface and ground) beyond rainfall for

production purposes. The YGB encompasses more than 750 square miles at the apex of

the Colorado River. Two hydrologic barriers, the Laguna Mountains to the northeast and

the Gila and Tinajas Atlas Mountains to the east form the basin boundaries. The preferred

water source in the Yuma area is the Colorado River. This surface water is the main

source for both irrigation in the basin and municipal uses by the city of Yuma.

Groundwater generally has higher salinity levels and is used for domestic or irrigation

purposes only in areas where or when the Colorado River water is unavailable.

Water quality problems in the Colorado River are significant, since the river

carries an estimated 9 million tons of salts annually. The lower Colorado contains about

2,000 pounds of salt per acre-foot. Salinity increases downstream due to evaporation,



agricultural activities, leaching of salts from soils and other factors. High salinity levels

also originate in several tributaries, especially the Virgin River which flows through

Arizona into Nevada (www.water.az.gov/adwr).

41
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Figure 2. Yuma Groundwater Basin

(adapted from www.adeq.state.az.us/environ/water/assess/ambient.html)
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Sampling Sites

Initial survey of the irrigation canals was conducted in March through May of

2001 whereby 20 to 24 irrigation canal sites each from the West and East side of Yuma

were sampled. Samples were collected semimonthly for a total of 130 and screened for

the presence of microbial indicators of fecal pollution. Based on bacterial results of the

survey and accessibility to the canals, 3 sites were selected from Yuma East and 3 sites

from Yuma West. See Table 5 for site characteristics. Samples were collected in June

2001 and monthly from October 2001 through March 2002 and screened for the presence

of total coliforms, Escheri chia cou, Enterococcus, Salmonella, Campylobacter, Giardia,

Cryptosporidium and Noroviruses. Additionally, salinity, turbidity, temperature and pH

were measured for each sample site. Continued sampling of selected sites (6) was limited

to microbial indicators of fecal pollution and occurred on a monthly basis through March

2003. Pictures of some sample sites are presented in figures 3 and 4. Rainfall data was

obtained from the Arizona Meteorological Network (AZMET)

(www.ag.arizona.edu/azmet/dat a/0202em.txt).
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Figure 3. Yuma main canal, 1A, located in West Yuma.

Figure 4. Cloyd lateral canal, 13A, approximately 5.5 miles from sample site 1A.
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Alaricopa County

As Arizona's largest water supplier, the Salt River Project (SRP) operates and

maintains an irrigation system that typically delivers 326 billion gallons of water to

municipal. agricultural, industrial and urban irrigation systems in metropolitan Phoenix

each year through its 131-mile canal system. Water in this canal system is a mix from the

Salt and Verde rivers, CAP (Colorado River water) and groundwater pumped from wells.

The mix changes seasonally and year to year depending on annual runoff Nine main

canals make up the Valley's 131-mile canal system. In addition to the main canals are

924 miles of laterals, ditches that take water from the large canals to various delivery

points in irrigated areas. Many of the laterals that take water from canals in agricultural

areas south of the Salt River are open ditches. The main and lateral canals wind across

240,000 acres of land. Eight municipal water treatment plants are located near SRP

canals. These filtration facilities treat water prior to deliveries for domestic use.

The irrigation canals that were sampled for this project were located south of the

Salt River. Water was sampled from the South canal (9.91 miles long), which takes water

from the Salt River at the Granite Reef Diversion Dam and supplies water to all the

canals south of the Salt River. Water from the South canal is pumped into the Roosevelt

canal via the Roosevelt Water Conservation District (RWCD) pumping plant. This canal

was the most eastern canal from which water samples were taken. West of the Roosevelt

canal is the Eastern canal (14.73 miles long) and then the Consolidated canal (18.94 miles

long), both branches of the South canal. Water samples were taken from both canals. The

latter three canals flow south from northern Mesa. The Western canal (13.61 miles long)
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was also sampled. It originates from the end of the South canal via the Tempe canal and

takes water due west (Figure 5).

Figure 5. Salt River Project's irrigation territory showing main canals (adapted from
www.srpnet.com).
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Sampling Sites

Eighteen to twenty canals were sampled on a monthly basis and/or following a

rainfall event beginning May 2002 through February 2003. Canal site characteristics are

noted in Table 6. Samples were analyzed for salinity, turbidity, temperature, pH and

microbial indicators of fecal pollution, which included total coliforms, Escherichia co/i,

Enterococcus and Clostridium perfringens. Based on the bacterial concentrations of the

various canals, 6 sites were selected for additional analysis of enteropathogens. These

sites were sampled from July 2002 through February 2003 and analyzed for the presence

of Salmonella, Campylobacter, Giardia, Cryptosporidium, and Noroviruses in addition to

the previously mentioned water quality parameters and microbial indicators. Rainfall data

was obtained from the Arizona Meteorological Network (AZMET)

(www.ag.arizona.edu/azmet/data/0202em.txt). Some sample sites are shown in Figures 6

to 9.



Figure 6. Sample site SRP 4 located on the Consolidated canal.

Figure 7. Sample site SRP 15, a lateral/field canal near the Eastern
canal.
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Figure 8. Sample site SRP 12 located on the Roosevelt canal.

Figure 9. Sample site SRP 21, a lateral/field canal, midway between
the Roosevelt and Eastern canals.
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Detection Protocols

Grab samples were collected by using sterile two to three 1-liter bottles for

analysis of microbial indicators, Salmonella and Campylobacter. For analysis of samples

for protozoa and viruses, large volumes of water were concentrated by cartridge filtration.

Total coliforms and Escherichia coui

Simultaneous enumeration of both indicators was performed using the Colilert

Quanti-Tray system (IDEXX Laboratories Inc., Westbrook, MA) as specified by the

manufacturer's instructions. Both indicators can be detected on the basis of the utilization

of two different substrates, which results in the formation of two different colored end-

products. A yellow color indicates the presence of coliforms and fluorescence under

long-wave ultraviolet light indicates the presence of E. coll. Results were reported as

Most Probable Number (MPN) per 100 mL of irrigation water.

Enterococcus

The Enterolert Quanti-Tray system (IDEXX Laboratories Inc., Westbrook, MA.)

was used for the enumeration of Enterococcus. This system is based on the utilization of

a nutrient indicator that fluoresces when metabolized by Enterococcus. Results were

reported as MPN per 100mL of irrigation water.
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Clostridium perfringens

A membrane filtration technique was used to detect C. perfrin gens. The sample

was heat shocked at 70°C for 20 minutes in a waterbath to kill the background bacteria in

the sample. Two 50-mL samples were filtered through two 0.45m  membrane filters

(Millipore Inc., Bedford, MA) and then transferred to mCP media (Acumedia, Acumedia

Manufacturers Inc. Baltimore, Maryland) and incubated in an anaerobic jar at 45°C for

18-24 hrs. Yellow colonies that turned pink to red after exposure to ammonium

hydroxide were counted as C. perfringens colonies (Bisson and Cabelli 1979).

Campylobacter

Volumes of 100-1000 mL of water were filtered through membrane filters (0.45

lam pore size). Filters were then placed in Bolton broth, an enrichment medium

supplemented with vancomycin, trimethoprim, cyclohexamide and sodium cefoperazone

and incubated microaerobically at 42°C for 48 hours. Post-enrichment plating of

Campylobacter was performed on Abeyta-Hunt Bark (Difco, Sparks MD) agar plates and

incubated microaerobically at 42°C for 48 hours. Following incubation, a single colony

from the positive Abeyta-Hunt Bark agar plates was transferred to Mueller-Hinton blood

agar plates and incubated microaerobically at 42°C for 48 hours. Following incubation, a

single colony from the Mueller-Hinton blood agar plate was transferred to two Mueller-

Hinton blood agar plates and incubated at 42°C for 48 hours. Plates were then harvested

using 20% glycerol in Brucella broth and frozen at -80°C.
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Polymerase chain reaction (PCR) was then perfouned on isolated colonies subcultured to

Mueller-Hinton blood plates. Primer sets MW1 5`- ACA CTG GAA CTG AGA CAC-

3'and MW2 5'-TCG AGT GAA ATC AAC TCC-3' for the detection of Campylobacter

species produced a 1.1 kb amplicon. The PCR protocol was followed according to

Thunberg et al. (2000) with the following modifications, an annealing temperature of

55°C for 1 minute and 35 cycles of amplification. All positive samples showing the

appropriate amplicon product size were rerun with primer sets RTCJI 5'- CTG AAT TTG

ATA CCT TAA GTG CAG C-3' and RTCJ2 5'- AUG CAC GCC TAA ACC TAT AGC

T-3' specific for Campylobacter jejuni according to the PCR assay previously described

by Nogva et al. (2000).

Salmonella

Volumes of 100-1000 mL of water were filtered through membrane filters (0.45

Jim pore size). Filters were then placed in Lactose broth (Difco, Becton Dickinson,

Sparks MD), an enrichment medium supplemented with 200 pi Triton-X and incubated at

room temperature for 1 hour and then at 37°C for 24 hours. One mL was then transferred

to tetrathionate broth (EM Science, Gibbstown, NJ) and incubated at 37°C for 24 hours.

Post-enrichment plating of Salmonella was performed on Bismuth-sulfite agar (Difco,

Becton Dickinson, Sparks, MD) plates and incubated at 37°C for 24 hours. Following

incubation, a single colony from the positive Bismuth-sulfite agar plates was transferred

to Mueller-Hinton agar (BBL, Becton Dickinson, Sparks, MD) plates and incubated at
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37°C for 24 hours. Following incubation, a single colony from the Mueller-Hinton agar

plate was transferred to two Mueller-Hinton agar plates and incubated at 37°C for 24

hours. Plates were then harvested using 20% glycerol in lactose broth and frozen at -

80°C. Polymerase chain reaction (PCR) was then performed on isolated colonies

subcultured to Mueller-Hinton agar plates. Primer sets and PCR assays used are

previously described by Bej et al. (1994).

Giardia cysts and Cryptosporidium oocysts

Protozoa were detected in the irrigation water samples by filtration, immunomagnetic

separation (IMS) and immunofluorescence (FA) microscopy according to USEPA

method 1623 (USEPA 1999). Briefly, protozoa were concentrated by filtering between

57 and 114 liters of canal water through an Envirochek capsule filter (Pall Gelman

Laboratory, Ann Arbor, MI.) at a flow rate of approximately 0.5 gallons lmin -1 . Filters

were placed on ice and transported to the lab for processing. Filters were processed and

Giardia cysts and Cryptosporidium oocysts were enumerated according to USEPA

method 1623.

