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A number of factors have contributed to the interest in reclaimed wastewater 

irrigation of vegetables. However safety of water as related to fresh cut vegetables has 

been a paramount concern of responsible agencies, growers and consumers. The 

objective of this study was to evaluate the risk mitigation potential of subsurface drip 

irrigation during reclaimed wastewater irrigation. Virus detection methodologies on 

produce were first optimized. Beef extract (3%) +0.04M sodium pyrophosphate was 

found to be the most efficient eluent to recover viruses from soil and plant material. 

The recovery efficiency of poliovirus type 1 and adenovirus type 40 from Pima clay 

loam soil ranged from 12-16%, and recoveries from Brazito sandy loam ranged from 

58-81%. The recovery efficiencies of poliovirus type 1, adenovirus type 40, MS2 and 

PRDl from lettuce ranged from 45 to 70%. The recovery efficiencies of MS2 and 

PRDl from tomato fruit were in the range of 90%. Poliovirus type 1, adenovirus type 

40, MS2 and PRDl survived longer in Pima clay loam than in Brazito sandy loam. 

All enteric viruses remained stable at 4°C suggesting that little virus inactivation 

occurs during transportation and marketing. Poliovirus type 1 and adenovirus type 40 

lost 1 logio in 11 and 17 days respectively on lettuce at room temperature. Hepatitis A 

virus lost 2.5 logio in 50 days on a lettuce head in a greenhouse during the winter 

season. Tomato, lettuce and cucumber crops were irrigated with virus-seeded water 

by subsurface and surface drippers. Subsurface drip irrigation resulted in 99 % less 

viral contamination of vegetable leaves as compared to surface drip irrigation. The 



greatest risk of infection occurs from the outer leaves of lettuce. The risk of infection 

from consumption of reclaimed wastewater irrigated tomatoes and cucumber was 

32% and 72% less than lettuce. The risk of infection from rotavirus by ingestion of 

vegetables is greater than poliovirus type 1. The risk of infection from subsurface drip 

irrigated vegetables did not approach the United States Environmental Protection 

Agency's acceptable annual risk (1:10,000) until the concentration of viruses in the 

irrigation water reached 100/1. No internal contamination by viruses of the vegetables 

was observed during their growth. The coliphages PRDl survived longer than 

poliovirus type I, adenovirus type 40, and MS2. It would thus appear to be a good 

model for studying the persistence of those viruses on produce and in irrigated 

agricultural systems. 
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INTRODUCTION 

Problem Definition 

Global fresh water resources are being periled by ever increasirmg world population, 

rapid urbanization especially in arid and semi arid areas of worlid and inefficient 

irrigation practices followed by farmers throughout the world. This grim situation makes 

it imperative to look for alternatives. Irrigation, being the singles largest fresh water 

consumption sector, can play a pivotal role in sustainability of ftesh water resources. 

Reclaimed wastewater is one the most promising options under these circumstances only 

if we can minimize the health risks associated with its use. Subsurface drip irrigation 

holds the promise to mitigate the health risk associated with rec laimed wastewater 

irrigation and at the same time economize water use. 

Background 

Centuries ago Chinese philosopher Confucius said, "Water is good; it benefits all things 

neither does it harm nor does it compete with any thing." But thie emerging global 

scenario is that, the scarcity/ lack of fresh water resources causes competition and 

conflict whereas polluted fresh water resources pose health risks. During the past 

decade, there has been growing concern that the world is movimg towards a water crisis. 

Water is increasingly scarce in dry climate regions (for example, Africa and South 

Asia), and there are major political implications for the scarcity of water in some regions 

(for example, the Middle East). Issues of both water quantity amd quality are of concern. 

This pessimism is caused by the relentless growth in world's po»pulation with the 

14 
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concomitant increase in demand for water resources for agriculture, industry, drinking, 

and sanitation. Since 1900 world population has tripled (to six billion people). During 

the same period of time water use has increased sevenfold. 

World Water Vision of the United Nations states 'To move us from where we are today 

to where we need to be to meet future water needs and sustainable use of water." To 

reach that objective, one of the challenges is to identify how to manage water resources 

more effectively. The key is agriculture since more than 70 percent of world's fresh 

water is being used for irrigation (Table 1). The Green Revolution is credited with 

allowing us to feed the 230,000 (quarter a million) new mouths that are being bom each 

day (Jack, 1999). About 240 million ha (17% of the world's cropland) are irrigated, 

producing one third of the world's food. Nearly 75 percent of this area is in developing 

countries. Irrigation will remain a crucial component of future agriculture programs 

(Leslie, 1998). 

Table 1. Use of Water by Sector (as percentage of total use), by continent 

Continents Domestic(%) Industrial(%) Agriculture (%) 

Africa 7 5 88 

Asia 6 8 86 

Europe 13 54 33 

North America 9 42 49 

South America 18 23 59 

Australia 12 9 79 

World 8 23 69 
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The Green Revolution's heavy dependence on water may be creating significant 

problems- Almost 60 percent of the water withdrawn for agriculture/irrigation are lost to 

evaporation and ditch leakage before it can be used (Jack, 1999). 

Since the supply of fresh water is limited, the ways of better utilization are needed. Only 

3 percent of global water is available as fresh water, and two-third of it is ice. The 

problem is simply people—our increasing numbers and our flagrant abuse of one of our 

most precious, and limited, resources. The United States withdraws 339 billion gallons 

of ground and surface water every day. The United States uses three times as much 

water a day (1300 gallons per person) as the average European country, and 

astronomically more water than most developing nations. It takes a thousand gallons of 

fresh water merely to produce one eight-ounce steak (William, 1993). 

Table 2. Population and sewage produced by some of the major urban centers in arid and 
semi-arid areas of world 

Cities Total Population 

(Millions) 

Projected Yearly Effluent 

Production (M m^) 

Mexico City 31.0 2602 

Sao-Paulo Brazil 25.8 2166 

Cairo UAR 13.1 1100 

Karachi 11.8 991 

Tehran 11.3 949 

Lagos Nigeria 6.9 579 

Addis Ababa Ethiopia 5.6 470 
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Over the past couple of decades, urban water supplies have improved considerably in the 

urban centers of developing countries and with this advance have come an increasing 

problem of wastewater disposal. The quality of our existing water resources continues to 

be impaired by wastewater discharges, which are increasing in volume as the population 

grows. Some of world's most rapidly growing centers are in arid climates, which lead to 

a greater stress on diminishing water resources of such regions (Table 2), (James et al, 

1999). 

In arid and semiarid areas as well as in many tropical areas, it is imperative that this 

huge amount of municipal wastewater/effluent is reused and agricultural reuse is 

consistent with the escalating demand for food. With agriculture claiming two thirds of 

all the water removed from rivers, lakes, streams, and aquifers, looking for alternate 

water sources and making irrigation more efficient are top priorities in moving towards 

more sustainable water use. Amazing, as it may seem, most of the world's farmers still 

irrigate the way their ancestors did 5000 years ago- by flooding or channeling water by 

gravity across their cropland. World wide irrigation efficiency is estimated to average 

less than 4 percent, moreover as most of irrigation often takes place in hot and dry 

regions, evaporation and transpiration claim a substantial share which can be as high as 

50 percent of the withdrawals from watercourses for agricultural use (Shanan, 1998j. 

The savings possible in agriculture constitute large and mostly unexploited new sources 
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such as wastewater reuse and precision and thrifty irrigation by expanding the use of 

drip irrigation system (Bernstein, 1973). 

Effluent reuse 

Effluent reuse is not a new concept; controlled wastewater irrigation has been practiced on 

sewage farms in Europe, America and Australia since the turn of this century. The value of 

wastewater for crop irrigation is becoming increasingly recognized in arid and semi-arid 

countries. However few developing countries have been actively involved in controlled 

effluent reuse, because urban areas have not been sewered to any great extent (Pescod, 1985). 

The amount of municipal wastewater produced in the US if fully utilized is sufficient to 

meet half of the irrigation water requirement of the nation and at the same time reducing 

irrigation needs by a tenth. This would free up enough water to roughly double domestic 

water use worldwide. 

Secondary wastewater irrigation not only provides added nutrients to the soil resulting in 

increased soil fertility in the long run (Oron et al, 1991), it also allows for appropriate 

disposal of polluted waters. Other advantages include economical benefits, as in saving 

the added expense associated with disinfection of tertiary treated water. One of the most 

important concerns in wastewater reclamation and reuse is the protection of public 

health- The health risk associated with wastewater application on crops has been studied 

from various field experiments, particularly the survival of enteric bacteria and viruses 
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in soils and on plant leaves (Kott, 1974; Ward, 1987). However the investigation of 

enteric viruses uptake in plant parts has been little researched. Viruses pose a unique 

problem associated with their stability and persistence in the environment as compared 

to bacteria. Studies of poliovirus persistence in soil show that the organism can survive 

for as long as 96 days in the winter season (Tiemey et al, 1977). 

Microbial contamination 

The biological water quality problems involved in wastewater reclamation and reuse 

include exposure to pathogenic bacteria, viruses, protozoan and helminthes. These 

pathogenic microorganisms can be transmitted by direct contact, ingestion — such as 

consumption of foods irrigated w^ith the reclaimed wastewater, and by inhaling aerosols. 

The majority of organisms are reduced by proper sewage treatment. Many countries use 

stabilization ponds or reservoirs for retaining the wastewater and enhancing microbial 

decay processes (Reed et al, 1995). The mechanism for the reduction of pathogens in 

pond system could be due to natural die-off, predation, sedimentation and adsorption. 

The helminth ova (the infective form of nematodes) has been shown to have almost 

complete removal after 5 days time at 20°C in retention ponds, while parasitic cysts and 

oocysts {Giardia and Cryptosporidium) settle to the bottom in the quiescent zone after 

20 days retention (Shuval et al, 1991). 

The adsorption and straining of bacteria in the upper surface removes most bacteria in 

the top 1 to 5 centimeter soil layer (Gerba, 1975). An accumulation of suspended 



particles also entraps bacteria creating a "mat," which further filter more bacteria from 

soil. Coliform bacteria that were labeled with radioactive phosphate were found to be 

more than 92 to 97 percent retained in the first centimeter of soil (Krone et al, 1968). 

Viruses also get adsorbed to soil particles, but due to their small size, 29 to 70 nm the 

soil pores offer protection from inactivation (Gerba and Lance, 1978). They are readily 

adsorbed onto clay particles so that the higher the clay contents of the soil, the greater 

the virus removal. Soils containing sand do not achieve good removal, allowing for 

greater virus migration. Other favorable environmental conditions for virus persistence 

includes moisture, low temperatures, neutral pH and the presence of organic matter 

(Yeager and O'Brien, 1979). 

Virus densities increase in raw sewage during summer and early fall months (CDC 

1989, and Strikas, 1986). The mean density of enteric viruses in domestic sewage in 

developed countries range from 500 to 700 plaque-forming units (pfu) per milliliter 

depending on the time of the year. It is estimated that an infected person elicits 10^ to 

10^ infective units per gram of faeces (Oron et al, 1995). 

Irrigation as a source of contamination 

The effects of wastewater application on crops have been verified in several studies. 

Spray irrigation has been associated with 10"^ aerosolized enteric bacteria and viruses 

(Teltsch and Katzenelson, 1978). Night irrigation, with high humidity and lack of 

sunlight, showed ten times more airborne bacteria than daytime irrigation. Viruses were 
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found in the air at a distance of 40 meter downwind from the sprinklers. Drip irrigation 

has been proven to lower environmental and plant contamination (Oron et al, 1991; 

Sadovski et ah 1978). Subsurface drip irrigation showed minimal contamination of total 

and faecal coliform on plant leaves and fruits compared to on-surface drip irrigation. 

Surface contamination of vegetables 

Raw fruits and vegetables have been known to serve as vehicles of human disease for at 

least a century. Morse (1899) linked typhoid infection to eating celery. Warry (1903) 

attributed an outbreak of typhoid fever to eating watercress grown in soil fertilized with 

sewage. Pixley (1913) recorded two cases of typhoid from eating uncooked rhubarb, 

which was grown in soil known to have been fertilized with typhoid contaminated 

excreta. Creel (1912) demonstrated that lettuce and radishes grown in soil containing 

Bacillus typhosa (now Salmonella ryphi) harbored the organism on their surfaces for up 

to 31 days. Melick (1917) recovered typhoid bacilli from mature lettuce and radish 

harvested from soil that had been inoculated at the time seeds was planted. Some 

parasitic helminths (e.g. Fasciola hepaiica, Fasciolopsis biiski) require encystment on 

plants to complete their life cycle. Thus, the recognition of raw fruits and vegetables as 

potential vehicles for transmission of pathogenic microorganisms' known to cause 

human disease is not new. Nevertheless, documented outbreaks of foodbome illness 

associated with fruits and vegetables in developed industrialized countries are relatively 

rare. In recent years, however, the frequency of outbreaks epidemiologically associated 

with raw fruits and vegetables is documented to have increased in some industrialized 
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countries (e.g. the United States) (Table 3). This rising trend is ascribed to change in 

dietary habits and increased importation of food (Altekruse et. al, 1997). In developing 

countries, foodbome illnesses caused by contaminated fruits and vegetables are frequent 

and in some areas they cause a large proportion of illness. However, due to lack of 

foodbome 



Table 3. Number of reported foodbome-outbreaks, cases, and deaths, by vehicle of 
transmission (CDC, 2000) 

Year Vehicle of Outbreaks Cases Deaths 

Transmission No % No % No % 

1993 Fruits/Vegetables 12 2.5 4.213 24.1 0 0.0 

Other Salads 18 3.7 1,060 6.1 0 0.0 

Potato Salad 1 0.2 24 0.1 0 0-0 

1994 Fruits/Vegetables 17 2.6 1,311 8.1 0 0.0 

Other Salads 19 2.9 1,093 6.7 0 0.0 

Potato Salad 8 1.2 266 1.6 2 66.7 

1995 FruitsA^^egetables 9 1.4 4,307 24.2 0 0-0 

Other Salads 21 3.3 662 3.7 0 0.0 

Potato Salad 1 0.2 11 0.1 0 0.0 

1996 Frui ts/Vegetables 13 2.7 1,807 8.0 I 25.0 

Other Salads 18 3.6 628 2.8 0 0-0 

Potato Salad 1 0.2 12 0.1 0 0-0 

1997 FruitsA'egetables 15 3.0 719 6.0 1 50.0 

Other Salads 21 4.2 1,104 9.2 0 0.0 

Potato Salad 1 0.2 143 1.2 0 0.0 

Total FruitsA^egetables 66 2.4 12357 14.1 2 37.5 

Other Salads 97 3.5 4547 5.7 0 0 

Potato Salad 12 0.4 456 0.6 2 66.7 
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disease investigalion and surveillance in most of these countries, most outbreaks go 

undetected and the scientific literature reports only on very few outbreaks. 