Noroviruses (NVs)

Virological analysis for detection of Noroviruses was performed by reverse

transcriptase polymerase chain reaction (RT-PCR) (Vinje' et al. 2004) after concentration

of the water samples. The samples were collected by passing at least 100 gallons (378.5

liters) of canal water through a positively charged 1MDS Virosorb filter (CUNO Inc.,
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Meriden, Conn.) at a flow rate of no more than 2 gallons 'min-I- . The filters were bagged,

packed on ice, transported to the laboratory and processed within 48 hours after

completion of the sampling process.

The filters were eluted by adding one liter of an autoclaved solution of 3% beef

extract (Difco, Becton Dickinson, Sparks, MD) to the filter housing containing the 1MDS

filter and allowing it to sit for at least 1 minute. The solution was then forced from the

filter housing into a sterile 2-liter beaker using nitrogen (N2) gas. The eluant was then

poured back into the filter housing and again forced into the same beaker using nitrogen

gas. The pH of the solution was then adjusted to 3.5 ± 0.50 with 1N HC1 and stirred for

30 minutes to help precipitate the proteins along with any virus present. This flocculant

was then centrifuged and the resulting pellet was resuspended in 0.15 M sodium

phosphate (Na2HPO4) buffer (EM Science, Gibbstown, NJ) (pH 9.4). The pH of the

solution was brought to neutral and antibiotics (Gibco, Invitrogen Corp., Grand Island,

NY) added. The final volume of concentrates varied from 20 mL to 40 mL. Five to seven

mL aliquots of this concentrate were filter sterilized through a 0.2 micron filter. All filter-

sterilized aliquots were stored at -80°C until the PCR assay was performed. The

remaining aliquot was stored at -80°C for archival purposes.

Samples were RNA extracted using a QIAamp viral RNA mini kit (Qiagen,

Valencia, CA) according to the manufacturer's instructions. A total of 2801AI from each

undiluted and diluted (1/10) concentrate was RNA extracted down to a volume of 80

in preparation for RT-PCR.
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The RT-PCR assay was performed using modified JV12/JV13 degenerate primer

sets (MJV12: 5'- TAY CAY TAT GAT GCH GAY TA -3' and

Reg A: 5'- CTC RTC ATC ICC ATA RAA IGA-3') that target the region A of the POL

gene and amplify a 327-bp target sequence (Vinje' et al. 2004). The Qiagen One-Step

RT-PCR kit (Qiagen, Valencia, CA.) was used as previously described by Vinje' et al.

(2004) with slight modifications. Sample volumes and PCR reagents were doubled for

each assay for a total volume of 504 All samples were performed in duplicate. Negative

and positive controls were performed for each PCR run. Amplified products of 327-bp

were visualized on a 2% agarose (Fisher Scientific Inc.) gel stained with ethidium

bromide.

All presumptive positive samples containing the amplified 327-bp PCR target

product were purified by a Q1Aquick PCR purification kit (Qiagen, Valencia, CA) and

sequenced at the University of Arizona's Laboratory of Molecular Systematics and

Evolution, using automated DNA sequencing (Applied Bioproducts, Ames, IA) and one

of the primer pairs. The DNA sequences were evaluated with the BLAST software

available through the NCBI (National Center for Biotechnology Information, NIH,

Bethesda, MD.) website http://www.ncbi.nlm.nih.gov/B LAST.
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Statistical Analyses

All statistical analyses was performed using Microsoft excel 2000 (Microsoft

Corporation, Washington). Samples where microorganisms occurred below the detection

limit (< 1 MPN/100 mL) were recorded as 1 for statistical analyses. Graphs were also

generated using Microsoft excel 2000.
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RESULTS

Maricopa County

Physicochemical results

A total of 263 irrigation water samples were collected between May 2002 and

February 2003 from various canals in Maricopa County. The conductivity ranged

between 0.2 and 1.78 g/L TDS with a mean value of 0.74 throughout the study period.

The sampling site with the lowest conductivity reading was observed at site SRP 8B and

the highest conductivity reading was observed at site SRP 15. Turbidity varied between

0.01 and 390.0 NTU with a mean value of 9.2 NTU for all sampling sites. Mean turbidity

was greatest at site SRP 8B with a value of 82.0 NTU. Average monthly turbidities

recorded throughout the study period are shown in Figure 10. The highest average

turbidity of 19 NTU was recorded in July 2002 and the lowest of 1.9 NTU was recorded

in October of 2002. The pH varied between 7.2 to 9.6 with a mean value of 8.0.

Temperature ranged between 9°C and 36°C with a mean value of 22°C. The lowest

temperature was recorded at site SRP 13B during the month of January 2003. The highest

temperature recorded was in July 2002 and was observed at site SRP 21. Average

monthly temperatures recorded throughout the study period are shown in Figure 11 with

the highest average of 31°C recorded in August of 2002 and the lowest average

temperature of 16°C observed in January of 2003. Results are presented in Table 7.
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Figure 10. Monthly average turbidity for irrigation canals sampled in Maricopa
County between May 2002 and February 2003.
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Detection of microbial indicators

Total coliform bacteria were detected throughout the study area. Sample

concentrations ranged between 46 MPN/100 mL and > 2419200 MPN/100 mL with a

mean value of 50506 MPN/100 mL for all sites. The highest level was observed at site

SRP 15 during the month of February 2003 and the lowest level was observed at site SRP

18 during May 2002. The highest geomean value of 85865 MPN/100 mL was observed at

site 13B and the lowest mean value of 979 MPN/100 mL was observed at site SRP 16.

The geometric mean value for all sites was 4258 MPN/100 mL (Table 8) One—way

ANOVA demonstrated a significant difference between sampling sites (P<0.05). Total

coliform levels were greatest in July 2002 (9196 MPN/100 mL geometric mean) and

lowest in November 2002 (1409 MPN/100 mL geometric mean) (Figure 12).

The sampling sites were arranged according to canal site (Table 9). The

Consolidated main canal included sampling sites SRP 4, SRP 7, SRP 14 and SRP 18. The

Eastern main canal included sites SRP 3, SRP 8, SRP 13 and SRP 17. The Roosevelt

main canal included sites SRP 2, SRP 9, SRP 12 and SRP 16. The South main canal

included site SRP 1, the Tempe main canal included site SRP 5 and the Western canal

included site SRP 6. The lateral canals included sites SRP 10, SRP 11, SRP 15 and SRP

21 and the drains (return flows) included sites SRP 8B and SRP 13B, which were all,

grouped together. The lateral/drain canals showed the highest concentration of total

coliforms at a geometric mean value of 12965.1 MPN/100mL and the lowest geometric

mean value of 1405 MPN/100 mL was observed at the Roosevelt canal (Table 9).
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Table 8. Mean values (geomean) for indicator bacteria concentrations in irrigation water
canals in Maricopa County and site ranking based on indicator concentrations.

Sampling Number Total Escherichia Enterococcus Clostridium Final
site of

samples
coliforms co/i perfringens* rank**

MPN/100 MPN/100 MPN/100 CFU/
(n) mL mL mL 100mL

SRP 1 11 5047 10 207 3 13
SRP 2 12 1305 66 178 1 7
SRP 3 12 2782 3 37 1 2
SRP 4 19 5909 7 245 2 14
SRP 5 12 5187 5 83 2 10
SRP 6 12 2953 7 156 11 12
SRP 7 12 3775 6 53 2 6

SRP 8A 12 1930 5 52 2 4
SRP 8B 10 57530 167 1912 36 20
SRP 9 12 2126 41 64 2 11
SRP 10 8 1812 39 224 1 9
SRP 11 12 2914 33 325 5 16
SRP 12 18 1398 28 159 2 8

SRP 13A 18 1729 2 59 2 3
SRP 13B 13 85865 287 2051 22 21
SRP 14 12 1458 5 34 2 1
SRP 15 8 16615 160 1584 9 19
SRP 16 11 979 12 231 1 5
SRP 17 17 27291 52 321 10 18
SRP 18 15 3665 9 277 8 15
SRP 21 7 4249 14 718 2 17

Total 263 4258 18 198 3

* For C. perfringens n= n-2 for all sites except 8B and 16B, n=n--1; site 18, n= n-3 and
site 21,n = 7.
** Determined from combining the rank of each individual indicator. A rank of 1
indicates the least contaminated site.
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One-way ANOVA demonstrated a significant difference in total coliform levels between

canal sites. Total coliform concentrations were greater at the Eastern canal than at the

Consolidated canal (p= 0.0433) or Roosevelt canal (p=0.0415). The concentrations of

total coliforms were significantly greater in the lateral canals when compared to the

Consolidated (p=0.0104), Eastern (p=0.0193) or the Roosevelt (p=0.0135) canals. The

sampling sites were divided into two groups based on location. Sites in one group were

located in more urban areas (more densely populated) and closer to the original source of

water. These sites were all located north of Warner road and included sites SRP 1 through

SRP 10. Sites in the second group were located on or south of Williams Field road, which

is more of an agricultural, rural area, not as densely populated and further south (farther

away from original water source) and included sites SRP 11 through SRP 18 and site

SRP 21. Data are presented in Table 10. One-way ANOVA did not demonstrate a

significant difference between total coliform concentrations between either group

(p>0.05).

Escheri chia cuti concentrations ranged between <1 MPN/100 mL (below the

detection limit) and >2419200 MPN/100 mL with a mean value of 9418 MPN/100 mL

for all sites. The highest level was observed at site SRP 15 during the month of February

2003. Nineteen (7.2%) of the 263 samples collected were below the detection limit of <1

MPN/100 ml. The highest geomean value of 287 MPN/100 mL was observed at site SRP

13B and the lowest mean value of 2 MPN/100 mL was observed at site SRP 13A. The

geometric mean value for all sites was 18 MPN/100 mL (Table 8). One—way ANOVA

demonstrated a significant difference between concentrations of E. coli at various
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sampling sites (p<0.05). E. coil levels were greatest in February 2003 (31.6 MPN/100 mL

geometric mean) and lowest in May 2002 (5.05 MPN/100 mL geometric mean)

(Figure 11). The lateral/drain canals showed the highest concentration of E. colt at a

geometric mean value of 81.1 MPN/100mL and the lowest geometric mean value of 5

MPN/100 mL was observed at the Tempe canal (Table 9). One-way ANOVA did not

demonstrate a significant difference in levels of E. coli between any of the main canals

and lateral/drain (p>0.05) canals or between sampling sites in urban and rural areas

(p>0.05).

The Enterococcus levels varied between <1 MPN/100 mL and >241920

MPN/100 mL with a mean value of 2532 MPN/100 mL for all sites. The highest level

was observed at site SRP 15 during the month of February 2003. Two (0.76%) of the 263

samples showed Enterococcus levels below the detection limit of <1 MPN/100 mL. The

highest geomean value of 2051 MPN/100 mL was observed at site SRP 13B and the

lowest mean value of 34 MPN/100 mL was observed at site SRP 14. The geometric mean

value for all sites was 198 MPN/100 mL (Table 8). One—way ANOVA demonstrated a

significant difference between concentrations of Enterococcus at various sampling sites

(P<0.05). Enterococcus levels were greatest in August 2002 (563 MPN/100 mL

geometric mean) and lowest in May 2002 (21.70 MPN/ 100 mL geometric mean) (Figure

12). The lateral/drain canals showed the highest concentration of Enterococcus at a

geometric mean value of 867.5 MPN/100mL and the lowest geometric mean value of 83

MPN/100 mL was observed at the Tempe canal (Table 9). One-way ANOVA did not

demonstrate a significant difference in levels of Enterococcus between any of the main
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canals and lateral/drain canals (p>0.05) (Table 9). Differences in levels of Enterococcus

at sites located in urban and rural areas were not significant as demonstrated by one-way

ANOVA (p>0.05) (Table 10).

Clostridium perfringens levels ranged between <1 CFU/100mL and >300

CFU/100mL with a mean value of 13.95 CFU/100 mL for all sites. Sixty nine (30.8%)

of the 224 samples screened for C. perfringens were below the detection limit of <1

CFU/100 mL. The highest levels of >300 CFU/100 mL were observed at sites SRP 8B,

SRP 13B and SRP 17 and were all recorded in the month of February 2003. The highest

geomean value of 36 CFU/100 mL was observed at site SRP 13B and the lowest mean

value of 1 CFU/100 mL was observed at sites SRP 2, SRP 3, SRP 10 and SRP 16 (Table

8). The geometric mean value for all sites was 3 CFU/100 mL (Table 8). C. perfringens

levels were greatest in February 2003 (7.01 CFU/100 mL geometric mean) and lowest in

November 2002 (1.67 CFU/100 mL geometric mean) (Figure 12). The Western canal

showed the highest geometric mean value of 11 CFU/100 mL for C. perfringens whereas

the lowest mean value of 2 CFU/100 mL was observed at the Roosevelt and Tempe

canals (Table 9). One-way ANOVA demonstrated a significant difference in C.

perfringens levels between canal sites. C. perfringens concentrations were significantly

greater at the lateral/drain canal sites compared to the Consolidated (p=0.0045), Eastern

(p= 0.0443) and Roosevelt (p=0.0031) canals. The Western canal showed significantly

greater concentrations of C. perfringens compared to the Tempe (p=0.0044) and South

(p=0.0277) canals. One-way ANOVA did not demonstrate any significant differences
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samples collected in Maricopa County between May 2002 and February
2003.
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between concentrations of C. perfringens in sampling sites located in urban and rural

areas (p>0.05) (Table 10).

The sampling sites were given rankings according to concentrations of indicator

bacteria beginning with a rank of 1 (the lowest level of bacteria in each group) to 21 (the

highest level of bacteria in each group) in order to compare the sites to one another.

After each category was ranked, a total score was averaged and an overall (final) ranking

was assigned to each site (Table 8). Site SRP 14, which is located on the Consolidated

canal, had the lowest ranking (best microbial water quality). Site SRP 13B which is a

drain (return flow) canal had the highest ranking (worst microbial water quality). Site

SRP 8B which is also a drain canal had the second highest ranking (20) (Table 8).

Figures 13 to 15 show microbial indicator levels for the lowest (SRP 14) and highest

(SRP 13B and SRP 8B) ranked sites. Site SRP 14 shows E. coli levels at a maximum of 3

log o and Enterococcus levels at a maximum of 3 log io whereas sites SRP 13B and 8B

both show maximum levels at 4 logo for E. coui and 4.5-5 log i o for Enterococcus.
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the study period between May 2002 and February 2003.

Note: C. perfringens concentrations expressed as CFU/100 mL.
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Figure 14. Site SRP 13B (rank 21) showing the levels of indicator organisms
throughout the study period between June 2002 and February 2003.

Note: C. perfringens concentrations expressed as CFU/100 mL.
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Figure 15. Site SRP 8B (rank 20) showing the levels of indicator organisms throughout
the study period between June 2002 and February 2003.

Note: C. perfringens concentrations expressed as CFU/100 mL.
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Correlations between indicator parameters

Total coliforms correlated moderately well overall (pooled data) with E. colt

(r= 0.60), Enterococcus (r= 0.58) and turbidity (r=0.708). E. coil correlated well with

Enterococcus (r= 0.858) overall. Correlations between rainfall within 7 days prior to the

sampling date and arithmetic mean values for bacterial indicators for combined sampling

site data showed moderate to strong correlations with total coliforms (r=0.526), E. colt

(r=0.726), Enterococcus (r=0.613) and C. perfringens (r=0.642) (Figures 16 and 17).

Correlations were performed between various water quality parameters on an individual

basis for each site. Strong correlations between E. coil and Enterococcus were seen at

sites SRP 2 (r=0.996), SRP 6 (r=0.878), SRP 7 (r= 0.976), SPY 9 (r=0.988) and SPY 15

(1=1.00). Site SRP 15 showed the greatest number of strong correlations between

parameters. No strong correlations (r _� 0.800) between any parameters were seen at sites

SRP 3, SPY 4, SRP 5, SPY 8A, SPY 12, SPY 13A, SRP 17, SPY 18 and SPY 21. Total

coliforms correlated strongly with rainfall within 7 (r= 0.777) and 14 days (r=0.769) prior

to sampling dates at site SRP 15 and at site SRP 16 where r= 0.881 for rainfall within 7

days and 14 days prior to the sampling date. No other strong correlations between

sampling sites and rainfall were observed.
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(within 7 days prior to the sampling dates) for all sites in Maricopa County from May

2002 to February 2003.
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Enteropathogens

Protozoan parasites

Giardia spp. were not detected in any of the samples throughout the study period.

Crypto.sporidium spp. were detected in 1 (2.3%) of the 44 samples at a concentration of

2.1 oocysts/100 L. This sample was collected from site SRP 17 on the Eastern canal

during October 2002 (Table 11). The concentration of E. coui was in excess of 1000

MPN/100 mL for this sample that was positive for Cryptosporidium spp. (Table 13).

Noroviruses

Noroviruses were detected in 8 (18.2%) of the 44 samples. The greatest

proportion of samples positive for Norovirus was observed at site SRP 15 (50%).

Norovirus was not detected at sites SRP 10, SRP 17 and SRP 20 during the study period

(Table 11). Norovirus was not detected at any sites during the month of November 2002

and February 2003 (Table 12). One of the samples was positive for Norovirus for each of

the sites SRP 4 (12.5%), SRP11 (16.7%), SRP 15 (50%) and SRP 18 (20%) compared to

two positive samples for each of the sites SRP 12 (25%) and SRP 13A (33%)

(Table 11). The percentage of samples positive for Norovirus was lowest (11.1%) for the

month of July 2002. The months of August, October and December 2002 showed equal

proportions of samples positive (33%) for Norovirus (Table 12). The percentage of

samples positive for Norovirus was compared to levels of E. coui (Table 13). The

greatest percentage (66.7%) of samples positive for Norovirus was observed at E. coui

concentrations of <1 MPN/100 mL. Norovirus was not detected at concentrations of
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E. coui between 100.1-1000 MPN/100 mL or in excess of 1000 MPN/100 mL.

Table 11. Number (%) of samples positive for protozoan parasites and Norovirus genome
for 44 samples collected in Maricopa County between July 2002 and February 2003
according to sampling site.

Sampling site No. of
samples

Giardia
spp.

Oyptosporidiuin Norovirus

SRP 4 8 ND* ND 1(12.5)

SRP 10 2 ND ND 0(0)

SRP 11 6 ND ND 1(16.7)

SRP 12 8 ND ND 2 (25)

SRP 13A 6 ND ND 2 (33)

SRP 15 2 ND ND 1 (50)

SRP 17 6 ND 1(16.7) 0(0)

SRP 18 5 ND ND 1 (20)

SRP 20 1 ND ND 0 (0)

Total 44 0 (0) 1 (2.3) 8(18.2)
* None Detected
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Norovirus DNA sequences for positive samples are shown in Table 14 below.

Table 14. DNA sequence results for Norovirus positive samples by date and sampling
site.

Sampling time Sampling
site

DNA sequences

July 2002 SRP 13A Norovirus Hu/NLV/Whitney/B7S2/2003/UK

August 2002 SRP 13A Norovirus genogroup 2 strain Hu/NoV/Farmington
Hills/2002/USA

SRP 15A Norovirus Hu/NLV/Oxford/B2S11/2002/UK

September 2002 SRP 11 Norwalk-like virus ORF1 gene for RNA polymerase
strain: 99-003oy2

October 2002 SRP 12 Norwalk-like virus ORF1 gene for RNA polymerase
strain: 99-003oy2

SRP 18 Norovirus genogroup 2 strain Hu/NoV/Farmington
Hills/2002/USA

December 2002 SRP 4 Norovirus genogroup 2 strain Hu/NoV/Farmington
Hills/2002/USA

SRP 12 Norovirus genogroup 2 strain Hu/NoV/Farmington
Hills/2002/USA
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Salmonella and Campylobaeter

Campylobacter spp. were isolated from 57 (68.7%) of the 83 samples (Table 15).

Of the 57 Campylobacter-positive samples, 3 (5.3%) were found to contain

Campylobacter jejuni. Campylobacter spp. were isolated at each of the sampling times

except for February 27, 2003. All samples (100%) were positive for Campylobacter spp.

on two sampling dates, November 18, 2002 and February 18, 2003 (Table 15).

Campylobacter spp. were the most frequently isolated microorganism in this study (Table

12).

Salmonella spp. were isolated from 24 (28.9%) of the 83 samples (Table 15).