In 1995-1996, only 2 percent of disease outbreaks in Latin America were related to 

fruits, and vegetables (PAHO/INPPAZ, 1996). 

Raw and minimally processed fruits and vegetables are an essential part of people's diet 

all around the world. Where land is available, families grow fruits and vegetables for 

their own use. Alternatively, produce is purchased from local farmers or retail outlets for 

further preparation by street vendors, by families at home or as part of meals eaten in 

restaurants and other food-service facilities. While advances in agronomic practices, 

processing, preservation, distribution and marketing have enabled the raw fruits and 

vegetable industry to supply high-quality produce to many consumers all year round, 

some of these same practices have also expanded the geographical distribution and 

incidence of human illness associated with an increasing number of pathogenic bacterial, 

viral and parasitic microorganisms. 

Changes that may contribute to the increase in diseases associated with the consumption 

of raw fruits and vegetables in industrialized countries have been described (Hedberg el 

al, 1994). Factors include globalization of the food supply, inadvertent introduction of 

pathogens into new geographical areas- e.g. outbreaks of shigellosis in Norway, Sweden 

and United Kingdom in 1994 due to contaminated lettuce imported from southern 
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Europe (Frost et al, 1995; Kapperud et al, 1995) and cyclosporiasis in the United Stales 

which was linked to consumption of contaminated raspberries imported from Guatemala 

(CDC, 1996)-and the development of new virulence factors by microorganisms, 

decreases in immunity among certain segments of population, and changes in eating 

habits. In developing countries, continued use of untreated wastewater and manure as 

fertilizers for the production of fruits and vegetables is a major contributing factor to 

contamination that causes numerous foodbome disease outbreaks. 

While other efforts should be made to prevent contamination of fruits and vegetable 

during production, transport, processing and handling, much improvement is still needed 

in some parts of the world if hygienic production of fruits and vegetable is to be ensured. 

Furthermore many microbial contaminants are part of the environment and fruits and 

vegetables may be inadvertently contaminated. 

During 1993-1997 a total of 2,751 outbreaks of foodbome disease were reported (489 in 

1993, 653 in 1994, 628 in 1995, 477 in 1996 and 504 in 1997). These outbreaks caused a 

reported 86,058 persons to become ill. Out of these 2,751 reported outbreaks only 878 

(32% had a known etiology; these outbreaks accounted for 50,788 (59%) of 86,058 

infections. Among outbreaks for which the etiology was determined, bacterial pathogens 

caused the largest percentage of outbreaks (75%). Chemical agents caused 17% of 

outbreaks and 1% of cases; Viruses, 6% of outbreaks and 8% of cases; and parasites 2% 
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Table 4. Number of reported foodbome-outbreaks. cases, and deaths, by etiology (CDC, 
2000) 

Year Agent Outbreaks Cases Deaths 

No % No % No % 

1993 Bacteria 135 27.6 10,402 59.5 9 100 

Parasites 2 0.4 16 0.1 0 0.0 

Viruses 10 2.0 757 4.3 0 0.0 

1994 Bacteria 148 22.7 5,487 33.8 3 100.0 

Parasites 2 0.3 22 O.I 0 0.0 

Viruses 10 1.6 612 3.8 0 0.0 

1995 Bacteria 156 24.7 10,017 56.3 11 100.0 

Parasites 1 0.2 9 0.1 0 0.0 

Viruses 9 1.4 512 2.9 0 0.0 

1996 Bacteria 112 23.5 14,219 62.9 3 75.0 

Parasites 3 0.6 1,588 7.0 0 0.0 

Viruses 10 2.1 1,420 6.3 0 0.0 

1997 Bacteria 105 20.8 3,696 31.0 2 100.0 

Parasites 11 2.2 690 5.8 0 0.0 

Viruses 17 3.4 765 6.4 0 0.0 

Total Bacteria 655 23.8 43,821 50.9 28 96.6 

. 
Parasites 19 0.7 2,325 2.7 0 0.0 

Viruses 56 2.0 4,066 4.7 0 0.0 
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of outbreaks and 5% of cases (Table 4). In most (68%) outbreaks, the etiology was not 

determined. The incubation period was reported for 1,406 (75%) of the 1873 outbreaks 

that had an unknown etiology; in 44 (3%) outbreaks, the incubation period was less 

thanlhour; in 428 (30%) outbreaks, 107 hours; in 285 (20%) outbreaks, 8-14 hours and 

in 649 outbreaks (46%) greater than or equal to 15 hours. 

Consumption trends in fresh vegetables 

Consistent with dietary and health recommendation. Americans now consume about 

25% more fruits and vegetables per capita than they did in 1970. Americans consumed 

per capita 81 pounds more of commercially grown vegetables than in 1970 (Table 5). 

Table 5. Average annual per capita consumption 

Item Unit 1972-76 1977-81 1982-86 1987-91 1992-96 1997 

Total Vegetable Pounds 337.6 337 348.5 376.4 403.7 416.0 

Fresh Vegetable Pounds 146.9 145.4 152.7 167.3 175.4 185.6 

Processed Pounds 190.7 191.5 195.8 209.1 228.3 230.4 
Vegetable 

Vegetable for Pounds 100.7 99.8 98.7 104.1 110.0 105.9 
Canning 
Tomato Pounds 62.4 61.8 63.3 69.7 74.7 72.7 

Source: USD A/Economic Research Service 1999. 
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Consumers increasingly have more access to fresh local produce as well. The number of 

farmers markets reported to state agriculture department has grown substantially 

throughout the United States over the last several decades, numbering around 1,755 at 

the end of 1993 and echpsing to 2,746 in 1998. While the overall market for fruits and 

vegetables has expanded in the last 15 years, the mix has changed. For example, per 

capita consumption of iceberg lettuce fell by 4.4 pounds (or 15 percent) between 1989 

and 1997, while per capita consumption of romaine and leaf lettuce increased 2.5 

pounds (or 69 percent) during the same period. In addition many specialty lettuces not 

yet tracked in USDA's food supply database- such as radicchio, frisee, argula, and 

redoak- gained in popularity in the last several years because of inclusion in fresh-cut 

salad mixes and in upscale restaurant menus. 

Viral gastroenteritis 

More than 140 different enteric viruses are known to infect man, which can cause viral 

gastroenteritis that results in vomiting or diarrhea. It is often called the "stomach flu," 

although it is not caused by the influenza viruses. The viruses which can cause 

gastroenteritis, include rotaviruses, adenoviruses, caliciviruses, astroviruses and, and 

Norwalk group of viruses. The main symptoms of viral gastroenteritis are watery 

diarrhea and vomiting. The affected person may also have headache, fever, and 

abdominal cramps ("stomach ache"). In general, the symptoms begin 1 to 2 days 

following the infection with a virus that causes gastroenteritis and may last for 1 to 10 

days, depending on which virus causes the illness. 
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Viral gastroenteritis affects people in all parts of the world. Each virus type has its own 

seasonal activity. For example, in the United States, rotavirus and astrovirus infections 

occur during the cooler months of the year (October to April), whereas adenovirus 

infections occur throughout the year (Web site of National Center for Infectious 

Diseases, WWW.cdc.gov/ncidod/dvrd/gastro.htm). Viral gastroenteritis outbreaks can 

occur in institutional settings, such as schools, child care facilities, and nursing homes, 

and can occur in other group settings, such as banquet halls, cruise ships, dormitories, 

and campgrounds. 

Caliciviruses 

Caliciviruses are recognized as the single most important cause of acute nonbacterial 

gastroenteritis universally (Svensson, 2000., Caul, 1996., Vinje and Koopmans, 1996., 

Vinje et al 1997., Dedman, 1998., and Fankhauser et al 1993) in sporadic community 

cases as well as in outbreaks in a variety of settings, including nursing homes (Jiang et 

al, 1996), hospitals (Green et al, 1994., Stevenson et al. 1994), cruise ships (Herwaldl et 

al, 1994., Khan et aI.I994., Ho et al, 1989., and Gunn et al, 1980), schools and 

universities (Kilgore et al, 1996., Kobayashi et al, 1991), and restaurants and events with 

catered meals (Nelson et al, 1992). Transmission of the viruses has been documented by 

contaminated food (Fleissner et al, 1989 and Gordon et al, 1990., Kuritsky, et al. 1984), 

especially oysters (CDC, 1997., CDC, 1995., Kohn et al, 1995., Dowel et al, 1995., 

Murphy et al, 1979) and water ( Beller et al, 1997., Gray et aL 1997., Lawson et al. 

http://WWW.cdc.gov/ncidod/dvrd/gastro.htm
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1991.^ Kaplan et aL 1982), and by person-to-person contact (Kaplan et al 1982 

Chadvvick et al. 1994). 

The spread of human calicivirus is considered to be predominantly by person-to-person 

contact (Kapikian, et al, 1996) via the fecal-oral route. However, the ingestion of 

calicivirus-contaminated food or water often results in large-scale common outbreaks 

(Hedberg and Osterholm, 1993). Contaminated surfaces, such as door handles, telephone 

handsets, and water taps, have been shown to carry calicivims in detectable amounts, 

thereby forming an important mechanism for virus transmission (Brou'n, 1999). 

Many basic features concerning the biology and replication of human caliciviruses are 

not known because they have not yet been grown in cell culture and the virus does not 

appear to replicate in animal model other than chimpanzee (Green, 2000). But the 

application of molecular diagnostic methods has shown caliciviruses (previously known 

as the Norwalk family of viruses or small round structured viruses) to be the most 

common cause of acute gastroenteritis (AGE) outbreaks in the United States. The first 

outbreak of Norwalk -like calicivirus gastroenteritis in Minnesota was confirmed in 

1982. This virus has accounted for 41% of all confirmed foodbome outbreaks in 

Minnesota from I981-I998 (Deneen, 2000). Caliciviruses were detected by reverse 

transcriptase polymerase chain reaction in 86 (96%) of the 90 outbreaks of non-bacterial 

gastroenteritis reported in 33 states during 1996-1997. Consumption of contaminated 

food was the most commonly identified mode of transmission (37%) in these outbreaks 
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(Fankhauser, 1998). Out of 676 gastroenteritis outbreaks reported in Sweden during 

1994-1998, 455 (67%) outbreaks were found to be caused by viruses whereas 

Caliciviruses accounted for 407 (89% of the total viral outbreaks) (Hedlund, 2000). 

Contamination by viruses 

Viruses can be excreted in large numbers by infected individuals (Cliver, 1997). 

Although viruses will not grow in or on foods, raw fruits and vegetables or other plant 

tissues may serve as vehicle for human enteric viruses (Tiemey et al, (1977). Poliovirus 

was recovered from lettuce and radishes 23 days after flooding of outdoor plots with 

wastewater. Poliovirus in the soils took about 2 months for 99 percent reduction during 

the winter months and about 2 to 3 days in summer months. In another study using the 

drip method with plastic sheet placed on top, cucumbers were grown with effluent that 

was inoculated with a high titer of traceable poliovirus and Eschericha coli (Sadovski et 

al, 1978). The plastic sheet significantly reduced pathogen contamination on the 

cucumbers but the pathogens persisted in the soil and in the irrigation pipes long after 

the wastewater was no longer used. 

The traceable E. coli was recovered from the soil 20 days after the last inoculation and 

15 days after irrigation was terminated, the soil moisture dropping to 3 percent. The 

poliovirus could not be detected after 8 days from the last irrigation. Moderate climate 

conditions and alluvial-type soil, which restricted water infiltration, were attributed to 
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the viability of the pathogens in the upper soil layers. Also, the use of plastic sheet may 

have protected the organisms from desiccation and sunlight. 

Oron et al, (1995) spiked wastewater and tap water with a high titer of poliovirus and 

subsurface drip irrigated tomato plants. The plants were grown in loess soil over a 

period of 80 days in the winter in Israel. Loess soil contains about 55percent silt, 23 

percent sand and 22 percent clay, a good soil for virus removal. Plant leaves and fruits 

were sampled four times throughout the growth period. Virus contamination was found 

in the leaves of the plants irrigated with tap water but not with the wastewater. No 

contamination was found in the tomato fruit. An unrealistically high concentration of 

poliovirus (1000 pfu/ml) was spiked in the tap water in order to recover a minimal 

amount of virus (<1 percent) from the leaves of the tomato plants. 