Samples positive for Salmonella spp. were only observed in the month of February 2003

during two different sampling times. On February 18, 2003, all samples were positive for

Salmonella spp. (Table 15).
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Yuma County

Physicochemical results

A total of 113 irrigation water samples were collected between June 2001 and

March 2003 from various canals in Yuma County. The conductivity ranged between 0.52

and 3.13 g/L TDS with a mean value of 0.91 throughout the study period. The sampling

site with the lowest conductivity reading was observed at site 18A during March 2002

and the highest conductivity reading was observed at site 13A during the month of

November 2002. Site 7B had the highest average conductivity of 1.97 g/L TDS (Table

16). Turbidity varied between 0.0 and >100 NTU with a mean value of 6 NTU for all

sampling sites. Mean turbidity was greatest at site 18A with a value of 11.8 NTU.

Average monthly turbidities recorded throughout the study period are shown in Figure

18. The highest average turbidity of 17.89 NTU was recorded in December 2002 and the

lowest of 1.63 NTU was recorded in January of 2003 (Figure 18). The pH varied between

7.4 and 9.2 with a mean value of 8.1. Temperatures ranged between 8°C and 39°C with a

mean value of 23°C. The lowest temperature was recorded at site lA during the month of

January 2002. The highest temperature recorded was in July 2002 and was observed at

site 16B. Average monthly temperatures recorded throughout the study period are shown

in Figure 19 with the highest average of 34.3°C recorded in July of 2002 and the lowest

average temperature of 12°C observed in January of 2002. Results for all

physicochemical parameters are presented in Table 16.
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Figure 18. Monthly average turbidity for irrigation canals sampled in Yuma
County between June 2001 and March 2003.

Note: Turbidity reading not available for October 2002.
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Detection of microbial indicators

Total coliform bacteria were detected throughout the study area. Sample

concentrations ranged between 57 MPN/100 mL and > 241920 MPN/100 mL with a

mean value of 9665.8 MPN/100 mL for all sites. The highest level was observed at site

16B during the month of September 2002 and the lowest level was observed at site 8B

during December 2002. The highest mean value of 20952 MPN/100 mL was observed at

site 7B and the lowest mean value of 975 MPN/100 mL was observed at site 8B. The

mean value for all 6 sites was 9885 MPN/100 mL (Table 17). Total coliform levels were

greatest in July 2002 (9949 MPN/100 mL geometric mean) and lowest in February 2002

(325 MPN/ 100 mL geometric mean) for the entire study period. Canals were separated

into two groups according to their sampling areas namely East and West Yuma. Sites 1A,

13A and 18A were located on the West side of Yuma County which is more urban. Sites

7B, 8B and 16B were located on the East side which is more rural (Table 5). Tables 18

and 19 show microbial indicator results for each of the study areas. One-way ANOVA

did not show any significant differences in total coliform concentrations between the East

and West sides of Yuma. Canals were also grouped into main or lateral canals. Main

canals included sites lA and 8B. Lateral canals included sites 13A, 18A, 7B and 16B

(Tables 5). One-way ANOVA showed a significant difference in levels of total coliforms

between lateral and main canals (p=0.0348). Lateral canals showed greater levels than the

main canals (Tables 20 and 21).
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Table 17. Arithmetic averages for indicator bacteria concentrations (MPN/100 mL) in 6
irrigation canals sampled in Yuma County between June 2001 and March 2003 and site
ranking based on indicator concentrations.

Sampling
site

Number
of samples

Total coliforms Escherichia
coil

Enterococci a Final rankb

(n)
lA 19 2844 16 302

13A 18 11500 183 705 6

18A 19 2433 21 252 2

7B 19 20952 15 863 5

8B 19 975 4 61 1

16B 19 20690 32 538 4

Total 113 9885 44 451
a: n= n-1 for each site.
b: Determined from combining the rank of each individual indicator. A rank of 1
indicates the least contaminated site.
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Escherichia coli concentrations ranged between <1 MPN/100 mL (below the

detection limit) and 1300 MPN/100 mL with a mean value of 43.1 MPN/100 mL for all

sites. The highest level was observed at site 13A during the month of June 2002. Twenty

one (17.9%) of the 117 samples collected were below the detection limit of <1 MPN/100

mL. The highest mean value of 183 MPN/100 mL was observed at site 13A and the

lowest mean value of 4 MPN/100 mL was observed at site 8B with an overall mean value

of 44 MPN/100 mL for these 6 sites (Table 17). The geometric mean value for all sites

was 6.4 MPN/100 mL. E. coli levels were greatest in June 2002 (29 MPN/100 mL

geometric mean). Several of the sampling months showed low geometric mean values of

2 MPN/100 mL. One-way ANOVA did not show any significant differences between

sample levels of E. coli on the East and West sides of Yuma (p>0.05 or between main

and lateral canals (p>0.05).

Enterococcus concentrations varied between <1 MPN/100 mL and >2419.2

MPN/100 mL with a mean value of 457.6 MPN/100 mL for all sites sampled. One (0.9%)

of the 111 samples showed Enterococcus levels below the detection limit of <1 MPN/100

mL. This was observed at site 8B in November 2002. Six of the sites (5.4%) showed

concentrations of >2419.2 MPN/100 mL. The highest mean value of 863 MPN/ 100 mL

was observed at site 7B and the lowest mean value of 61 MPN/100 mL was observed at

site 8B. The mean value for these 6 sites was 451 MPN/100 mL (Table 17). One—way

ANOVA demonstrated greater concentrations of Enterococcus in lateral canals than main

canals (p=0.0151). There was no significant difference between levels of Enterococcus

concentrations in samples collected from the East and West sides (p>0.05). Enterococcus
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concentrations were greatest in May 2002 (980 MPN/100 mL geometric mean) and

lowest in November 2002 and January 2003 (10 MPN/I00 mL geomean value). One-way

ANOVA demonstrated significantly greater concentrations of Enterococcus in May 2002

than in November 2002 (p= 0.0058) or January 2003 (p=0.0059).

Median values for indicator organisms are shown in Figure 20. Total coliform

levels ranged between 3 and 4 log o MPN/100 mL, E. coli ranged between 0.0 and 1

logo MPN/100 mL and Enterococcus ranged between 1.5 and 3 log i o MPN/100 mL.

Clostridium perfringens levels ranged between <1 CFU/100mL and 42

CFU/100mL with a mean value of 3.5 CFU/100 mL for all sites. Ten (34.5%)

of the 29 samples were below the detection limit of <1 CFU/100 mL for C. perfringens.

Nine of these levels were observed on the East side of Yuma. The highest level of 42

CFU/100 mL was observed at site 18A during December 2002. The mean (geomean)

values throughout the sampling period varied between 1.3 CFU/100 mL and 2.6

CFU/100 mL with an overall geometric mean of 1.8 CFU/100 mL (Table 22).
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The sampling sites were ranked according to indicator bacteria concentrations

beginning with a rank of 1 (the lowest level of bacteria in each group) to 6 (the highest

level of bacteria in each group) in order to compare the sites to one another. The same

criteria as the Maricopa sampling sites was used except that arithmetic mean values were

used (instead of geomean values) since it facilitated ranking the sites and C. perfrin gens

data was not included (few data points) (Table 17). Site 8B, which is located on the East

side and is a main canal had the lowest ranking (rank 1, best microbial water quality).

Site 13A, which is located on the West side and is a lateral canal had the highest ranking

(rank 6, worst microbial water quality). Site 7B which is a drain canal located on the East

side had the second highest ranking (5) (Table 17). Figures 21 to 23 show microbial

indicator levels for the lowest (8B) and highest (13A and 7B) ranked sites. Site 8B

shows E. coui levels at a maximum of 1.5 logio and Enterococcus levels at a maximum of

nearly 3 logo whereas sites 13A shows levels of about 3.5 logio for both indicators and

7B shows a maximum level of nearly 2 logio for E. coui and 3.5 logio for Enterococcus.

Correlations between water quality parameters (pooled data) were nonexistent or

very weak and varied between r=0.004 and r=0.448 (between E. coui and Enterococcus).
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Enteropathogens

Protozoan parasites

Giardia spp. were detected in 2 (4.3%) of the 46 samples at a concentration of

50.3 cysts/100L in June 2001 and 4.7 cysts/100 L in January 2002. Giardia cysts were

detected at sites 8B (main canal, East side) and 13A (lateral canal, West side) (Tables 23

and 24).

Cryptosporidium spp. were detected in 9 (19.6%) of the 46 samples collected

during the study period (Table 23). Concentrations varied between 0.87 and 58.1

oocysts/100 L. The highest concentration was found at site 7B in February 2002 and the

lowest at site 8B in December 2001. Cryptosporidium oocysts were mainly detected (6

samples) in the sampling period between December 2001 and February 2002 (Table 23)

and were detected at all sites except 16B (Table 24).

Noroviruses

Noroviruses were detected in 8 (17.4%) of the 46 samples collected during the

study period. The greatest proportion (50%) of samples positive for Norovirus was

observed in October 2001. Norovirus was not detected at any sites during the months of

December 2001, February 2002 and March 2002 (Table 23). Norovirus was detected at

all sites except 7B. Of the 6 sites sampled between June 2001 and March 2002, 8 (19.0%)

sites were positive for Norovirus (Table 24).
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Table 24. Number (%) of samples positive for protozoan parasites and Norovirus genome
for 42 samples collected in Yuma County between June 2001 and March 2002 according
to sampling site.

Total
a: None Detected

Sampling site

lA

13A

18A

7B

8B

16B

Number of
samples

Giardia
spp.

CoTtosporidium
spp.

Norovirus

7 NIDa 3(42.9) 2 (28.6)

7 1(14.3) 2 (28.6) 2 (28.6)

7 ND 1(14.3) 1(14.3)

7 ND 1 (14.3) 0 (0)

7 1(14.3) 1(14.3) 2(28.6)

7 ND ND 1(14.3)

42 2 (4.8) 8 (19) 8 (19)
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The percentage of samples positive for Norovirus was lowest (10%) for the month of

June 2001. The months of November 2001 and January 2002 showed equal proportions

of samples positive (33.%) for Norovirus (Table 23). Norovirus DNA sequences for

positive samples are shown in Table 25 below.

Table 25. DNA sequence results for Norovirus positive samples by date and sampling
site.

Sampling time Sampling
site

DNA sequences

June 2001 18A Norwalk-like virus ORF1 gene for RNA polymerase
strain: 99-003oy2

October 2001 lA Norwalk-like virus genomic RNA, isolate Saitama U2 5

13A Norwalk-like virus genomic RNA, isolate Saitama U2 5

16B Human calicivirus NLV/Benetusser/453/2002

November 2001 13A Norwalk-like virus genomic RNA, isolate Saitama U2 5

8B Norwalk-like virus genomic RNA, isolate Saitama U2 5

January 2002 I A Norwalk-like virus genomic RNA, isolate Saitama U2 5

8B Human calicivirus NLV/Benetusser/453/2002
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Salmonella and Campylobacter

Campylobacter spp. were isolated from 16 (55.2%) of the 29 samples (Table 22).