Many food-associated outbreaks of Hepatitis A have been recorded (Cliver, 1997). In 

most instances, the shellfish taken from waters contaminated with human faeces have 

been the vehicle in most outbreaks, but any food handled by an infected person may 

become contaminated and transmit the viruses (Cliver, 1985). Hepatitis A infections 

have been linked to the consumption of lettuce (Rosenblum et al, 1990), diced tomatoes 

(Williams et al, 1994), raspberries (Ramsay and Upton, 1989; Reid and Robinson, 1987) 

and strawberries (Centers for Disease Control and Prevention, 1997a; Niu et. al, 1992). 

Hernandez (1997) suggested that lettuce contaminated with raw sewage could be a 

vehicle for Hepatitis A virus and rotavirus. Lettuce obtained from a farmers' market was 



reported to contain hepatitis A virus. Studies have shown that viruses n:iay persist for 

weeks or months on vegetable crops and in soils that have been irrigated or fertilized 

with sewage wastes (Larkin et. al, 1978). 

Rotaviruses, astroviruses, enteroviruses (polioviruses, echoviruses and Coxsackie 

viruses), parvoviruses, adenoviruses and coronaviruses have been reported to be 

transmitted by food on occasions (Cliver, 1994). At least one echovirus outbreak has 

been attributed to contaminated raw shredded cabbage (New York Department of 

Health, 1989). 

Risk assessment 

One of the most important issues in wastewater reclamation and reuse is the protection 

of public health. For this reason, special emphasis is placed on reducing concentrations 

of pathogenic microorganisms, including bacteria, parasites and enteric viruses, in 

reclaimed wastewater. The research on efficiency of enteric virus 

inactivation/removal/reduction in numbers has been recognized because of their low-

dose infectivity, their long-term survival in the environment, difficulties in monitoring 

them, and their low removal efficiencies in conventional wastewater treatment (Asano 

and Sakaji, 1990; and Gerba and Rose, 1993). 

The standards required for the safe use of wastewater and the amount and type of 

wastewater treatment needed are contentious. The cost of treating wastewater to 
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conform to high microbiological standards can be so prohibitive that in many developing 

countries the use of untreated wastewater is effectively unregulated. There is need for 

more realistic risk assessment and review of different guidelines on the microbiological 

quality of treated wastewater that is used to irrigate crops. 

There are currently several alternative approaches to establishing microbiological 

criteria for reusing wastewater. These have different outcomes as their objectives: the 

absence of faecal indicator bacteria in the wastewater, the absence of excess cases of 

enteric disease in the expose population and a model-generated risk, which is below a 

defined acceptable risk. 

A modei-generated risk that is below a defined acceptable risk. In this approach an 

acceptable risk of infection is first defined — for example, for the microbial 

contamination of drinking-water supplies, the USEPA has set annual risk of 10"'' per 

person (Haas et al. 1993). Once the regulator has established the acceptable annual risk, 

a quantitative microbial risk assessment (QMRA) model is used to generate an estimated 

annual risk of infection. This is based on an assessment of exposure (including data on 

the concentrations of microorganisms in wastewater, the quantity of treated wastewater 

remaining on crops after irrigation, the ratio of pathogens to indicator organisms and the 

percentage of pathogen die-off between the time the food crop is harvested and 

consumed) and dose-response data. 
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Development of current quantitative microbial risk assessment (QMRA) 

techniques 

Quantitative microbial risk assessment (QMRA) techniques were used to assess the 

annual risks of viral infection resulting from wastewater reuse and for evaluating the 

California wastewater reclamation criteria (Asano et al, 1992). They used the (3-Poisson 

dose-response model, and assumed constant quantity (10 ml) of treated wastewater 

remaining on crops after irrigation and assume constant value of 99.99% for viral die-off 

between final irrigation and crop harvest- They found that the annual risk of viral 

infection resulting from spray irrigation of food crops never exceeded 10'^, even in the 

worst-case scenario (irrigation with chlorinated tertiary treated wastewater containing 

111 viral particles/100 I) (Haas 1999). Tanaka et al (1998) adopted a more sophisticate 

QMRA procedure to determine the expectations of the annual risk of enteroviral 

infection resulting from food crop irrigation with four unchlorinated secondary effluents 

containing variable concentrations of viruses (Tanaka et al, 1998). Using cumulative 

distribution functions of virus concentrations and Monte Carlo simulations (500 trials), 

these authors found that the expectations of annual risk range from 10'^ to 10"^. 

Chlorination reduced these values to between 10'^ and 10'^. 

Risk assessment studies were carried out in Israel using the drinking-water model of 

Haas et al. (1993) to assess infection risk (Shuval et al, 1997). This was combined with 

laboratory data on the degree of viral contamination of lettuce and cucumber irrigated 



with wastewater of differing quality. The annual risk of infection with hepatitis A from 

eating lettuce which had been irrigated with untreated wastewater was estimated at 10 

but when the lettuce was irrigated with treated wastewater meeting the world health 

organization (WHO) guideline limit of 1000 faecal coliform bacteria/100 ml the 

estimated risk was in the range 10 —10 for rotavirus infection the predicted risk 

ranged from 10 to 10 and for cholera the risk was 10 The results of these studies 

are consistent with those obtained by Asano et al. (1992); they estimate the risk of 

infection with three enteric viruses (Poliovirus 1 and 3, and Echovirus 12) associated 

with the use of chlorinated tertiary effluents to irrigate horticultural produce. The annual 

risk of infection associated with consuming irrigated market-garden produce was 

estimated to be between 10'^ an 10~" when the effluent contained 1 viral unit/100 1 and 

between 10 an 10 when wastewater with a maximum concentration of 111 viral 

units/100 1 was used. Data from waste stabilization ponds in north-east Brazil suggest 

that rotavirus numbers are likely to be <30/100 1 when the faecal coliform content is 

below 10"^ /lOO ml (Oragui et al, 1987); however, other enteric viruses, such as 

Adenovirus, may significantly out-number Rotaviruses and Enteroviruses (Crabtree et 

al, 1997). Therefore extrapolation from these data indicate that using wastewater that 

meets the WHO guideline limit of 1000 faecal coliform bacteria/100 ml is likely to 

produce an annual risk of viral infection of <10 Even when unchlorinated secondary 

effluents were investigated, risk assessments using data from wastewater treatment 

plants in California showed that for food crop irrigation, the estimated annual risk of 

enteroviral infection was 10 —10 (Tanaka et al, 1998). The American microbial 
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standards for drinking water are based on the assumption that humans should not be 

subjected to a risk of infection by enteric disease that is >10 which can be used as 

guideline for risk assessment for reclaimed irrigated vegetables. 

Current QMRA procedures 

Current QMRA procedures have a number of disadvantages that should be addressed by 

future studies. These include the use of oral challenge data only from healthy adult 

volunteers and not from more vulnerable groups, such as children; such data are 

commonly based on extremely small numbers of volunteers. Furthermore, the median 

infectious dose depends greatly on whether the participants challenged have been 

previously exposed to the pathogen. The extrapolation of the results of high- dose oral-

challenge data to environmental exposure at low doses is also problematic. The absence 

of sufficiently large data sets on pathogen monitoring limits the use of the methods. 

Furthermore, the definition of acceptable risk itself poses problems: what is acceptable 

is likely to vary according to the level of endemic infection, the importance of other 

transmission routes, economic circumstances an the regulator's perspective of society's 

expectations. Haas (1996) argues for the adoption of an annual risk of 10 but even 

this may be too conservative, given that in many countries actual rates of infection are 

considerably higher— for example, in England the annual rate for all infectious 

intestinal disease is 0.2 per person (Wheeler, 1999). 



More sophisticaied and more realistic risk assessment techniques need to be applied to 

the reuse of wastewater: this is beginning to occur in other sectors — for example, for 

drinking water (Eisenberg, 1996; Eisenberg, 1998) and food (van Gerwen et al, 2000). 

These assessments should include models that take into account epidemiological 

variables, such as transmission and immune status, and which characterize risk at the 

population level rather than at the individual level (Eisenberg, 1996; ELSI, 1996). Such 

applications, together with a system of quality assurance for the risks assessed (Mc Gill, 

2000), would lead to greatly increased confidence in the assessments of the risks and to 

the guidelines for reuse that are based on them. 

Principles of wastewater reuse. The traditional approach to disposing of wastewater 

has been to disperse to bodies of water i.e. rivers, lakes etc. The question of 

sustainability in a broader sense has resulted in a conceptual shift towards accepting 

treated wastewater as a resource available for use. However, we should not assume that 

irrigation of treated effluents is always the best solution for the environment. Every 

effluent irrigation proposal should be compared with alternative discharge and use 

options on the basis of environmental, social and economic costs and benefits. 

The United States Environmental Protection Agency's (EPA) wastewater management 

policy is to encourage the use of effluent where it is safe and practicable to do so, and 

where it provides the best environmental outcome. In cases where wastewater cannot be 



39 

used this way, the U. S. EPA recommends that alternative methods be used to return 

effluents to the water cycle in an environmentally and socially responsible way. 

Environmental aims of a good effluent irrigation system. The following 

environmental performance objectives for using wastewater for irrigation should be kept 

in mind-

• Use the resources effectively. The scheme should identify the useful resources in 

effluents (such as water, plant nutrients and organic matter). It should develop 

and use agronomic systems that will use these resources effectively. 

• Protect the land. An effluent irrigation scheme should be ecologically 

sustainable. In particulan it should maintain the cropping capacity of the land, 

and should not make the land quality deteriorate through soil structure 

degradation, salinisation, waterlogging, chemical contamination, or soil erosion. 

• Protect the groundwater. Effluent irrigation areas and systems should be sited, 

designed, constructed and operated in such a way that useable underground water 

resources do not become contaminated by either the effluent or runoff from the 

irrigation scheme. 

• Protect the surface waters. Effluent use schemes should be sited, designed, built 

and operated in such a way that surface waters do not become contaminated by 

any flow emanating from the irrigation areas, including effluent, rainfall runoff, 

contaminated subsurface runoff, or contaminated groundwater. 



Objective of this Study 

The purpose of this study was to determine the effectiveness of subsurface irrigation 

(SDI), to minimize plant and soil contamination and health risk by enteric viruses durin 

reclaimed wastewater irrigation of vegetable crops. 
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MATERIALS AND METHODS 

This study was divided in three phases. During the first phase methodologies and 

protocols were evaluated and survival of viruses in soil and plant medium were studied 

under laboratory conditions whereas in second phase field/green house experiments 

were carried out to explore the survival and adsorption/uptake patterns of enteric viruses 

in soil and plant system and validate the laboratory results. In third phase laboratory and 

field data was used to carry out risk assessment studies. 

Laboratory studies 

Production of viruses and tissue culture assay 

Poliovirus type 1 (LSc 2ab strain) (PVI), and enteric adenovirus type 40 (Strain Dugan 

79-18025) (Ead40) ATCC (American Type Culture Collection, Manassas, VA) VR 931 

were propagated in the Buffalo green monkey (BGM) kidney continuous cell line and in 

the human primary liver carcinoma (PLC/PRF/5) cell line ATCC # CRL 8024, 

respectively (Grabow, 1992). Hepatitis A virus (HAV) strain (HM175) ATCC # VR 

1358 was propagated in fetal rhesus kidney (FRhK) cell line ATCC # CRL 1688 to be 

used in survival experiments. Virus titration was carried out by the tissue culture 

infectious dose fifty (TCIDso) technique, on PLC/ PRF/5 cells (Ead40), FRhK cells 

(HAV) and BGM cells (PVI) in 96-well. (Schmidt, and Emmons, 1989). 
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Production of bacteriophages 

Bacteriophage MS-2 (ATCC #i559"7-Bl) was grown and assayed in Escherichia coli 

15597 (ATCC), and bacteriophage PRD-l (ATCC # 19585-BI) in Salmonella 

typhimuriuin LT2 (ATCC # 19585). The bacterial host of each phage was grown 

overnight in tryptic soy broth (TSB; Difco, Detroit, MI) at 37° C without shaking. This 

culture was used to inoculate a fresha Tryptic Soy Broth (TSB) bottle. The inoculated 

TSB was incubated for 3 h at 37® C ^ith continuous shaking to obtain exponential 

growth of the bacteria. The phage siock was serially diluted in Tris buffered saline pH 

7.4 (Trizma base; Sigma, St. Louis. MO) to a concentration of 10^ PFU ml per mi. One 

ml of an exponential culture of host and O.I ml of phage suspension were added to tubes 

of molten overlay agar (TSB with 1*% agar) and mixed. The mixture was poured onto 

plates containing tryptic soy agar (TSA; Difco, Detroit, MI). 

After incubating 14 h at 37® C. 5 ml Tris buffered saline was added to the plates with 

confluent plaques and incubated for- 2 hours at room temperature for separation and 

concentration of the phage particles . The liquid portion was pipetted out from the plates 

bacterial debris was removed by centrifugation at 10,000 x g for 15 minute, and 

supernatant filtered through a 0.22-g.im pore cellulose acetate filter (Coming Costar 

#430521). The stock was stored at 4 °C until needed. Both bacteriophages stocks were 

titrated by the double agar layer teciinique (as described in propagation). PVl and MS-2 
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represent a group of small RNA viruses (23-30 nm), whereas Ead40 and PRD-1 typify 

medium sized DNA viruses (70-80 nm) (Field, 1995). 

Tissue culture infective doses© (TCID so) assay of Poliovirus and Adenovirus 40 

This method is applicable to all viruses capable of producing cytopathic effect in cell 

cultures and is a preferred method for enumeration of viruses, which are not reported to 

form plaques. The number of infectious units of viruses in a sample was estimated by 

the standard TCID50 procedure as follows, 

1. Prepared serial 10-fold dilution of the virus sample to be titrated in Tris-buffered 

saline. 

2. Removed cell culture medium from cell/flask with confluent monolayer and washed 

the monolayer with tris-buffer. 

3. Added appropriate volume of each dilution into respective flask/cells. Inoculated 

each dilution to at least four cells/flasks. 

4. Incubated the inoculated cells/flasks for 40-50 minutes at room temperature/ CO2 

incubator. 

5. Add appropriate volume of maintenance medium to all cells/flasks including 

controls. 

6. Incubate at 37°C in a 5% CO2 incubator. 

7. Read flasks/plates every day and record cells/flasks showing cytopathic effect 

(CPE). 
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8. Once cytopathic effect stops progressing the viral liter was estimated by Reed-

Muench method or Karber method (Pierre and Michel, 1993; Schmidt and Emmons, 

1989). 

Karber method 

The following formula was used for direct calculation of the 50% end point (TCID 50)-

rC/Ao = - A - (5(5 - 05) 

Where 

A =logio of the dilution with 100% positive cultures ( with CPE) 

6= logio of dilution factor 

= ]ogio 10=1.0 

= logio 5=0.7 

= logio 2=0.3 

S =Sum of positive culture per dilution including those at dilution with 100% 

infected cultures. The last dilution has a value of 1 and each other dilution a fraction of 

1. All the TCID 50 calculations were counter checked by using Reed-Muench Formula. 

Reed-Muench formula 

(% positive above 50%) - 50% 
Dilution where CPE > 50% +— t": —— , X logio 10 

(%positive above 50%) - (% positive below 50%) 
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Recovery viruses from vegetable surfaces. Leaves of lettuce variety Iceberg were 

used to assess methods for the recovery of viruses from vegetable surfaces. The lettuce 

was selected for this purpose based on the morphological complexity of wax structures 

present on its leaves (Martin and Juniper, 1970). It was assumed that any method 

capable of recovering viruses from lettuce leaves would work better in case of tomatoes 

and cucumber fruits which have smoolher surface with less intricate wax structure. 

The method used by Badawy (1985) for the recovery and detection of rotaviruses from 

vegetables was adapted. Briefly lettuce leaf discs of 2-cm square were cut with a 

sterilized scalpel. These discs were placed in a petri dish and a similar second lettuce 

leaf disc was placed on top of first one. Approximately 6xiO''TCID5o /0.25ml of both 

Enteric Adenovirus40 (Ead40) and Poliovirusl (PVl) were pipetted on the upper surface 

of the second lettuce leaf disc. A third lettuce leaf disc was placed on top of second disc 

to make a sandwich. Tris-buffered saline (3mL) was pipetted around the lettuce leaf 

sandwich to keep the moisture at a desirable level (Fig.I). Tris-buffer saline was found 

to provide better storage conditions for lettuce leaves than auioclaved distilled water, 

which cause early rottening of lettuce leaves and making it difficult to assay the samples 

after more than two days of storage at room temperature. Three different eluents were 

used to recover Ead40 from seeded lettuce leaves; I) 3% beef extract (Becton Dickinson 

Microbiology System Cat#4397531, Cockeysville, MD) (pH 9.5); 2) chloroform and 

3%beef extract (pH 9.5); 3) 3% beef extract (pH 9.5) amended with 0.04M sodium 

pyrophosphate (EM Science, Gibbstown, NJ). The procedure with chloroform was 



46 

dropped because it generates a large volume of hazardous waste. Beef extract ( 3 % )  with 

0.04M sodium pyrophosphate was selected for further studies based on its better 

recovery efficiency. A volume of 50 ml of eluent was added to a bottle and the second 

and third leaf discs from respective lettuce leaf sandwich were immersed in the eluents. 

Two methods of elution were followed by either shaking or sonication to enhance 

recovery of viruses from the leaf surface (Fig. 2). In the first method, virus seeded 

lettuce leaves were immersed in 50 ml of eluent (3% beef extract with 0.04M sodium 

pyrophosphate) and were shaken for 20 min, whereas in second method, samples were 

immersed in 50 ml of eluent and sonicated using Branson E-Module Ultrasonic 

Generator (Branson Cleaning Co. Shelton, CT) for 20 min at 25kHz. The samples were 

concentrated by adjusting the pH of the eluent to 4.5 using IN NaCl or IN NaOH 

followed by a centrifugation at 10,000 x g for 30 minutes. The supernatant was 

discarded and the pellet was resuspended in NaHP04 and sample stored for assay after 

adjusting pH at 7.2-7.4. The procedure using 3%beef extract+0.4M sodium 

pyrophosphate with shaking was selected for the further studies based on its better 

recovery efficiency. 
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Fig L Lettuce Leaf Disc Sandwich 
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pH 7.2 

' Resuspend the pellete in 5mL NaHP04 
pH 7.2 

TCIDso with 100 TCID50 with 100 
uL uL 

Fig 2. Methods for the recovery of viruses from lettuce leaves 
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Recovery of viruses from tomato fruits 

Fruit surface: Tomato fruits were purchased from a grocery store and were carefully 

examined for the integrity of their skin. These fruits were surface disinfected with 70% 

ethanol followed by a washing with autoclaved distilled water and then left under a UV 

light source for ten minutes. A micropipette was used to deliver 1x10^ pfu of MS2 and 

PRDl onto the fruit surface. The fruit was stored at room temperature for 30 minutes 

and then viruses were eluted from the fruits by using 3%beef extract (BE) +0.04M 

sodium pyrophosphate and shaking for 20 minutes at 150 rpm on Magic Blue shaker 

(Magic Whorl, Blue Island, 111.) followed by a reconcentration procedure as described 

earlier. 

Systemic: Tomato fruits were purchased from a grocery store and the integrity of their 

skin was carefully examined. These fruits were surface disinfected with 70% ethanol 

folIov\'ed by a washing with autoclaved distilled water and then left under a UV light 

source for ten minutes. The fruit was then cmshed using an autoclaved pestle mortar and 

1x10® pfu of MS2 and PRDl were added to the crushed fruit. These viruses were 

recovered by using 3% BE +0.04M sodium pyrophosphate and shaking for 20 minutes at 

150 rpm on Magic Blue shaker (Magic Whorl, Blue Island, 111.) followed by a 

reconcentration procedure as described earlier. 

Plant root as a barrier against virus intrusion. Studies were conducted to evaluate the 

effectiveness of plant roots and their integrity in the containment of viral contamination 
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of plants/ vegetable crops. Tomato lettuce and cucumber plants were used in this study. 

A plant of each of these vegetables with scissured root was attached to a siphon system 

containing seeded water, whereas a plant of each type with intact root system was used 

as control (Figure 3). 

Recovery of viruses from the plant vascular system 

Impregnation of plant with viruses: Tomato plants were used to carry out the 

assessment of two methods for the recovery of viruses from within the plant tissues and 

vascular system. A one-month-old plant of tomato variety early girl was removed from 

soil and root system was left immersed in water overnight to let the plant acclimatize 

with the hydroponics system. The next morning the plant stem was cut just above the 

collar region (point of separation between root and stem). This process was done under 

water to avoid air bubbles getting into the plant's vascular system that might obstruct the 

movement of viruses within the plant. This scissured tomato plant was attached to a 

water-filled siphon system that was seeded with PVl, MS2 and PRDl (Fig.3). After 

eight hours this plant was removed from siphon system. The number of virus particles, 

present inside the plant system was estimated based on the amount of water transpired 

by plant. A 5-cm long section of stem at 5, 10, 20, 25 cm distances and peduncle was 

collected. These virus-impregnated-samples of the tomato plant were used to evaluate 

methods for recovery of viruses from the plant system. 



Method-1. A 5-ciii long section of virus-loaded stem of tomato was crushed and shredded 

then stirred for 20 min with 50 ml of eluent (3% BE + 0.04M sodivun pyrophosphate pH 

9.4). The plant material was discarded and viruses were concentrated from eluent by 

lowering the eluent pH to 4.5 followed by centrifugation (J2-21 Beckman, Fullerton, CA) 

at 10,000 X g for 30 min at 4°C. The pellet was resuspended in 5 ml of phosphate buffer 

and pH was adjusted to 7.2. The bacteriophage samples were stored at 4°C whereas 

poliovirus samples were stored at —20°C until assayed. 

Figure 3. Tomato plant attached to siphon 
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Micropipelte fixed 
to syringe 

Root/Stem 
Section 

Fig.4: Syringe apparatus to flush root/stem section with Tris buffer 

Method-2. This method involved two steps. In first step a 5-cm long section of virus 

loaded stem of tomato was firmly held against a pipette tip attached to a syringe and 2 

ml of Tris buffered saline was passed through (forced through) this section and it was 

collected in a microtube (Fig.4). In the second step the sample was processed according 

to method number 1 and the concentrate from both the steps were composited and stored 

for latter assay. This method gave a better recovery and thus was selected for use. 

Lettuce 

Two plants of lettuce variety iceberg were removed from soil and their root system was 

washed with water to remove excess soil. These plants were left with roots submerged in 

tap water for two hours. After two hours the root crown of one these plants was 
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removed and the plants transferred to separate beakers containing 1x10 pfu of MS2 and 

PRDl per liter of water. The open parts of beakers were covered with Saran wrap to 

minimize evaporation. The plants were left with this setup for 8 hours. The numbers of 

organisms taken up by plants were estimated based on the amount of water transpired by 

plants. The root bark was removed by flame-sterilized scalp and the root pith was 

crushed and shredded and 3% beef extract (BE) with 0.04M sodium pyrophosphate (pH 

9.4) was used to elute viruses. The eluent was processed as discussed earlier in this 

section. 

Cucumber 

Tvi'o cucumber plants (vines) were removed from soil and their root system washed with 

water to remove excess soil. The roots of these vines were left submerged in tap water 

for two hours. After two hours the taproot of one these plants was cut and the root of 

other plant was left intact. Both of these plants were transferred to separate beakers 

containing a 1x10^ pfu of MS2 and PRDl per liter of water. The open parts of beakers 

were covered with Saran wrap (clear cellulose wrap) to minimize evaporation. After 6 

hours of transpiration 5-cm long section of stem at 10, 15, 20, and 25, cm distance and 

peduncle were collected and the samples assayed as described in case of tomatoes. 

Recovery of viruses from soils 

Two t>'pes of soil were used throughout this study. Brazito sandy loam and Pima clay 

loam were collected during the hot arid summer season from two agricultural stations of 
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the University of Arizona. Pima clay loam was obtained from a field at the Marana 

Agricultural Center located in the Avra valley, 25 miles northwest of Tucson, AZ and 

Brazito sandy loam was collected from a field of the Campbell Avenue Farms at the 

University of Arizona, Tucson AZ. Soil was taken from the top 15-20 cm with a shovel. 

After collection, the soil was passed through a 2 mm sieve to remove large rocks and 

plant debris. Some characteristics of these soil types are shown in Table 6. 

Table 6. Soil characteristics 

Parameter Pima Clay Loam Brazito Sandy Loam 

% Sand 45.1 74.7 

% Silt 30.6 14.6 

% Clay 24.3 10.7 

pH (Saturated) 8.14 8.03 

Conductivity (mmho/cm, saturated) 1.6 0.82 

% Total Organic Carbon (w/w) 0.45 0.30 

%Total Nitrogen (w/w) 0.052 0.034 

Recovery of PVl and Ead40 from seeded soil samples 

The assessment of four methods (1, 2, 3 and 4) for the recovery of viruses from soils 

was carried out using both Pima clay loam, and Brazito sandy loam soils at field 

capacity (24 and 15% moisture, respectively). Approximately 5x10^ TCIDsoof PVI, and 
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Eacl40 were added to 40 g (wet weight) of Pima and Brazito soils in enough deionized 

water to achieve the corresponding field-capacity moisture. These soil preparations were 

then mixed thoroughly to reach homogeneity. 

Method 1 In this method (Yossi Manor, personal communication), lOg of seeded Pima 

and Brazito soils were suspended in 8ml of saline solution (0.15 NaCl), 2 ml of glycine 

(0.2M) buffer, pH 9.5, and 2ml of Freon (trichlorotrifluoroethane. Fisher scientific, PA). 

The soil suspensions were stirred for 30 min, maintaining a pH of 9.5, and adjusted if 

necessary, with 1 N HCl or IN NaOH. The emulsion was centrifuged at 5,000xg for 30 

min. The supernatant was collected, the pH adjusted to 7.2-7.4, and frozen at —20°C 

until assayed. 

Method 2 This method was adapted from a multilaboratory evaluation of methods for 

detecting enteric viruses in soils (Hurst, 1991). A volume of 10 ml of 10% beef extract 

(0.1 M Na2HPO, 5mM citric acid, pH 7.0) was added to 10 g seeded Pima and Brazito 

soils. The soil suspensions were stirred for 30 min, maintaining a pH of 7.0, adjusted if 

necessary, with IN HCl or IN NaOH. The suspension was centrifuged at 2,500xg for 30 

minutes. The supernatant was collected, the pH adjusted to 7.2-7.4, and frozen at -20°C 

until assayed. 

Method 3. This procedure was developed at the University of Arizona to detect 

enteroviruses in sewage sludge amended soils (Straub, 1992). A volume of 45 ml of 3% 
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beef extract (0.05 M Naa HPO4, 5mM citric acid, and pH 9.4) was added to 5 g (1:10 

ratio) of seeded Pima and Brazito soils. The soil suspensions were stirred for 30 min, 

maintaining a pH of 9.4, adjusted if necessary with 1 N HCl or IN NaOH. The soil 

suspension was centrifuged at 15,300x g for 30 min. The supernatant was collected, the 

pH adjusted to 7.2-7.4, and frozen at -20°C until assayed. 