None of the samples were found to contain Campylobacter jejuni. Catnpylobacter spp.

were isolated in each of the sampling months except for January 2003. All samples

(100%) were positive for Catnpylobacter spp. in November 2002 (Table 22).

Campylobacter spp. were the most frequently isolated microorganism in this study

(Tables 22).

Salmonella spp. were isolated from 6 (20.7%) of the samples (Table 22). Samples

positive for Salmonella spp. were observed in February (66.7%) and March (40%) of

2003 (Table 22). Salmonella spp. were not isolated in November and December of 2002

or in January of 2003. Salmonella spp. were not isolated from sites 18A and 16B.

Comparisons between Yuma and Maricopa data

Data for microbial indicators and pathogens found in irrigation canals in Yuma

and Maricopa are summarized in Tables 26 to 28 for the two respective sampling periods.

Campylobacter spp were the most frequently isolated microorganism in both Yuma

(55.2%) and Maricopa Counties (68.7%). Arithmetic mean values, geometric mean

values and median values were greater for all microbial indicators in samples collected

from Maricopa County when compared to values for Yuma County. One-way ANOVA

did not demonstrate any significant differences in concentrations of total coliforms,

E. coli, Enterococcus and C. perfringens (p>0.05) between samples collected in Yuma

and Maricopa Counties.
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DISCUSSION

Agricultural water

Agricultural water quality will vary, especially with surface waters that may be

subject to intermittent, temporary contamination, from wastewater discharge or polluted

runoff from upstream livestock operations. As previously mentioned, sources of

agricultural water include flowing surface waters from rivers, streams, irrigation ditches,

open canals, ponds, reservoirs and lakes, groundwater from wells and municipal supplies.

It is generally assumed that groundwater is less likely to be contaminated with high levels

of pathogens than surface water. However, under certain conditions, shallow or

improperly constructed wells may be under the influence of surface water and more

likely to be susceptible to contamination. Agricultural water may become contaminated,

directly or indirectly, by improperly managed human or animal waste. Human

contamination may occur through improperly designed or malfunctioning septic systems

and sewage treatment discharges such as combined overflows and storm sewer

overflows. On-site sources of contamination from animal waste include animal pasturing

in growing areas, manure storage adjacent to crop fields, overflowing or leaking manure

lagoons, uncontrolled livestock access to surface waters, wells or pump stations and high

concentrations of wildlife. (FDA/CFSAN 1998). The potential for microbial

contamination of fruits and vegetables is significant because of the wide variety of

conditions to which produce is exposed during growth, harvesting, packing and

distribution (Beuchat 1997, FDA/CFSAN 1998). Factors which may influence the extent

of microbial contamination of produce during growth and harvesting have not been
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entirely elucidated. Preliminary data from Yaqui Valley, Mexico suggests that fecal

contamination in constructed canal systems used for irrigation is not random and may be

influenced by canal design and operation. Factors such as the effect of canal size (main

vs. lateral), location (urban vs. rural) flow rate, distance from original source (water

travel distance), rainfall and presence of wildlife may all influence the extent of microbial

contamination of irrigation canals.

Arizona has become an important producer of winter vegetables and ranks fourth

nationally in the production of fresh market vegetables

(http://ag.arizona.eduicrops/vegetables/cropmgt/az1099.html). Arizona ranks first in the

U.S. winter head lettuce production and second to California in total lettuce production.

Approximately 45,000-55,000 acres of lettuce are grown in Arizona, 95% of which is

produced in the lower Colorado River and Gila River Valleys of Yuma County.

The overall goal of this study was to assess the microbial quality of irrigation

water in the canals of Yuma and Maricopa Counties over a period of time. Our main

objective was to determine the levels of fecal indicator microorganisms and human

pathogens in these canals and subsequently try and determine the impact of various

factors such as canal size, location, distance from water source and rainfall on microbial

quality of these canals.

Grouping of sampling sites

In an attempt to determine which factors may influence the levels of microbial

contamination of irrigation canals, sampling sites in both Maricopa County and Yuma
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County were separated into groups determined by specific criteria such as: main or lateral

canals (Table 9, 20 and 21), urban or rural areas (Tables 10, 18 and 19) and distance from

source (Table 10). Sites were also ranked according to microbial indicator levels. A rank

of 1 indicates the least contaminated site (Tables 8 and 17).

In Maricopa County, site SRP 14 ranked the lowest (rank 1) in terms of microbial

indicator levels (Table 8). This canal site (top width 27 ft., water capacity 250 cfs.) is

located on the Consolidated canal (main canal) at Williams Field road and was placed in

the second group (rural, less densely populated, further away from original water source

(Table 10). Salmonella spp. were detected in 1(33.3%) of 3 samples and Campylobacter

spp. were detected in all samples at this site. Birds may have been the source of the

bacteria. Samples for Noroviruses, Giardia and Cryptosporidium were not collected at

this site.

Sites SRP 3, SRP 13A and SRP 8A ranked 2, 3 and 4 respectively (Table 8).

These sites are all located on the Eastern canal (main canal). Site SRP 3 (top width 33 ft.,

water capacity 300 cfs.) is located further up and was the first sampling location on the

Eastern canal. Moving down the canal due south is site SRP 8A (top width 25 ft., water

capacity 250 cfs.) followed by site SRP 13A. Sites SRP 3 and SRP 8A were placed in

group 1 (urban) and site SRP 13A (top width 24 ft., water capacity 188 cfs.) located at

Williams Field road was placed in group 2. These canal sites are similar in size (width)

and contain flowing water. This may account for the lower microbial numbers.

Contamination at these sites does not appear to be impacted by location (urban vs. rural)

or distance from water source. Both Salmonella spp. and Campylobacter spp. were
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detected at all three sites. Giardia and Cryptosporidium were not detected at site SRP

13A, however Noroviruses were detected in 33.3 % of the samples. Samples were not

collected for analyses of Norovirus, Giardia and Cryptosporidium at the other two sites

(SRP 3 and SRP 8A).

Sites SRP 13B (rank 21) and SRP 8B (rank 20) were the highest ranked sites

(worst microbial quality) (Table 8). These two sites serve as drains and collect the excess

water (tailwater or return flows) from the fields to be reused further downstream. The

water in these canals would be expected to have higher microbial numbers.

Sites SRP 15, SRP 17 and SRP 21 were ranked 19, 18 and 17 respectively. Sites

SRP 15 and SRP 21 are field canals (lateral canals). Site SRP 17 is located the furthest

south (south of Williams Field road, rural) and was the last sampling location on the

Eastern canal (main canal). This site is approximately 3.5-4.5 ft. wide and has slower

moving water. The canal site is located parallel to a pecan farm which also has a

residence on the property and cattle. This site was the only site in which Cryptosporidium

was isolated at a concentration of 2.1 oocysts/100 L with an E. coui concentration in

excess of 1000 MPN/100 mL (Table 13). Norovirus and Giardia were not detected at this

site (Table 11). Site SRP 15 runs parallel to a field on one side and residences on the

other side. It is substantially wider (approximately 12 ft. wide) than SRP 17 and is a

lateral canal. This site showed the highest levels of total coliforms (>2419200 MAN/100

mL), E. coui (>2419200 MPN/100 mL) and Enterococcus (>241920 MPN/100 mL) of

any site, all observed on February 18, 2003. Levels of C. perfringens were in excess of

200 CFU/100 mL on February 18, 2003 as well. The pH was at it's lowest reading of 7.5
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for this specific site on February 18, 2003 and turbidity was >100 NTU. Amount of

rainfall within 7 days of this sampling date was the highest recorded (1.77 inches or 4.5

cm) during this study period (Figures 15 and 16). Correlations between indicator

parameters were very strong for this site. Total coliforms strongly correlated with E. coli

(r=1.00), Enterococcus (r=1.00) and Clostridium perfringens (r=0.997). Similarly E. coli

correlated strongly with Enterococcus (r=1.00) and C. perfringens (r=0.996).

Enterococcus correlated strongly with C. perfringens (r=0.996). This suggests a similar

source of contamination for all 4 indicator organisms. Similarly, total coliforms, E. co/i,

Enterococcus and C. perfringens correlated strongly with turbidity (r=0.993 to 0.997) and

pH (r=0.856 to 0.870). Correlations between rainfall within 7 days prior to the sampling

time and the 4 indicator microorganisms ranged between r=0.777 to r-=0. 816). These

strong positive correlations were unique to this site. This site may be more heavily

influenced by rainfall, which may have accounted for the increased levels of microbes on

February 18, 2003. The sampling site has quite a few residences alongside the canal.

Surface runoff into the canal following a rainfall event and/or a faulty sewer line may

have contributed to the elevated numbers of microbes at this particular site. Giardia and

Cryptosporidium were not detected at this site and Norovirus was detected in 1 (50%) of

the samples in August 2002. Both Salmonella spp. and Carnpylobacter spp. were isolated

from samples collected from this site.

Site SRP 21 is a lateral/field canal located the furthest south. This site was placed

in group 2 (rural, less densely populated) (Table 10) and is approximately 12 ft wide and

shallow. Water is slower moving at this site. It is located about 100 yards away (across
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the street) from a cattle dairy. The smaller size of the canal, slower moving water and it's

location in a rural area in the vicinity of a cattle dairy may have contributed to the

increased levels of microbes which ranked this site at 17. Interestingly, sites SRP 15, SRP

17 and SRP 21 are south of Williams Field road (rural), smaller canal sites, located

further away from the original water source and are located in the same vicinity, within a

1-2 mile radius, suggesting that the combination of these factors may have, to a certain

extent, influenced their ranks as 19, 18 and 17 respectively.

Samples collected in Yuma County were grouped into the West (more urban) and

East (more rural) sides, and main and lateral canals. Most of the canals sampled in Yuma

County are dirt-lined with the exception of 7B and 16B, both located on the East side. Six

canal sites were sampled in Yuma County and were ranked according to microbial loads

(Table 17). Site 8B was given the lowest rank of 1, (least contaminated, lowest microbial

load). This is the Wellton-Mohawk main canal located in the East side which is a more

rural, agricultural area less influenced by human activity. Site 18A was ranked 2 and is a

lateral canal (Arnold) located on the West side of Yuma (southwest) approximately 11.5

miles from sample site lA (Yuma main canal, northeast). This site is located away from

the influence of human activity and is in an agricultural area. These two sites are similar

in that they are located in agricultural areas minimally impacted by human activity.