Method 4. This method is an adaptation of Method 3 with a different amendment. 

Sodium pyrophosphate was added to 3% beef extract to a final concentration of 0.04M. 

Sodium pyrophosphate is a very effective dispersant/deflocculant and it has been 

traditionally used for soil particle analysis (Sheldrick and Wang. 1993). More recently it 

has been extensively used in PCR (polymerase chain reaction) reagents to keep the 

reaction mixture ingredients in a well-dispersed form. Many ready to use commercial 

PCR formulations contain this dispersing agent (Krug, and Berger, 1987; Schulte et al, 

1996; Fredrick and Helmann, 1997; Promega Co Primer Extension System, 1998). This 

method was selected for the recovery of viruses and bacteriophages from seeded soil 

samples. Approximately 5x10^ TCID50 of PVI, MS2 and PRD-1 were added to 40 g (wet 

weight) of Pima and Brazito soils in enough secondary wastewater effluent to achieve 

the corresponding field-capacity moisture (24.0%moisture, Pima soil, and 

15.2%moisture, Brazito soil). These soil preparations were then mixed thoroughly to 

reach homogeneity. A volume of 18ml of 3% beef extract (BE) with 0.04 M sodium 

pyrophosphate pH 9.4 was added to 2 g (1:10 ratio) of seeded Pima and Brazito soils. 

The soil suspensions were stirred for 20 min, maintaining a pH of 9.4, adjusted if 
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necessary with 1 N HCl or 1 N NaOH. The soil emulsion was centrifuged (J2-21 

Beckman, Fullerton, CA) at 10,000 x g for 30 min after adjusting the pH at 4.5. The 

pellet was resuspended in Tris buffered saline, the pH adjusted to 7.2-7.4, and assayed. 

Survival of viruses in soil 

A total of 40g of Pima soil, or Brazito soil at field capacity moisture (15% Pima soil, 

and 24%Brazito soil) were seeded with PVl, Ead40, MS-2, orPRD-l as described 

(approximately 1x10^ TCIDso/g of PVl or Ead40; and 1x10^ pfu of MS-2 or PRD-1). 

Soil samples were kept, tightly sealed, in 50-mI polypropylene tubes at room 

temperature and 37°C. Two gram samples of the seeded soils withdrawn from the soil 

mixture at regular intervals, and viruses recovered using BE as described earlier. Viral 

concentrates were used to conduct TCEDso (PVl and Ead40), or plaque forming (MS-2 

and PRD-1) assays. Virus and bacteriophage decay were reported as the logio Ni/ No 

TCEDso/ ml, which expresses the reduction in viral numbers at each time interval, where 

No and Ntare the initial and final viral liters respectively. 

Greenhouse experiments 

Experimental setup 

This study was conducted in a greenhouse situated at the Environmental Research 

Laboratory, University of Arizona Tucson, Arizona. Ten-gallon buckets fitted with a 

drainage port at the bottom were placed on steel girders resting on 60-cm concrete 

blocks (Fig. 5.1, 5.2, and 5.3). There were six rows of buckets and each row consisted of 
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eight buckets, with two tomato plants in each bucket. The distance between rows was 

one meter. The first four buckets in each row were irrigated with subsurface drippers 

located 18-20 cm deep in the root zone. The last four buckets in each row were surface 

irrigated with drippers placed on the surface under the plant canopy (Figure 8). All the 

plants were irrigated with secondary treated wastewater, collected from the Roger Road 

wastewater treatment plant in Tucson, AZ. Another twelve buckets were placed at two-

meter elevation on a fabricated steel structure (Figure 5.4). These buckets served as a 

reservoir for irrigation water. Each reservoir bucket was connected to four buckets 

containing plants. 

Plant Types. Tomato {Lycopersicon esculentum) lettuce (Lectuca sativa) and cucumber 

{Cuciimis sativa) were selected for this study. All these three crops are important salad 

vegetables through out the world. These crops have different growing habits and 

represent both the hardy and sensitive groups of vegetables. 

Tomato. Commercial tomato {Lycopersicon esculentum) varieties. Early Girl (Figure 6) 

and Golden Boy were raised from seeds. Two 15-20 cm tall plants of each variety were 

transplanted into ten gallons plastic buckets fitted with drainage pipes at the bottom and 

filled with 25-27 kg of the Pima clay loam or Brazito sandy loam. After seedling 

transplant tap water was used to irrigate these plants for two weeks. Six samples were 

collected during the course of the experiment for each treatment. The sampling strategy 

adopted for root and stem was different from the one adopted for leaves and fruits. In the 

case of root and stem at each sampling time a complete plant was removed from the 

growing bucket. A section of the root, 5 cm from the collar region (the point where stem 
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can be differentiated from root it is normally at soil surface level) was collected at each 

sampling instance, whereas in the case of stem, a section of stem 10 cm from the collar 

region was collected at each sampling event. Leaves and fruits were randomly selected, 

and removed from the respective plant and stored for later assay. Similarly the sample 

size for root and stem was different from the leaves and fruits. Two 5-cm long sections 

of root and stem were collected at each sampling instance from the respective plant. Six 

average-size leaves and two average-size fruits were collected at each sampling time for 

analysis at each sampling event. 

Lettuce. Commercial lettuce varieties Butter head and Iceberg were used in this 

experiment (Figure 7). Nursery plants were raised from seeds and 28 days old seedlings 

were transplanted to the ten gallons plastic buckets fitted with drainage pipes at the 

bottom and filled with 25-27 kg of the Pima clay loam or Brazito sandy loam. These 

buckets were previously used to conduct a similar experiment with the tomato crop. Tap 

water was used to irrigate the lettuce crop with surface drippers and subsurface drippers. 

MS2 and PRDl were added to irrigation water on day 36, 37. 46, 47, 56, 57, 66, 67, 76, 

77, 86 and 87. Leaf and root samples were collected on day 38. 48. 58, 68, 78 and 88. 

Bacteriophages were recovered from plant samples by using ?>'7c beef extract, with 

0.04M sodium pyrophosphate and assayed for coliphages were done as described in 

materials and methods. The phage concentration data are presented as 10 cm^ of leaf 

surface. 

Cucumber. European greenhouse cucumber variety that set fruit without pollination 

(parthenocarpic) was used in this experiment to overcome pollination problem as current 
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market hybrids are produced on genetically gynoecious lines (all female blooms). 

Commercial seed lots have up to 10% of a monecious variety to provide sufficient 

pollen for fruit set. Since our experiment comprised a small number of cucumber plants 

there was a probability that we might not get male plants in our population. Seedling 

plants were purchased from a local nursery (Home Depot, Oracle Road, Tucson AZ). 

These seedlings were transplanted into the ten gallons plastic buckets fitted with 

drainage pipes at the bottom and filled with 25-27 kg of the Pima clay loam orBrazito 

sandy loam (Figure 8). These buckets had previously been used to conduct similar 

experiments with the tomato and lettuce crops. Tap water was used to irrigate lettuce 

and cucumber crop with surface drippers and subsurface drippers. 



Irrigation 

Plastic Bucket for 

Fig.5.1 . Experimental setup in greenhouse 



Drainage Port 

Fig. 5.2. Plastic bucket with drainage fitting 



Figure 5.3. Experimental setup 

Figure 5.4. Wastewater reservoir and irrigation buckets 



Figure 6. Tomato Plants 



Figure 7. Lettuce Heads 



Figure 8. Cucumber seedling with irrigation laterals 
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Preparation of planting media. Pima clay loam and Brazito sandy loam soils were 

used throughout this study. Both soils were pulverized, and stones and clumps were 

removed. The plant buckets were filled with 25-27Kg of soil, depending on soil type, 

leaving a 5-8cm lip at top of each bucket for irrigation. All the buckets were flooded 

twice, before transplanting, to eliminate dry pockets. Soil samples were collected 

randomly before the beginning of irrigation with wastewater. Samples were assayed for 

MS-2, PRD-1- PVl and Ead40. No background contamination was found before the 

start of the study. 

Virus Assays. Poliovirusl (PVl), Enteric adenovirus 40 (Ead40), Hepatitis A virus 

(HAV) and bacteriophages MS-2 and PRD-1 were used in this study. All of these 

viruses were mixed in irrigation water at an approximate concentration of 2x10^ Tissue 

Culture Infectious Dose 50 (TCID50) of each virus or plaque-forming units (PFU) for 

bacteriophage at each seeded irrigation event. All the bacteriophage assays were done by 

double layer method, using their respective host bacterium, whereas, all the viruses were 

assayed by TCID50 method. Poliovirus 1 was assayed in the Buffalo green monkey 

(BGM) kidney continuous cell line, whereas, Ead40 assay were done in PLC/PRF5 cell 

line and guanidine hydrochloride (Sigma Chemical Co. St. Luis MO) was added to a 

final concentration of l.OSmM to inhibit PVl replication (Hurst, 1988). Viruses were 

recovered from samples by adding 3% beef extract with 0.04M sodium pyrophosphate 

(EM Science Co. NJ), and then concentrated as described earlier. The reconcentrated 
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virus samples were extracted with equal volume of Freon (1,1,2- trichIoro-1, 2,2-

trifluoroethane. Fisher Scientific, Pittsburgh, PA), to break viral clumps. Antibiotics 

were added before assaying, to prevent bacterial growth. The numbers of viruses were 

expressed as infectious units (i.u.) per leaf, per fmit, or per cm of root and stem unless 

otherwise mentioned. 

Irrigation. A polyethylene trickling tube of a 2.2-cm in diameter was used as the main 

supply from the reservoir buckets and 4 mm diameter laterals were used to connect 

drippers. One lateral was used for each plant bucket. The emitters were operated under 

a pressure head of 2 m. Despite this low-pressure head, no significant variability in 

flow between the emitters was detected. The amount of water, which the plants 

received, was poured into the designated elevated reservoir bucket. This arrangement 

provided a method to control both the total amount of water applied during irrigation, 

and the amount that each plant received. 

Virus application. Virus-containing irrigation water was applied via drippers once 

every ten days. Designated amounts of viruses were blended with the water in the 

elevated reservoir bucket, thus enabling control of the proper virus dosage. Plants were 

irrigated with seeded wastewater on days 38, 39, 48,49, 58, 59, 68, 69, 78, 79, 88 and 

89 unless otherwise mentioned, and samples were collected on the day following every 

seeded irrigation regime. 
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Penetration of viruses into plant tissue 

Plant root and stem samples were assayed for penetration of viruses into plant tissues. 

Samples were sealed on both ends and surface disinfected twice with 70 percent ethanol. 

The bark was removed to expose the vesicular bundle. Samples were processed as 

described earlier, and assayed for viruses and bacteriophages. 

Survival of viruses inside the lettuce head 

The lettuce crop was grown in a greenhouse using the setup, which was previously used 

for the tomato crop. On 40"' day of crop growth the innermost whorl of leaves in the 

lettuce head was inoculated with SxlO"* pfu of bacteriophages MS2, PRDl and 5x10'' 

infectious units of Hepatitis A Virus (HAV). The leaf samples were collected on day 2, 

4, 6, 10, 15, 20, 30 and 40 after inoculation and were assayed for viruses. 

Risk assessment 

The major steps of the risk assessment process are hazard identification, exposure 

assessment, dose response assessment, and risk characterization (NRC, 1983). The risk 

assessment for this project was limited to evaluation of gastroenteritis risk that might 

result from ingestion of vegetables crops irrigated with secondary wastewater under 

surface and subsurface drip irrigation. 
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Risk assessment model 

Quantitative microbial risk assessment (QMRA) models are used to generate an 

estimated annual risk of infection. These models are based on probability of exposure 

and extent of exposure and probability of disease from such an exposure. These are 

based on an assessment of exposure which, involves assessment of the concentrations of 

microorganisms in wastewater, the quantity of treated wastewater remaining on crops 

after irrigation, the ratio of pathogens to indicator organisms, the percentage of pathogen 

die-off between the time the food crop is harvested and consumed, and dose—response 

data (that is, data from human infection trials on pathogen dose an resulting infection, if 

any). Different workers have used a variety of approaches to develop microbial risk 

assessment models for food and drinking water. For the purpose of this study, the Haas's 

risk assessment model, which estimates the risk of infection and disease from ingesting 

enteric pathogens in drinking water, was selected (Haas et al, 1993). This model has 

been used for risk assessment, under similar scenarios by other worker (Shuval, 1997). 

The model was used with certain necessary modifications to fit the requirement of 

estimating the risk of infection associated with eating vegetables irrigated with 

secondary effluent. The basic model of Haas et al (1993) for the probability of infection 

(PI) from ingesting enteric pathogens in water is: 

PI=i-[I+N/N5O 

Where Pi = the risk of infection by ingesting pathogens in drinking water, N = Number 

of pathogens ingested, N5o= Number of pathogens that will infect 50% of the subjects, 

and a= ratio of N/Njo-
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Ingesting enteric pathogens does not always result in a disease episode. A review of 

literature shows a wide variation in the probability of disease episode occurring after 

ingesting an enteric pathogen. It may range between 1% and 97% depending on the 

virulence of the pathogen, and age, nutritional and immune status o^" the subjects. Thus, 

the probability of contracting a disease was calculated by the follow ing formula: 

Pd — P D:1 ^ P| 

Where Fq = The risk of infected person becoming ill; P d: i = The probability of an 

infected person developing clinical disease. 

Exposure assessment 

The received dose, i.e. the number of viruses an individual person is exposed to per unit 

time, may be estimated from the concentration of viruses in the irrigation water, the 

amount of water that can contaminate the unit surface area, and amount of contaminated 

vegetable that may be ingested in a single event. Following formula, was used for 

exposure assessment: 

Dose=(C)(10"'^)(V)(G) 

Where 

C = concentration of viruses in irrigation water 

10"'^ = Log Reduction in number of viruses during irrigation 

V= Amount of water that can be absorbed to unit surface area of vegetable 



G= National average or per capita consumption 

Statistical Analysis 

The statistical program SAS was used to analyze the data. General linear model and t-

test procedures were used to determine the significance level of different variable and 

their interactions. SAS was used for these analyses because Excel cannot handle any 

data with more than three independent variables for all possible interactions. All the 

graphs were generated in Excel. 
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RESULTS AND DISCUSSION 

Laboratory studies 

Evaluation of methodology for detection of viruses for vegetable surfaces 

Lettuce. The lettuce leaf virus sandwiches were prepared as described under Material 

and Method and used to evaluate the recovery methodologies. The results for the 

recovery efficiencies of two methodologies tested for the detection of enteric viruses 

contaminating vegetable surfaces is presented in Table 7. Greater recoveries were 

achieved with Method 1 using 3% Beef Extract + 0.04 M sodium pyrophosphate as the 

eluent with shaking for 20 minutes on a shake table at 150 revolutions per minutes 

(rpm). The greater recovery of enteric adenovirus 40 (Ead 40) was obtained with both of 

the methods as compared to Poliovirus 1 (PVl). The recovery efficiency for PVI and 

Ead 40 from lettuce leaves using Method 1 was 65% and 70% respectively, whereas 

with Method 2 the recovery efficiencies for PVI and Ead 40 were 45% and 55% 

respectively (Table 7) 

Table 7. Recovery efficiencies Poliovirus 1 and Ead 40 from 
the surface of lettuce leaves 

Method Polio Virus 1 (%) Adeno Virus 40 (%) 

I 65±9 70±10 

2 45+5 55±8 

Average of three trials 
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Evaluation of methodology for detection of viruses from the vascular system of 

vegetables 

Tomato. The tomato plants impregnated with viruses were used to evaluate the recovery 

methodologies. Two methodologies (described in the Material and Methods) were tested 

for the detection and recoveries of enteric viruses present the vascular system of 

vegetables. The results are shown in Table 8. Higher recoveries were recorded with 

Method 2 that integrates infusion of Tris buffered saline through the vascular bundles 

followed by shredding and bulk elution using 3% BE + 0.04 M sodium pyrophosphate. 

Method 1 uses crushing and shredding of sample followed by bulk elution by using 3% 

BE + 0.04 M sodium pyrophosphate. Using Method 1, the number of organisms 

recovered were 14 and 20 pfu of MS2^ PRDl respectively and 9 infectious unit (lU) of 

PVl per centimeter, whereas the second method yielded 45 and 56 pfu of MS2, PRDl 

respectively and 17 lU of poliovirus 1. The problem with this methodology is that the 

percent recovery can not be calculated since there is no direct way to determine the total 

number of viruses present in the processed sample, however it is possible to estimate the 

number of virus present in the whole impregnated plant but viruses are not evenly 

distributed within such plant. Thus these methods do not give the required confidence to 

report the results as percent recovery efficiencies 
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Table 8. MS2, PRDl and PVl recovery per centimeter length of 
tomato plant stem (pfu) 

Method MS2 PRDl PVl 

1 14 20 9 

2 45 56 17 

Evaluation of the role of crop roots in contamination of vegetable crops 

Tomato. A one-month-old tomato plant was removed from soil and root system was left 

immersed in water overnight to let the plant acclimatize within the hydroponics system. 

Next morning the plant stem was cut at the collar region. Tliis scissured tomato plant was 

attached to a water-filled siphon system that was seeded with PVl. MS2 and PRDl. 

Another tomato plant with intact root system was used as the control. The tomato plant 

with the scissured root took ten hours to transpired 10 ml of seeded water whereas a 

similar plant with intact root system took 12 hours to transpire same amount of water. It 

was estimated that each of these plants were impregnated with 1x10*^ plaque forming 

units (pfu) or infectious viruses of each of PVl, MS2 and PRDl. The numbers of viruses 

or bacteriophages recovered form 5-cm long stem samples taken at different lengths from 

a virus impregnated tomato plant are reported in Table 9. The viruses v/ere taken up by 

the tomato plant with the scissured root system, and were able to travel throughout the 

plant system. A sample taken at two-inches, from the water source, yielded 300, 375 and 

125 plaque-forming units of each of PVl, MS2, and PRDl. The number of plaque 
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forming units of MS2 recovered from samples taken at 10, 20, and 25 cm distance and 

peduncle were 175, 200, 125, and 45 respectively. Similarly the number of plaque 

forming units of PRDl recovered from 10, 20, and 25 cm distance and peduncle were 

355, 120, 175, and 30 respectively, whereas in case of PVl the number of plaque forming 

units recovered were 125, 105, 35, 10, and 5 from their respective samples. An uneven 

distribution of organisms throughout the plant system was observed which might have 

been influence by a variety of factors. In general a decreasing concentration gradient of 

organism was observed as we moved away from collar region (the point of scission). In 

contrast to these finding no virus was recovered from any sample collected from a tomato 

plant, with fully intact roots, kept in a seeded hydroponics system for same period of 

time. It can be concluded that plant roots provide sufficient bairier against the intrusion 

of enteric viruses in to plant system. 



Table 9. Recovery of viruses from vascular system of tomato plants 

Status Viruses Time Plaque forming Units (pfu) Recovered per 5 cm sample size 

(Hours) 5 cm 10 cm 20 cm 25 cm Peduncle 

With MS 2 12 0 0 0 0 0 

intact PRDl 12 0 0 0 0 0 
roots PVl 12 0 0 0 0 0 

With MS 2 10 300 175 200 125 45 

removed PRDl 10 375 355 120 175 30 
roots PVl 10 125 105 35 10 5 

Amount of water transpired by each plant 10 mL 

Number of viruses taken up by each plant 1x1 
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Cucumber: A young cucumber vine was removed fro-m the soil and root system was left 

immersed in water overnight to let the plant acclimatize with the hydroponics system. 

The next morning plant stem was cut at the collar region. This scissured vine was 

attached to a water-filled siphon system that was seeded with MS2 and PRDl and a 

similar vine with intact root system was used as a control for this experiment. The vine 

with scissured root took eight hours to transpire 10 ml of seeded water whereas a similar 

plant with intact root system took 10 hours to transpire same amount of seeded water. It 

was estimated that each of these plants was impregnat^ed with IxlO' plaque forming units 

(pfu) of MS2 and PRDl. The number of plaque formimg units of each organism 

recovered form a 5-cm long stem sample taken at different lengths of virus impregnated 

tomato plant are reported in Table 10. The cucumber wine with scissured root system look 

up both of the seeded bacteriophages. A sample taken at 10 cm distance from water 

source yielded 320 and 235 plaque forming units of each of MS2 and PRDl. The number 

of plaque forming units of MS2 recovered from samples taken at 15, 20 and 25 cm 

distance and peduncle was 175, 95, 10 and 0 respectively. Similarly the numbers of 

plaque forming units of PRDl recovered from 15, 20 ;and 25 cm distance and at peduncle 

were 170, 115, 20 and 0 respectively. 



Table 10. Recovery of viruses from vascular system of a cucumber plant 

Status Viruses Time 
(Hours) 

Plaque forming Units (pfu) Recovered per 5 cm sample size Status Viruses Time 
(Hours) , 10 cm 15 cm 20 cm 25 cm Peduncle 

With 

intact 

roots 

MS 2 10 0 0 0 0 0 With 

intact 

roots PRDl 10 0 0 0 0 0 

With 

removed 

roots 

MS 2 8 320 175 95 10 0 With 

removed 

roots PRDl 8 235 170 115 20 0 

Amount of water transpired by each plant 10 mL 

Number of viruses taken up by each plant 1x10^ 
Average of three trials 

VO 



An uneven distribution of organisms within the plant system was observed. The number 

of plaque forming units of MS2 and PRDl recovered from vine sample decreased 

steadily from the collar region from where the vine root was scissured. In contrast to the 

tomato plant, where some viruses were recovered even from the peduncle, no organism 

was recovered from the peduncle of cucumber vine with scissured root. No virus was 

recovered from any sample collected from a cucumber vine with fully intact roots, kept in 

a seeded hydroponics system for same time period. These results are consistent with the 

results of similar experiments with the tomato plant. Thus it can be concluded that roots 

of cucumber vines provide sufficient level of protection against the intrusion of enteric 

viruses in to vascular system of cucumber vine. 

Lettuce: Two two-month-old lettuce plants were removed from soil and roots of the 

plants were left immersed in water overnight to let plants acclimatize within the 

hydroponics system. The next morning root crown of the one plant was removed leaving 

half of the taproot intact. This lettuce plant with removed root was transferred to another 

beaker containing water containing 1x10^ pfu/ml of each of MS2 and PRDl. A second 

lettuce plant with fully intact root system held in a similar system was used as the control. 

Both of the lettuce plants, with intact and scissured root, took almost six hours to 

transpire 5 ml of seeded water. It was estimated that each of these plants had been 

impregnated with 5x10^ plaque forming units (pfu) of MS2 and PRDl. The number of 

plaque forming units of each of the bacteriophage recovered form a 5 cm long sample 

taken from root stump and mid rib of the outer most leaf in a lettuce head are reported in 

Table II. 



Table 11. Recovery of viruses from vascular system of lettuce plants 

Status Viruses Time 

(Hours) 

Water 

Transpired (ml) 

Plaque forming units (pfu) recovered per 

5 cm sample size 

Status Viruses Time 

(Hours) 

Water 

Transpired (ml) 

Stump Leaf mid rib 

With 
intact 
roots 

MS 2 6 5 5 0 With 
intact 
roots 

PRDl 6 5 0 0 

With 

removed 

roots 

MS 2 6 5 55 10 With 

removed 

roots PRDl 6 5 95 15 

Number of viruses taken up by each plant 5x10^ 

Average of three trials 
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The lettuce plant with scissured root system look up both bacteriophages. A 5 cm long 

root stump sample taken from such plant yielded 55 and 95 plaque-forming units of 

MS2 and PRDl respectively, whereas, 10 and 15 plaque forming units of MS2 and 

PRD1 were recovered from the outer most leaf of the same plant. In case of the lettuce 

plant with intact root system 5 plaque forming units of MS2 were recovered from the 

root stump, whereas, no phage was recovered from the leaf of the same plant. These 

results are not consistent with the results reported for tomato and cucumber. The low 

level recovery form the root stump of intact root of lettuce plant might be a result of 

cross contamination from the outer root surface because it is difficult to decontaminate 

the surface of lettuce root due to its scaly nature. In general it can be concluded that 

roots of lettuce plant provide a reasonable level of protection against the intrusion of 

enteric viruses. 

Recovery efficiency of viruses from tomato fruits 

Surface contamination. A tomato fruit purchased from a grocery store was surface 

treated with 70 percent ethanol and then washed with autoclaved distilled water. Using a 

micropipette, IxIO'* plaque-forming units of MS2 and PRDl were added to the surface 

of the tomato fruit. The method described for the recovery of viruses from lettuce leaf 

was followed. The experiment was repeated three times. The average percent recovery 

efficiency achieved in case of MS2 and PRDl was 89.9 and 91.1 respectively. The 

results are shown in Figure 8. 
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Systemic Contamination. A tomato fruit purchased from a grocery store was surface 

treated with 70 percent ethanol and then washed with autoclaved distilled water. The 

fruit was crushed and blended then IxiO^ plaque forming units of MS2 and PRDl 

added. The method was adopted to recover virus from lettuce leaves. An average percent 

recovery of 23.1 and 29 was achieved for MS2 and PRDl respectively. The results are 

presented in Table 12. 

Table 12. Percent recovery efficiencies of MS2 and PRDl from tomato fruit 
Virus Contamination Status 

Systemic Surface 
MS2 23±4 90+3 

PRDl 29-1-3 91-1-1.5 

Average of three trials 

Recovery of viruses from greenhouse-grown virus impregnated tomato fruits 

A fruit bearing tomato plat was impregnated with MS2, PRDl and PVl as described 

earlier. Fruit from the virus-impregnated plant were collected to evaluate virus uptake by 

tomato fruit- The fruit was crushed and assayed for PVl, MS2 and PRDl according to 

the method described for recover}' of viruses from a systemically contaminated plant 

tissue (Method 1). Three tomato fruits were assayed and no virus was recovered from 

any of the samples. 
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Evaluation of methodology for detection of viruses in soil 

Four methods were evaluated for detection of enteric viruses from Pima Clay Loam and 

Brazito Sandy Loam soils. The results of virus recovery efficiencies of these methods 

are summarized in Table 13. As expected, with the four tested methods, higher 

recoveries were recorded using Brazito sandy loam soil, in contrast to Pima clay loam 

soil. Overall, the Method 3 and Methods 4 proved to be the most efficient methods for 

the recovery of PVl and Ead40, from both soil types and their recovery efficiencies 

were similar. The recovery efficiency of PVl from Pima clay loam soil, using methods 

1, 2, 3, and 4 were 3, 2, 10, and 12 % respectively whereas from Brazito sandy loam soil 

they were 22, 42, 80, and 81. Methods 2, 3, and 4 were comparable in their ability to 

recover Ead40 from Pima soil, with a recovery efficiency of about 13%. Methods 3 and 

4 were comparable in their ability to recover PV1 from both Pima clay loam and Brazito 

sandy loam soils. Method 3 and 4 also showed similar recovery of Ead40 from Brazito 

sandy loam soil. The recovery efficiency of PV 1 from Brazito soil with method 4 was 

81%, followed by methods 3, 2 and 1 with recovery efficiencies of 80, 42 and 22%, 

respectively. The recovery efficiency of Ead40 from Brazito soil, using method 4 was 

58%, while the recovery efficiencies of Ead40 from this type of soil, using methods 1, 2 

and 3 were 18.6, 48, and 56%, respectively. 