Giardia spp., Cryptosporidium spp. and Noroviruses were detected in 14.3%, 14.3% and

28.6% of the samples respectively at site 8B. Both Salmonella spp. and Campylobacter

spp. were isolated from 40.0% of the samples at site 8B. Both Norovirus and

Cryptosporidium were detected in 14.3% of the samples at site 18A. Campylobacter spp.
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were isolated from 40.0% of samples and Salmonella spp. and Giardia spp. were not

detected at this site. These results indicate that pathogens may be present when microbial

indicator levels are low. Site 13A is the Cloyd lateral canal located on the West side of

Yuma. This site was given the highest rank of 6 (worst microbial load). It is located 5.5

miles from sample site 1 A (Yuma main canal, northeast) and mid-way between sites lA

and 18A (southwest). This site is located within the city, which may have accounted for a

more direct impact of the site by human activity and contributed to the higher microbial

load. Protozoan parasites, Norovirus, Salmonella spp. and Campylobacter spp. were

detected at this site. Site 7B had the second highest rank of 5. This site is located on the

East side of Yuma (rural) and is the Wellton-Mohawk channel that drains excess water

from the fields (return flow) and diverts it away from the fields. This may account for the

higher microbial indicator levels at this site. The higher average salinity (1.97 g/L TDS)

at this site is due to groundwater being pumped into the canal by drainage wells.

Groundwater generally has higher salinity levels than the Colorado River water. These

wells feed surface drains that transport the saline excess water to Mexico. Interestingly,

salinity had a negative impact on E. coui (mean value of 15 MPN/100 mL) counts

compared to Enterococcus (863 MPN/100 mL, highest of all sites) counts. This is not

surprising since Enterococcus can tolerate higher salinity levels. This site was the only

site in which Norovirus was not detected.

Maricopa County, a significant difference between concentrations of microbial

indicators in lateral canals compared to main canals was not demonstrated by one-way

ANOVA (p>0.05) except in the case of total coliforms (p<0.05) and C. perfringens
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(p<0.05). Lateral canals showed higher concentrations of both indicators compared to

main canals. No significant difference in any concentrations of microbial indicators was

demonstrated by one-way ANOVA between sites located north (urban, more densely

populated, closer to original water source) of Warner road and on or south (rural, less

densely populated and farther away from original water source) of Williams Field road

(Table 10). However mean and median values were greater for all microbial indicators

located on or south of Williams Field road. This was also evident from the rankings of

sites SRP 15 (rank 19), SRP 17 (rank 18) and SRP 21 (rank 17), which were located

further south of Williams Field road in a more agricultural area. Generally, moving down

the canal sites, further south, away from the original source of water, the canal widths

decrease in size and the area becomes less densely populated and more rural. These

canals are smaller and have slower moving water and are more likely to become impacted

by contamination from animal as well as human sources.

A study was conducted by Gortarres-Moroyoqui (unpublished data) on the

microbial quality of irrigation systems in El Valle del Yaqui region located in Sonora,

Mexico. Random samples were collected from the irrigation canal system on a monthly

basis during the winter months (February, March and November 2000) and analyzed for

total coliforms, E. coui and coliphage. This sampling revealed that the main canals tended

to have lower concentrations of microbial indicators than the primary or secondary

canals, canals closer to populated communities tended to have higher concentrations of

microbial indicators and canal sites further upstream had higher microbial levels than

those downstream, since the upstream canal sites were closer to populated communities.
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Overall, a similar trend was seen in this study in which the main canals showed lower

concentrations of microbial indicators than lateral canals. This was apparent in Yuma

County for site 8B (main canal, rural area, rank 1) and 13A (lateral, urban, rank 6) as well

as Maricopa County for sites SRP 14 (main canal, rank 1) and SRP 3 (main canal, rank 2)

and SRP 13B (drain, rank 21), SRP 8B (drain, rank 20) and SRP 15 (lateral, rank 19).

The trend of higher levels of microbial indicators in sampling sites closer to populated

communities was more evident in Yuma County, site 13A (rank 6), than Maricopa

County.

In Maricopa County, the three main canals with 4 sampling locations each were

the Consolidated, Roosevelt and Eastern canals. Generally, the sampling locations

furthest (upstream) north and south (downstream) on the canals had the higher mean

value (geomean) concentrations of microbial indicators with a few exceptions (Table 29).

This may be attributed to the impact of human activity (more densely populated) at the

sampling points located furthest north (upstream) to the influence of agricultural

activities, surface runoff, wildlife and smaller sized canals with slower moving water at

sampling points located furthest south. One-way ANOVA however demonstrated no

significant differences between the sampling sites located further north (upstream, north

of Warner road) and further south (downstream, on or south of Williams Field road)

(p>0.05).

For sites sampled in Yuma County, one-way ANOVA showed significant

differences in concentrations of total coliforms (p=0.0348) and Enterococcus (p=0.0151)

concentrations between main and lateral (greater concentrations) canals. However no
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significant differences in concentrations of any microbial indicators was demonstrated by

one-way ANOVA between the East and West sampling sides of Yuma. This was also

apparent from the site rankings, site 8B (rank 1, East side) and site 18A (rank 2, West

side), which had the lowest microbial numbers and site 13A (rank 6, West side) and 7B

(rank 5, East side), which had the worst microbial load. This implies that a combination

of factors rather than one factor (urban vs. rural) dictates the probability of a site/canal

becoming polluted.

Recommendations

Currently there are no standards for irrigation water in which surface waters are

used as the main water source. Results of data collected from nationwide field

investigations in which numerous streams were examined for Salmonella occurrence and

fecal coliform concentrations were grouped into two fecal coliform density ranges, which

bracketed the limits recommended for irrigation water by the National Technical

Advisory Committee on Water Quality Criteria (U.S. Department of Interior 1968). The

Committee recommended that the upper fecal coliform level not exceed a monthly

arithmetic average of 1000 organisms/100 mL with no single value above 4000 fecal

colifoims/100 mL. Arrangement of fecal coliforms within these ranges showed the

occurrence of Salmonella to be 53.5% for streams with fecal coliform levels of 1 to 1000

and 96.4% for streams with fecal coliforms >1000 organisms/100 mL (Geldreich and

Bordner 1971). The only current recommendations for microbial indicators for the state

of Arizona are for E. cou. This recommendation applies in situations where there is full
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body contact of the individual with the body of water. In such situations, the mean

(geomean) value of E. coli should not exceed 130 CFU/100 mL and the single sample

value should not exceed 580 CFU/100 mL (www.EPA.gov). These recommendations are

not practical for irrigation canals since full body contact with the water in the canals is

unlikely to occur.

Table 29. Summary of mean (geomean) values for microbial indicators arranged from
the site furthest north to the site furthest south on each of the three main canals.

Sampling site Total	 E. coli	 Enterococcus	 Clostridium
coliforms	 perfringens

MPN/100 mL MPN/100 mL MPN/100 mL CFU/100 mL    

Consolidated

SRP 4 a 	5909	 7	 245	 2
SRP 7	 3775	 6	 53	 2

SRP 14	 1458	 5	 34	 2
SRP 18 b 	3665	 9	 277	 8

Eastern

SRP 3 a 	2782	 3	 37	 1
SRP 8	 1930	 5	 52	 2
SRP 13	 1729	 2	 59	 2

SRP 17 b 	27291	 52	 321	 10

Roosevelt

SRP 2 a 	1305	 66	 178
	

1
SRP 9	 2126	 41	 64

	
2

SRP 12	 1398	 28	 159
	

2
SRP 16 b 	979	 12	 231

	
1

a: sampling site furthest north
b: sampling site furthest south
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E. coui and Enterococcus

Approximately 2.28% of the samples collected in Maricopa County had E. coil

concentrations that exceeded the recommended limit of 4000 MPN/100 mL for single

sample concentrations. Nineteen (7.2%) of the samples were below the detection limit of

<1 MPN/100 mL. The arithmetic mean value for all sites was 9418 MPN/100 mL. An

E. coli arithmetic average of 53923 MPN/100 mL in the month of February 2003 was

observed, well above the recommended guideline of 1000 fecal coliforms/100 mL. Very

little information and knowledge is available on the concentrations of E. coil in irrigation

canals. In a study conducted by Gorta'res-Moroyoqui (unpublished data) on the microbial

quality of irrigation systems in El Valle del Yaqui. E. coli concentrations varied between

1 and 22325 MPN/100 mL with an arithmetic mean value of 291 MPN/100 mL, well

below the mean value obtained in our study in Maricopa County. A study conducted on

water from irrigation canals taken from the Fucino Plain (Avezzano-Sulmona, Italy)

showed E. coli concentrations ranging from 2.0 MPN/100 mL to 9200 MPN/100 mL and

Enterococcus concentrations ranging from 17 MPN/100 mL to 24000 MPN/100 mL.

Mean values for each microbial indicator were not available (Pianetti et al. 2003). E. coli

concentrations in Yuma County varied between <1 MPN/100 mL and 1300 MPN/100

mL with a mean value of 43.1 MPN/100 mL for all sites. Arithmetic mean values for

concentrations of Enterococcus for all samples collected from Yuma was 457.6

MPN/100 mL. Enterococcus concentrations for water samples collected from Maricopa

County varied between <1 MPN/100 mL and >241920 MPN/100 mL with a mean value

of 2532 MPN/100 mL and a geometric mean value of 198 MPN/100 mL for all sites.



120

The greater concentrations of indicators found in this study compared to the previously

mentioned studies may be attributed to differences in methodologies and hence varying

detection limits, the inherent nature of the canal design and activities along the canal such

as cattle grazing and proximity to population communities.

In our study, overall, for samples collected from Maricopa County, there was a

strong correlation between E. coli and Enterococcus concentrations (1=-0.858) suggesting

a common source of contamination. Correlations between E. coli and Enterococcus

concentrations for samples collected in Yuma County were moderate (r=0.448).