Method Iwas not further assessed because this method relays on the use of Freon. Since 

this chemical has been banned in the United States, its availability is gradually becoming 

more limited and expensive. Method 4 was used to conduct all further experiments 
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involving recovery of viruses from soils. This method involves the use of sodium 

pyrophosphate, which is a very effective dispersant/deflocculant and it has been 

traditionally used for soil panicle analysis (Sheldrick and Wang, 1993). More recently it 

has been extensively used in polymerase chain reaction (PCR) reagents to keep the 

ingredient dispersed and most of commercial ready to use PCR formulations contains 

this dispersing agent (ICrug and Berger, 1987; Schulte et al, 1996; Fredrick and 

Helmann, 1997; Promega Co Primer Extension System, 1998). 

Table 13. Recovery efficiencies of Polio 1 and Had 40 from soils at field capacity 
moisture 

Method 'Pima Clay Loam ^Brazito Sandy Loam 

Polio 1 Ead 40 Polio 1 Ead 40 

1 3.12 <1 22.0 18.6 

2 2.1 13.5 42.2 48.0 

3 10.3 13.0 80.0 56.0 

4 12.5 16.5 81.0 58.0 

' 24.0% moisture; ^ 15.2% moisture 

Survival of viruses on vegetables (laboratory study) 

Survival of viruses on lettuce. Survival of PVl and Ead40 on inner and outer leaves of 

a lettuce head was studied at room temperature. The results are shown in Figure 9. The 
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inner and outer leaves of a lettuce head had no significant impact on the survival of both 

of the viruses at room temperature. A steady decay of viruses was observed in all the 

treatments and no considerable difference was observed on the survival on inner or outer 

leaves of lettuce head. In two days poliovirus 1 lost almost 0.2 logs in titer on both inner 

and outer leaves at room temperature and both the viruses lost half a log in one week. 

After thirteen days adenovirus 40 lost almost 0.7 logs on both inner and outer leaves 

whereas, Poliovirus 1 lost 1.1 logs on inner and 1.3 logs on outer leaves during the same 

time period. Survival of PVl and Ead40 on inner and outer leaves of a lettuce head was 

studied at 4°C and no difference in the decay pattern of both the viruses was observed 

under these experimental conditions (Figure 10). The titer of both PVl and Ead40 on 

inner and outer leaves of lettuce remained unchanged during the first month whereas in 

three months a less than 0.3 loglO reduction in the titer of both the viruses occurred. 

MS2 and PRDl showed a similar decay pattern under these experimental conditions and 

results are shown in Figure 11. 



Fig.9 Survival of PVl and Ead40 on Lettuce at Room Temperature 
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Fig 11. Survival of MS2 and PRDl on lettuce leaf at 4 Centigrade 
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Survival of \iruses in soil (laboratory study) 

All of the viruses Ead40 and PVl and bacteriophages MS2 and PRDl survived longer in 

Pima clay loam soil than in Brazito sandy loam soil. Figure 12 and 13 shou's their 

inactivation at room temperature, at field capacity moisture. In sandy loamy soil the 

inactivation rate of both Ead40 and PVl was close to 1.5 logio after 20 days. Hou^ever, 

Ead40 survived longer than PVl in both soil types. In clay loamy soil kept at room 

temperature after 25 days, a 1.5 logio reduction of the titer of Ead40was observed, while 

a similar reduction of PVl occurred after 20 days. In clay loam soil at the room 

temperature both PVl and Ead40 survived longer than in sandy loamy soil. 

Bacteriophage PRD-1 survived the longest of all tested viruses in both soils at room 

temperature. In Pima clay loam PRDl lost 1.4 logio in 14 days whereas in sandy loam 

soil it lost 1.6 logio during the same time period. Similarly MS-2 lost 3.3 logio inl4 days 

in clay loam soil whereas in sandy loam soil it lost 3.8 logio in a similar time frame. 

In Pima clay loam soil poliovirusl lost 3.1 logio in 10 days whereas in Brazito sandy 

loam it lost 3.8 logic in the same time period. As expected at this temperature Ead40 was 

more stable than PVl in both soil types. In Pima clay loam Ead40 lost 1.7 logio in 10 

days whereas in Brazito sandy loam it lost 2.4 logio in the same time period (Figure 14). 

PRDl showed decay pattern similar to the enteric viruses, whereas MS2 became 

inactivated at a faster rate. In Pima clay loam PRDl lost 1.8 logio in 10 days whereas in 

Brazito sandy loam soil it lost 2.1 logio during the same time period. MS2 in both soil 

types decayed more rapidly at this temperature, it lost approximately 5.1 logio in Pima 

soil, and 5.4 logio in Brazito in 10 days Figure 15. 



Fig 12. Survival of enteric viruses in soil at room temperature 
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Fig 14. Survival of enteric viruses in soil at 37C 
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Green house studies 

The second phase of the present study was conducted in greenhouses situated at the 

Environmental Research Laboratory, University of Arizona Tucson, Arizona. Ten-

gallon buckets filled with Pima clay loam and Brazito sandy loam were used to grow 

three successive crops of tomato, lettuce and cucumber. These buckets were fitted with a 

drainage port at the bottom and placed on steel girders resting on concrete blocks. Two 

similar experimental setups in two separate greenhouses were used. There were four 

rows of buckets and half of the buckets in each row were surface drip irrigated and rest 

of the buckets were under subsurface drip irrigated. All the irrigation was done under 

gravity from the reservoir buckets, which were placed at two meters of elevation on a 

fabricated steel structure. Each irrigation event was carried out by adding the specified 

number of viruses to the dedicated reservoir buckets. The first crop raised in this setup 

was tomato, which was followed by lettuce and cucumber. Soil moisture during the 

experiment remained almost constant, being close to saturation. There was no significant 

temperature change during each cropping period. 

Penetration of viruses into plant tissue 

Tomato. The root stem and fruit samples were collected on day 65 and 90 of crop 

growth. All the samples were negative, and no viral penetration in the stem or fruit was 

observed. Penetration of PVl in plant tissues from seeded tap has been previously 

reported (Oron, 1995). However, that work was done under outdoor field conditions, 

where there was less control of environmental factors and unintentional contamination 
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when the samples were collected. Moreover they used polyethylene bag instead of 

plastic containers to grow tomato plants, which lacks the desirable rigidity for cropping 

media thus rendering the plant roots to more vulnerable to injury during routine 

cropping operations. 

Lettuce plants were grown in Pima clay loam and Brazito sandy loam soil using surface 

drip and subsurface drip irrigation. The root and leaf samples of lettuce were collected 

on day 60 and 80 of crop growth. All the samples were negative, and no viral 

penetration into roots and leaves was observed. Cucumber plants were grown in Pima 

clay loam and Brazito sandy loam soil using surface drip and subsurface drip irrigation. 

The root and leaf samples of lettuce were collected on day 65 and 85 of crop growth. All 

the samples were negative, and no viral penetration into roots and leaves was observed. 

Surface contamination of vegetables 

Tomato: Tomato plants were grown in Pima clay loam and Brazito sandy loam soil 

types using surface drip iirigation and subsurface drip irrigation. The root, stem, leaf and 

fruit samples were collected the day after every virus seeded irrigation event. Samples 

were assayed for surface contamination by viruses. The results for different parts of 

tomato plants under the different irrigation systems in Pima clay loam and Brazito sandy 

loam soils are shown in Figures 16, 17, 18 and 19. 

Surface Irrigation. The tomato plants irrigated with surface drip irrigation showed the 

highest contamination of stem followed by root, leaves and fruits. A similar 



contamination trend was observed in both soil types and all the viruses tested showed a 

similar contamination (Fig.l6 and 17). The average number of TCID50 or plaque 

forming units (pfu) of PVl, Ead 40, MS2 and PRDl recovered from the stem of surface 

irrigated tomato plants in Pima clay loam soil were 8.1, 6.1, 145, and 141 as compared 

to 10, 6.6, 143, and 145 pfu orTCIDso in Brazito sandy loam soil, respectively. The 

number of pfu or TCID50 of PVl, Ead 40, MS2 and PRDl recovered from the root of 

same plant in Pima clay loam were 14.3, 10.4, 55, and 51.8 as compared to 24.6, 30.8, 

36.8 and 96.6 pfu or TCID50 accordingly in Brazito sandy loam soil. The number of pfu 

of MS2 and PRDl recovered from the leaves of a surface irrigated tomato plant in Pima 

clay loam were 13.3 and 38.3, whereas, leaf sample from Brazito soils yielded 16.6, and 

42.5 pfu of MS2 and PRDl respectively. The fruits of a tomato plant in Pima clay loam 

yielded 11.6 and 5 pfu of MS2 and PRDl respectively whereas fruit sample from brazito 

soil yielded 8.3 and 10.8 pfu of MS2 and PRDl, respectively. 
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Figure 16. Plaque forming units recovered from parts of 
subsurface irrigated tomato plants. 
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Figure 17. Infectious units of PVl and Ead40 recovered from parts 
of subsurface irrigated tomato 
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Figure 18. Plaque forming units recovered from parts of surface 
irrigated tomato 
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Figure 19. Infectious units recovered from parts of surface 
irrisated tomato 
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Subsurface Irrigation. The tomato plants irrigated with subsurface drip irrigation 

showed the highest contamination of roots followed by stem, no contamination was 

found on leaves and fruits. A similar trend was observed in both soil types and all the 

viruses tested showed a similar potential under these experimental conditions (Figure 18 

and 19). The average number of pfu or TCID50 of PVl, Ead 40, MS2 and PRDl 

recovered from the stem of subsurface irrigated tomato plants in Pima clay loam soil 

were 244, 265, 161, and 368 as compared to 63, 59, 108, and 230 pfu or TCID50 of PVl, 

Ead40, MS2 and PRDl recovered from similar plants grown in Brazito sandy loam soil. 

The number of plaque forming units or TCID50 of PVl, Ead40, MS2 and PRDl 

recovered from the stem of plants grown in Pima clay loam were 8.1, 6.2, 2.5, and 2.5 

respectively as compared to 10, 6.6, 5 and 6 pfu or TCID50 of PVl, Ead40, MS2 and 

PRDl recovered from a similar plants grown in Brazito sandy loam soil. No viruses 



97 

could be detected on the leaves and fruits of plants under subsurface irrigation in both 

Pima clay loam and Brazito sandy loam soil. 

Lettuce surface contamination 

Lettuce was grown in the greenhouse using the same a setup previously used for tomato 

crop. Two irrigation systems, surface drip irrigation and subsurface drip irrigation, were 

compared for their effectiveness to reduce viral contamination risk in Brazito sandy 

loam and Pima clay loam soil types. The results are presented in Tables 14 and 15. The 

samples for surface contamination were collected on the day following every virus 

seeded-irrigation event. No surface contamination of lettuce leaves was observed under 

subsurface drip irrigation in both the soil types. Under surface irrigation outer six leaves 

on a lettuce head were always found contaminated in both soil types, whereas the 8"^ leaf 

in every lettuce head proved to be always free of contamination and all subsequent 

leaves in a lettuce head were free of contamination on every sampling event. 

Survival of viruses inside a lettuce head 

Lettuce crop was grown in a greenhouse using a setup, which was previously used for a 

similar experiment with tomato crop. On the 40"^ day of crop growth the innermost 

whorl of leaves in the lettuce head was inoculated with 4.5x10'' and 5x10'^ pfu of MS2, 

PRDlrespectively and 3.1x10"* TCID50 of Hepatitis A Virus (HAV). The leaf samples 

were collected on days 5, 10,15,20,30, 40 and 50 after inoculation for virus assay. The 

results are presented in Table 15. Hepatitis A virus (HAV) lost one logio titer in 30 
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days, whereas MS2 and PRDl took almost 15 and 20 days respectively. MS2 and PRDI 

lost 3.5 and 1.3 logio in 30 days (Figure 20 and Table 16). 
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Fig 20. Decay of enteric viruses in a lettuce 
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Table 14. Leaf contamination trend in a lettuce head by MS2 under surface imgation 

Leaf sequence in 

lettuce head 

Number of plaque forming units of MS2 recovered Leaf sequence in 

lettuce head 1 2 3 4 5 6 

1-3* 455 505 390 435 480 395 

135 205 125 175 115 105 

7 5 0 10 15 0 0 

8 0 0 0 0 0 0 

9 0 0 0 0 0 0 
10 0 0 0 0 0 0 

*Three outer most leaves composited and assayed. 

** The samples from third, fourth, and fifth leaves composited and assayed 



Table 15. Leaf contamination trend in a lettuce head PRDl under surface in'igation. 

Leaf sequence in 
a lettuce head 

Number of plaque forming units of PRDl recovered Leaf sequence in 
a lettuce head I 2 3 4 5 6 

1-3* 515 495 295 485 510 405 
4-6*1= 145 165 190 185 190 155 

7 5 0 10 15 0 0 

8 0 0 0 0 0 0 

9 0 0 0 0 0 0 

10 0 0 0 0 0 0 

*Three outer most leaves composited and assayed, 

** The samples from third, fourth, and fifth leaves composited and assayed, 



Table 16, Survival of viruses within a lettuce head* 

Virus 

Number of pfu/TCIDso recovered 

Virus Day-0 Day-5 Day-10 Day- i 5 Day-20 Day-30 Day-40 Day-50 

HAV 31000 31000 21000 16000 7900 2000 3100 100 

MS2 45000 35000 9800 3050 O
O

 
o

 

15 0 0 

PRDl 50000 50000 38000 21000 6900 2500 520 0 

^Viruses were pipetted on inner leaves in a lettuce at head formation stage. 