Interestingly, mean values for Enterococcus concentrations for all sample sites in

both Maricopa and Yuma Counties were considerably higher than E. coli concentrations

(Tables 8 and 17). An arithmetic mean value of 43.1 MPN/100 mL for E. coui compared

to a mean value of 457.6 MPN/100 mL for Enterococcus in Yuma County and a

geometric mean value of 18 MPN/100 mL for E. coli compared to a geometric mean

value of 198 MPN/100 mL for Enterococcus in Marieopa County. These higher

concentrations for Enterococcus may be attributed to the salinity of the water. This is

evident at sites SRP 8B and SRP 13B in Maricopa County. These sites are return

flows/drains and therefore have higher salinities. Enterococcus geometric mean

concentrations were 1912 MPN/100 mL (SRP 8B) and 2051 (SRP 13B), the highest two

values for all sites. These two sites also had the two highest average turbidity readings of

82.0 NTU (SRP 8B) and 30.5 NTU (SRP 13B) This is also apparent at site 7B in Yuma

County where the highest average salinity of 1.97 g/L TDS (Table 16) was observed and
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the highest mean concentration of 863 MPN/100 mL for Enterococcus was also observed

(Table 17). Enterococcus is able to survive in environments with higher salinities than

E. colt, which may have attributed to the higher numbers of Enterococcus compared to

E. cou. The conductivity of samples collected from Maricopa County averaged 0.74 g/L

TDS and those from Yuma County averaged 0.91 g/L TDS which is equivalent to 1.48

mS/cm and 1.82 mS/cm respectively. A study conducted on the microbial quality of

surface waters in southwestern Finland found the average conductivity of 7 lakes and 15

rivers to be 143.4 IAS/cm 2 with a range of 64.0 liS/ern 2 to 398.0 IAS/cm 2  (Horman et al.

2004). This is equivalent to an average of 0.14 mS/cm and a range between 0.064 mS/cm

and 0.398 mS/cm. The conductivity mean averages for this study were significantly

higher which implies a higher salinity in irrigation water in Arizona. This is not

surprising since Arizona is a semi-arid area that relies on surface water supplemented

with groundwater for irrigation. Groundwater quality often deteriorates in arid irrigated

areas due to salt buildup as a result of evapotranspiration (Olmstead et al. 1973). The

saline often remains in the water that percolates through the soil that recharges the

underlying aquifer. This is very apparent in the Yuma Groundwater Basin, where

groundwater is pumped for irrigation use on nearby land and the underlying aquifer

receives water from the irrigation application (Bouwer 1997). This recycling of

groundwater will dramatically increase the salinity of the aquifer over time. This is

especially an issue in areas of shallow groundwater where the recycling process is

quicker. Groundwater wells are also located along the Consolidated, Eastern and
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Roosevelt canals in Maricopa County and supplement the surface water supplies for

irrigation depending on demand.

Clostridium perfringens

Clostridium perfrin gens is often suggested as a good indicator of sewage

pollution. It's resistant spore form allows it to survive for extended periods in the

environment. Based on work done in Hawaiian streams, Fujioka and Shizumura (1985)

suggested that >50 CFU/100 mL of C. perfringens was indicative of human fecal

pollution. In Maricopa County, 12 (5.4%) of the samples exceeded the Hawaiian

guidance level. The highest level of >300 CFU/100 mL was observed at sites SRP 8B,

SRP 13B and SRP 17. Sites SRP 8B and SRP 13B are return flows/drains, which divert

excess water from the fields, therefore it is not surprising that levels were high. Site SRP

17 is the furthest sampling location south on the Eastern canal. As previously mentioned,

these three sites, SRP 8B, SRP 13B and SRP 17 had ranks of 20, 21 and 18 (higher

microbial loads, Table 8). None of the samples collected in Yuma exceeded the Hawaiian

guidance level for Clostridium perfringens and the geometric mean value was at a low

level of 1.8 MPN/100 mL for all sample sites (Table 22).

Enteropathogens

Results of this study showed that all enteropathogens analyzed may be detected in

irrigation water canals in Yuma and Maricopa Counties in the state of Arizona. This was

the first extensive study in which a suite of enteropathogens representing different
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microbial groups was evaluated including: Noroviruses as a model for enteric viruses.

Giardia spp. and Cryptosporidium spp. as models for resistant protozoan parasites and

Salmonella spp. and Campylobacter spp. as models for enteric bacterial pathogens were

analyzed for a variety of irrigation canal sites during consecutive seasons in Arizona. The

point prevalences of the various enteropathogens in our study are dependent on sampling

times, sampling sites, survival and methodologies, however, findings may serve as a

rough general estimate of the prevalences in irrigation canals and can provide qualitative

data for further studies and analysis.

Giardia and Cryptosporidium

Giardia was not detected in any samples collected from Maricopa County

but was detected in 2 (4.3 %) samples collected from Yuma County, one at site 13A (rank

6, West, center of city, lateral canal) in January 2002 and one at site 8B (rank 1, main

canal) on the East side in June 2001 at concentrations of 4.7 cysts/100 L and 50.3

cysts/100L respectively. Cryptosporidium spp. were detected in 1 (2.3%) sample

collected from Maricopa County in October 2002 at site SRP 17 (rank 18). In Yuma

County, Cryptosporidium spp. were detected at all sites at least once except site 16B in

which it was not detected. Concentrations ranged between 0.87 oocysts/100 L and 58.1

oocysts/100 L. The higher concentration was detected at site 7B, which is a

channel/drain/return flow. Additionally, a feedlot is located within a one-mile radius of

this site and may have attributed to the higher concentrations. Site lA showed the highest

proportion of samples positive for Cryptosporidium spp. at 42.9%. This site is located
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northeast of the city limits of Yuma and is the first sampling location (furthest north) and

closest to the original water source. Residences are located on one side of the canal. A

source of this parasite may have been domestic animals or human activity alongside the

canal. There appeared to be no relationship between levels of microbial indicators and

protozoan parasites except for the one sample detected at SRP 17 in Maricopa County in

October 2002 in which E. colt levels were in excess of 1000 MPN/100 mL for this same

site.

The highest frequency of samples positive for Cryptosporidium spp. occurred

from December 2001 to February 2003 (Table 23). Similar seasonal variations were

reported in a study of surface waters in Finland in which the greater proportion of

samples positive for Cryptosporidium spp. were found during the autumn and winter

(Horman et al. 2004) months. Cryptosporidium spp. were detected in 2.3% and 19.6% of

samples collected from canal sites in Maricopa and Yuma respectively. Studies

conducted by Lipp et al. (2001) on coastal waters off the coast of Florida found

Cgptosporidium spp, and Giardia spp. in 6.8% and 2.3% of the samples respectively.

The low number of positive samples for these protozoan parasites in our study may have

been due to the detection limits of the assay, which in turn may have underestimated true

numbers.

Noroviruses

Noroviruses were detected at a frequency of 17.4% and 18.2% in samples

collected from Yuma and Maricopa Counties respectively. Five (83.3%) of the 6 sites
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sampled in Yuma were positive for Noroviruses compared to 6 (66.7%) of the 9 sites in

Maricopa. In Maricopa County, greater proportions of Noroviruses were detected at sites

SRP 15 (50%) and SRP 13A (33.3%). Both of these sampling sites are located on or

south of Williams Field road. Site SRP 13A is located on the Eastern canal at Williams

Field road and site SRP 15 is a lateral canal off the Eastern canal located further south.

This site was ranked 19 (higher microbial load). Noroviruses were detected at an equal

frequency (33.3%) in the months of August, October and December 2002. These results

are in agreement with previous studies that have shown that Noroviruses are mainly

detected in the winter months (Mounts et al. 2000, Skraber et al. 2004). In a study

conducted by Skraber et al. (2004) on samples collected from the Moselle River in

France, 38.0% of the samples were positive for Norovirus genogroup II (GGII) genome.

In another study conducted on surface waters in Finland, 9.4% of the samples were

positive for Noroviruses (Horman et a. 2004). This lower frequency may be attributed to

lower sampling volumes (1 L) being assayed. In Yuma County, the greater proportion of

samples positive for Noroviruses (28.6%) was detected at sites lA and 13A which are

located on the West side and more under the influence of human activity and site 8B

which is a main canal on the East side. Again a seasonal winter trend is seen for

Norovirus, which was more commonly isolated in the months of October and November

2001 and January 2002. No relationship between E. coui levels and Norovirus was

observed in the Maricopa samples since the greatest percentage (66.7%) of samples

positive for this virus was observed at concentrations of E. coui of <1 MPN/100 mL

(Table 13).
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It is important to emphasize that because only RT-PCR methods may be used for

the detection of Noroviruses (cell culture assays are currently unavailable) the viral signal

detected may be noninfectious. Any human or animal waste that may find it's way into

the irrigation canals may contribute to the noninfectious viral particles that are only

detectable by PCR method. Therefore, positive PCR detection of viral genomes may or

may not represent the presence of infectious human viruses. This information is useful in

identifying the source of contamination and should be used in combination with fecal

indicator data. When the viral signal is concurrent with high levels of fecal indicator

bacteria, this suggests a recent human sewage contamination and potential health risk.

When the presence of the viral signal is not accompanied by elevated levels of fecal

indicator bacteria, it may suggest an aged source of fecal contamination and the

infectivity of the viral pathogen should be questioned (Jiang and Chu 2004). The

sequences for samples positive for Norovirus are all of human origin. Sources of

contamination into the irrigation canals may be faulty sewer lines and input from human

activity.

Appropriate interpretation of a positive reverse transcription-PCR is an important

issue for virus-related health hazard assessment since viral genomes and infectious

viruses exhibit different behavioral patterns in water (Enriquez et al. 1993, Gantzer et al.

1998, Gratacap-Cavallier et al. 2000, Sobsey et al. 1998). Over the last 45 years, the

infectivity of viruses has been determined using cell culture however this is a long and

costly procedure and is unable to detect certain viruses such as Norovirus or Sapovirus.

When RT-PCR methods became available, they became the ideal method for the



127

detection of viral genome since this methodology is very rapid and sensitive and adapted

to all viruses. The drawback is that RT-PCR detection of viral genome does not provide

any information about the infectious nature of the virus isolated. This fundamental point

has led to much debate. On the one hand, some researchers argue that genomic RNA

degrades rapidly in water so the genome detected has to be encapsidated and therefore

correspond to a complete potentially pathogenic virus (Beuret et al. 2002, Kupecka et al.

1993). Other researchers state that little is known about the behavior of genomic RNA in

water, and most importantly, that the presence of a capsid is an insufficient criterion to

determine the infectious nature of a virus. A study was conducted by Gassilloud et al.

(2003) in which infectious viruses and their genomes were monitored in mineral water at

three temperatures, 10, 20 and 35°C. Three single-stranded RNA viruses were studied

namely Poliovirus / (PV1),Norovirus Ober 98 (NV, Ober 98) and Feline calicivirus f9

(FCV-f9). PV I and FCV-f9 replicate in cell culture but the NV genogroup I represented

by NV, Ober 98 does not. After simulating mineral water contamination by PV I, FCV-f9

and NV, Ober 98, the infectivities of PVI and FCV-f9 were monitored using cell culture

and the persistence of the genomes of all three viruses by fluorogenic quantitative RT-

PCR. Results of the study showed that at 10°C, no significant decrease for the three viral

genomes was observed over a 262-day period. At 20°C, no significant decrease was

observed over a 140-day period. The reduction became significant only at 35°C for the

three viruses. The FCV-f9 genome was the most resistant followed by the NV, Ober 98

genome and finally the PV1 genome which was the least resistant. When the

disappearance of viral genomes and the disappearance of infectious viruses at 35°C were
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compared, PV1 infectious virus particles exhibited a 4-log reduction after only 19 days, a

level of reduction that would have been reached only after 75 years (according to the

model used) for the viral genome. Therefore according to this model, infectious virus

particles are degraded more rapidly than viral genome. Contradictory conclusions can

also be drawn concerning the sensitivity of viral serotypes depending on whether the

infectious virus or the viral genome is considered. The FCV-f9 genome is more resistant

than the PV1 genome whereas the opposite is true for the corresponding infectious

viruses. This study shows that a positive result for viral genome in mineral water must be

interpreted with caution because of a lack of correlation between the presence of viral

genomes and viral infectivity. Detection of viral genomes may be necessary but not

sufficient to assess the infectious risk for a human population.

No information has been reported on the survival of HuCV in the natural aquatic

environment. Apparently, RNA that is present in viruses inactivated by free chlorine,

chlorine dioxide or UV irradiation can still cause a positive RT-PCR signal (Sobsey et al.

1998). The Norovirus capsid is environmentally robust, it is likely that any naked RNA

would be quickly inactivated. Therefore detection of Norovirus cDNA in a sample

strongly suggests it can only come from an infectious virion (Laverick et al. 2004). A

study by Battacharya et al. (2004) using hepatitis A virus, demonstrated that signals

generated after RT-PCR amplification of viral genome correlated well with infectivity,

supports this hypothesis.
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Salmonella and Campylobacter

Campylobacter spp. were more frequently isolated than Salmonella spp., Giardia

spp., Cryptosporidium spp. and Noroviruses in this study. Campylobacter spp. were

isolated from 68.7% of samples in Maricopa County and 55.2% of the samples in Yuma

County. Campylobacter spp. were isolated throughout the sampling period (October 2002

through February 2003) in Maricopa County and throughout the sampling period

(November 2002 through March 2003) in Yuma County with the exception of January

2003. This is not surprising since a major source of this bacterium is birds. Low

temperatures in water during the winter and high temperatures due to solar radiation in

the summer have been known to affect survival and recovery of Campylobacter spp. In

studies done in Norway (Brennhord et al.1992, Kapperud et al. 1992) and Finland

(Korbonen et al.1991), campylobacters in natural waters exhibited seasonal trends and

the number of positive samples was highest in the winter and lowest in the summer. This

part of the study was conducted in the winter season and Campylobacter spp. were

detected throughout this study period, which is not surprising, based on the findings of

the previously mentioned study.

Salmonella spp. were isolated from 28.9% of the samples in Maricopa County and

20.7% of the samples in Yuma County. Samples positive for Salmonella spp. only

occurred during 2 sampling periods in February 2003 for Maricopa samples and in

February and March 2003 for samples collected in Yuma. This may be attributed to a

combination of the rain that had occurred during both periods in both Counties and the

presence of birds in the area. In Yuma County, all samples positive for Salmonella spp.
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coincided with E. coli concentrations of <1000 MPN/100 mL. In Maricopa County, only

2 (2.4%) of the samples positive for Salmonella spp. coincided with E. coli

concentrations in excess of 1000 MPN/100 mL indicating no relationship between the

presence of this pathogen and microbial indicator levels.

Recommended goals

The results of this study indicate that a number of factors such as canal size,

location, distance from original water source, water flow, rainfall and input from non-

point pollution sources work in combination to impact the microbial quality of irrigation

water. It is not possible to entirely eliminate microorganisms from irrigation water due to

non-point sources of contamination. However, to assess and control sources of water

contamination to the extent feasible to minimize microbial food safety hazards would be

practical. Runoff from cattle feedlots should be situated in locations where there is

minimal opportunity for contamination through surface runoff into drains that may find

their way into irrigation canals. Berms or barriers may be set-up to help offset any surface

runoff following a rainfall event into the canals. Wild, domestic and farm animals should

not be allowed access to irrigated fields or irrigation canals and fences or other barriers

should be setup to help offset any impact of fecal contamination from animals. Methods

of water application influence the amount of fecal contamination to which farm crops are

exposed. Flooding, spraying, sub-irrigation and furrow irrigation are used in various

agricultural communities. Waters not of potable quality should be applied to crops, which

may be consumed raw by furrow or sub-irrigation to limit contact of the disease causing
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microorganisms with plant surfaces (Dunlop 1968). As a further safeguard against

exposure to pathogens and their survival on plant foods, farm management of irrigation

water should include a program of selective application based on the bacteriological

quality of the water. Irrigation water from nearby sources should be applied during the

various stages of growth but should be discontinued four weeks prior to harvest to further

diminish the risk from waterborne pathogens. Water applied after this period should be

derived from groundwater sources or farm holding ponds. Equally important are the

sanitary practices of the farm workers who cultivate and harvest the crops and may

harbor one or more enteric pathogens. Adequate toilet and handwashing facilities should

be provided in the production area to help minimize the potential for fecal contamination

of produce.

This study may serve as a baseline study and a reference point for future and

further studies on irrigation water canals used in the production of fresh produce in the

United States and elsewhere. The occurrence of enteropathogens in the canals is linked to

contamination sources, however the survival of these pathogens is affected by

environmental conditions. The assays for the protozoa did not determine viability and

infectivity of the Giardia cysts or Cryptosporidium oocysts and positive samples showed

low concentrations for each parasite. RT-PCR does not determine the infectivity of

Norovirus, just the presence of genome. There was no significant correlation between the

presence of E. coui and the presence of pathogens. Further work may look at the quality

of produce irrigated with this water and a risk analysis may be performed to determine
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the potential of illness to occur given the circumstances in which fruits and vegetables are

produced in this geographic area.
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CONCLUSIONS

The microbial quality of irrigation water was assessed in two agricultural regions in

Arizona, Yuma County beginning June 2001 and ending March 2003 and Maricopa

County beginning May 2002 and ending February 2003. The results of this study are

summarized below:

• Total coliforms were detected at all sampling sites throughout both study periods.

Total coliform concentrations for samples collected in Yuma County ranged

between 57 MPN/100 mL and >241920 MPN/100 mL with a geometric mean

value of 2056.5 MPN/100 mL. Total coliform concentrations for samples

collected in Maricopa County varied between 46 MPN/100 mL and >2419200

MPN/100 mL with a geometric mean value of 4258 MPN/100 mL.

• E. coil concentrations varied between <1 MPN/100 mL and 1300 MPN/100 mL

with a geometric mean value of 6.4 MPN/100 mL for samples collected in Yuma

County and ranged from <1 MPN/100 mL to >2419200 MPN/100 mL with a

geometric mean value of 18 MPN/100 mL for samples collected in Maricopa

County.

• Enterococcus concentrations ranged between <1 MPN/100 mL and >2419.2

MPN/100 mL with a geometric mean value of 81.6 MPN/100 mL for samples

collected in Yuma County and varied between <1 MPN/100 mL and >241920



MPN/100 mL with a geometric mean value of 198 MPN/100 mL for samples

collected in Maricopa County.

• Clostridium perfringens concentrations ranged between <1 CFU/100 mL and 42

CFU/100 mL with a geometric mean value of 1.8 CFU/100 mL in samples

collected from Yuma County and varied between <1 CFU/100 mL and >300

CFU/100 mL with a geometric mean value of 3 CFU/100 mL for samples

collected in Maricopa County.

• Giardia spp. and Cryptosporidium spp. were detected in 4.3% and 19.6 %

respectively of samples collected in Yuma County and 2.3% of samples were

positive for Cryptosporidium spp. in samples collected from Maricopa. Giardia

spp. were not detected in any samples from Maricopa County.

• Noroviruses were detected in 17.4% and 18.2% of samples collected from Yuma

and Maricopa Counties respectively.

• The proportion of samples positive for Salmonella spp. was 20.7% for Yuma

samples and 28.9% for Maricopa samples.

134
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• Campylobacter spp. were more frequently isolated than Salmonella spp., Giardia

spp., Ctyptosporidium spp. and Noroviruses in this study. It was isolated from

55.2% of samples collected in Yuma County and 68.7% of samples collected in

Maricopa County.

• Overall, E. coli correlated strongly with Enterococcu6- (r=0.858) in samples

collected from Maricopa County. Strong correlations between microbial

indicators and other water quality parameters were observed particularly at site

SRP 15. Additionally rainfall within 7 days prior to sampling correlated strongly

with overall averages for each indicator (r=0.526 to r=0.726), the strongest

correlation was seen with E. coui (r=0.726).

• There was no statistical difference as demonstrated by one-way ANOVA between

microbial indicators in samples collected on the East and West sides of Yuma

(p>0.05).

• The main canals tended to have lower microbial numbers than the lateral/drain

canals. This difference could be demonstrated statistically for some microbial

indicators.

• In Maricopa County, the sampling points located furthest north and furthest south

on each of the main canals (Roosevelt, Consolidated and Eastern) tended to have
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the higher microbial numbers. The sampling points located furthest south tended

to be ranked higher in terms of microbial loads (worst microbial load). There was

no statistical difference demonstrated by one-way ANOVA between levels of

microbial indicators at sampling sites located further north (closer to the original

water source and more densely populated) and those located further south (away

from the original water source and less densely populated) (p>0.05).

• Overall, concentrations of Enterococcus were consistently higher than E. coui

concentrations throughout both study areas. This may be attributed to the higher

salinity of the water in which Enterococcus can survive compared to E. cou.

• There appeared to be no relationship between the levels of microbial indicators

and the enteropathogens in this study.

• One-way ANOVA demonstrated no significant differences between

concentrations of total coliforms, E. coli,Enterococcus and C. perfringens in

samples collected from Yuma and Maricopa Counties. However, overall mean

(arithmetic and geometric) and median values were higher in samples collected

from Maricopa County than Yuma County.
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