The average temperature during the course of experiment was 55°F 
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Cucumber surface contamination 

A cucumber crop was grown in the greenhouse using the setup previously used for the 

lettuce crop. Two irrigation systems, surface drip irrigation and subsurface drip irrigation, 

were compared for their effectiveness to reduce viral contamination risk in Brazito sandy 

loam and Pima clay loam soils. SxlO^TCIDso orpfu of HAV, PVl, MS2 andPRDl were 

added to each designated reservoir bucket for each seeded irrigation event conducted on 

days 38, 39, 48, 49, 58, 59, 68, 69, 78, 79, 88, and 89 of crop growth. Stem leaf and fruits 

samples were collected day following each seeded irrigation regime. The results are 

presented in Figure 21, 22, 23 and 24. No surface contamination of cucumber leaves or 

fruits were observed during subsurface drip irrigation. In contrast leaves and fruit of 

cucumber crop were always found contaminated in both soil types with the plants, which 

were surface drip irrigated. These results are identical to those obtained with the tomato 

crop. 



103 

Figure .21 Perceni of applied viruses recovered flfrom differeni pans of cucumber plant under subsurface drip 
irrigation 
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000035 

Figure 22. Pcrcent of applied viruses rcovcrcd from different parts of cucmber plant under surface irrigation 
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Figure 23. Percent of applied viruses contaminaiing different pans of cucumber plants under surface irrigation 
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Figure 24. Percent of applied viruses recovered from different parts of cucumbcr plants im'gared by subsurface 
drip Irrigation system 

0.0006 • 

0.0005 -

0 0004 • 

0.0003 

t 0.0002 -

0 0001 

PIMA 

ROOT 

1 
BRAZ j PIMA 

ROOT j STEM 

BRA2 PIMA 

STEM ! LEAF 

Soil type aiKl Plant pans 

BRAZ 

LEAF 

PtMA 

FRurr 

BRAZ 

FRurr 

EPVl BHAV 



107 

Risk Assessment 

Determining ttie number of pathogens ingested 

Exposure assessment is a critical factor in risk assessment. Previous workers have 

calculated exposure probabilities using indirect assessment of plant part contamination 

probabilities (Shuval, 1997; Tanaka, 1998: van Gerwen, 2000). For this study we raised 

lettuce, tomato and cucumber crop in a green house using secondary effluent containing 

=10*^ pfu/1 of viruses. We also compared two different irrigation systems (surface drip and 

subsurface drip irrigation) to determine the relative risk of contamination of plant parts. 

The number of viruses recovered from subsurface drip irrigated lettuce were 5 logio less 

than the viruses present in irrigation system, whereas surface drip irrigation resulted in a 

4 logio reduction. 

We also found that in the worst-case scenario only the outer eight leaves on a lettuce head 

have a probability of microbial contamination via irrigation water. Furthermore this 

probability decreases exponentially from outer leaves to inner leaves. Previous studies 

have not accounted for this decreasing trend in the probability of contamination in case of 

lettuce leaves. For example Shuval et al, (1997) used a linear contamination factor for 

whole vegetables. To overcome this flaw in risk assessment model for reclaimed irrigated 

lettuce the correlation between, the total and the sequential, area and weight of each leaf 

in a lettuce head was calculated. We found that the outer eight leaves on a lettuce head 

contribute about 75% of total area and weight of a lettuce head (n=20) (Appendix-K). 

Similarly a correlation between the surface area and weight of tomato and cucumber was 
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calculated to use for exposure assessment. A linear relation between the weight and 

surface area of both crops was found. We have used these correction factors to calculate 

one time and yearly exposure assessment by ingesting contaminated lettuce cucumber 

and tomatoes (Appendix-L). The number of viruses an individual person is exposed to 

per unit time, was estimated from the concentration of vimses in the irrigation water, the 

amount of water that can contaminate the unit surface area, and amount of contaminated 

vegetable that may be ingested in a single event. The assumed and calculated values are 

presented in Appendix-L. 

Lettuce harvesting is significantly different from tomatoes and cucumbers. At crop 

harvest the four outermost leaves (on average) are removed before packing, thereby, 

reducing the risk of contacting any pathogen to 40 percent of the original level. This 

study disregards this prepackaging-pruning effect. The risk assessment model that was 

developed is based on a market ready lettuce head. It was also assumed that there was no 

reduction in the titer of viruses present on the vegetables during transit and marketing. 

Another important correlation discovered during this study is that the contamination 

probability decreases exponentially with the decreasing chlorophyll contents in lettuce 

leaves, which can be visually assessed by the intensity of green color. The outer leaves 

with higher contamination risk have the highest chlorophyll contents thus look greener 

than the inner leaves which have less chlorophyll contents and also have less risk of 

contamination (Figure 25). The intensity of green color is directly related to the level of 

risk. Daily average consumption of lettuce was calculated based on the nation 



consumption data and which is 13600 grams per capita per year (USDA, 1999). 

Concentration of viruses in wastewater varies widely. A conservative estimate of 1000 

pfu/1 of poliovirusl in secondary vvAastewater was used for the purpose of this study 

(NRC, 1996). The probabih'ty of infection for poliovirus was calculated based on these 

assumptions. The infectivity of viruses is very low and it depends on type of virus. For 

the purpose this study a median infectious dose of 72 TCID50 of poliovirus 1 was used 

(Teunis et al, 1996; Lepow et aL 1962). Risk of infection and disease by ingesting 

rotavirus-contaminated vegetables was also calculated. A median infectious dose of 8 pfu 

of rotavirus was used (Ward et al, 1986). It was assumed that that in the worst case 

scenario 50% of those infected with poliovirus 1 would succumb to clinical disease 

whereas for rotavirus it was assumed to be 60%. The probability of infection and disease 

with poliovirus I from eating a surface and subsurface drip irrigated lettuce after washing 

is given in Tables 17 and 18. The probability of infection and disease with poliovirus 1 

from eating unwashed lettuce cucumber, tomato and lettuce is given in Table 19. whereas 

the probability of infection and disease with rotavirus from eating unwashed lettuce 

cucumber, tomato and lettuce is given in Table 20. 
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Table 17. Daily risk of infection by Poliovirus type 1 from eating 37g of lettuce irrigated 
with secondary wastewater. 

Median Infection Dose Subsurface Drip Irrigation Surface Drip Irrigation 
P. P. 

N5O=75 9.8x10"'^ 1.08x10"^ 
PD PD 

N5o=75 3.4x10"^ 5.4x10'^ 
Based on assumption that one log is lost during transit and washing. 
Assuming 1000 infectious viruses per liter. 

Table 18. Daily risk of infection by Poliovirus type 1 from eating 37g of pale color 
lettuce leaves irrigated with secondary wastewater. 

Median Infection Dose Subsurface Drip Irrigation Surface Drip Irrigation 
PI PI 

N5O=75 9.4x10'^ 9.35x10"' 

N5o=75 
PD 

4.7x10"^ 
PD 

4.67x10""^ 
Based on assumption that one log is lost during transit and washing. 
Assuming 1000 infectious viruses per liter. 
Pi = Probability of infection 
Pd = Probability of disease 
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Table 19. Risk of infection and disease by Poliovirus 1 from eating unwashed vegetables 
irrigated with reclaimed wastewater using subsurface drip 

Crop Median 
Infectious 

dose 

One time risk of eating 
national average allowance 

Annual risk of eating national 
average allowance 

PI PD PI PD 
Lettuce N5O=75 2.6x10'' 1.3x10"" 6.7x10"-" 4.0x10"^ 

Tomato N5o=75 1.8x10"'' 9.0x10"' 3.5X10""' 2.1x10""* 

Cucumber N5O=75 7.7x10"' 3.8x10"' 2.8x10"-' 1.6x10"^ 

Based on unwashed vegetable and assuming that no titer is lost during transit and 
washing. 
Assuming 1000 infectious viruses per liter. 

Table 20. Risk of infection and disease by Rotavirus from eating unwashed vegetables 
irrigated with reclaimed wastewater using subsurface drip 

Crop Median 
Infectious 

dose 

One time risk of eating 
national average allowance 

Annual risk of eating national 
average allowance 

PI PD PI PD 
Lettuce N5O=8 2.4x10"^ 1.44x10"' 9.10x10"^ 5.4x10"^ 

Tomato N5o=8 1.7x10"^ 1.02x10"' 6.1x10"' 3.6x10"^ 

Cucumber N5O=8 7.1x10"'' 4.26x10"" 2.5x10"^ 1.5x10"^ 

Based on unwashed vegetable and assuming that no titer is lost during transit and 
washing. 
Assuming 1000 infectious viruses per liter. 
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Figure 25. Elisk of infection associated with the orientation of leaf in a lettuce head 

Leaf Position in Head Color Intensity Level of Elisk 
Outer Most 

Close to Inner Most 
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Least Risk 
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DISCUSSION 

The objective of this study was to determine the effectiveness of subsurface irrigation 

(SDI), in it ability to protect salad vegetables grown in different soil types from viral 

contamination by reclaimed wastewater irrigation. The methodologies/protocols were 

first evaluated and recovery efficiencies of viruses from soil and plant material were 

determined and the methods were then applied to assess virus contamination of the 

vegetables during surface and subsurface irrigation. 

Recovery of viruses from vegetable surfaces 

Lettuce leaves were used to carry out the assessment of two methods for the recovery of 

viruses from vegetable surfaces. Lettuce was selected for this purpose based on the 

morphological complexity of wax: structures present on its leaves (Martin and Juniper, 

1970). It was assumed that any method capable of recovering viruses from lettuce leaves 

would work better with tomatoes and cucumber fruits which have smoother surface with 

less intricate wax structure. Two methodologies using shaking or sonication were tested 

to elute viruses from the vegetable surface (Fig. 2). In the first method, seeded lettuce 

leaves were immersed in 50 ml of eluent (3% beef extract) and were shaken for 20 min, 

whereas in second method, samples were immersed in 3% beef extract and sonicated 

using Branson E-Module Ultrasonic Generator (Branson Cleaning Co. Shelton, Conn.) 

for 20 min at 25kHz. The method involving shaking for 20 min, gave a recovery 

efficiency of 65-70%, which is better than the recovery efficiency achieved with 
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sonication for 20 min at 25kHi (Figure 7). The recovery data from both the 

methodologies was analyzed by Fisher Exact Test based on 2x2 contingency which, 

showed that the difference between the recovery efficiencies achieved by two methods 

was not statistical significant (Appendix-I). 

Fruit surface. In a second study recovery efficiencies of viruses from tomato fruit was 

carried out. The method described for the recovery of viruses from lettuce leaf was 

followed to recover viruses from the surface of tomato fruit. The average percent 

recovery efficiency achieved in case of MS2 and PRDl was 90% and 91% respectively 

(Figure 8). 

Surface morphology is a very critical factor in the survival and recovery of 

microorganisms from the vegetable surfaces. Armon (1995) suggested that vegetables 

texture is very critical factor on the level of residual contamination. Kauze and Joseph 

(2001) reported that lettuce leaf stmctures play a critical role in the attachment and 

survival of bacteria. In the present study lettuce leaves and tomato fruits were used to 

determine the recovery efficiencies of viruses from vegetable surfaces. Lettuce leaves 

have relatively more complex cuticular wax structures than tomato fruits (Martin and 

Juniper, 1970), thus making it difficult to recover any microorganism from it surface. The 

role of cuticular wax has also been established in foliar plant diseases. These wax 

structures entrap the invading plant pathogens and prevent them from contacting plant 
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cell (Agrios, 1997). The greater recovery efficiencies achieved from tomato fruits can be 

ascribed to their relatively simple cuticular wax structures. 

Previous studies on the recovery efficiencies of enteric viruses from vegetable leaves 

have shown varying results. Konovvalchuck and Spiers (1974) used saline buffer with 

serum to recover Coxsackievirus B5 from lettuce and reported 50% recovery efficiency. 

Bryan et al (1982) used phosphate buffered saline (pH 9.0) to recover poliovirus and 

adenovirus from lettuce with 10 min of shaking and reported 49-58% recovery 

efficiencies for poliovirus and 40-69% recovery efficiency for adenovirus. Badawy 

(1985) used 3% beef extract to recover rotavirus and poliovirus from lettuce. He reported 

a gradual decrease in the recover^' efficiencies with the increase in the incubation time 

and achieved 65, 41, 37.5 and 30% recovery after 5, 10, 20 and 30 min of incubation. In a 

more recent study Bidawid (2001) reported 78% recovery of Hepatitis A virus from 

romari lettuce using phosphate buffered saline. In his study the inoculated lettuce leaf was 

washed off by repeatedly pipetting ImL PBS (pH7.6) after 20-30 min incubation. The 

incubation time and procedures used by these researchers are not practical for real time 

recover of viruses from vegetable surfaces. Most researchers have reported recovery 

efficiency 20-30 min after inoculating the vegetable sample, which is unrealistically 

small period of time for this type of study. In the context of hydrophobic nature of 

vegetable surface it is perceived that viruses inoculated on vegetable surfaces will take 

long time to adsorb and if we try to recover the inoculated viruses within 30 min of 

inoculation while inoculated surface is wet, we might be recovering viruses still present 
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in the aqueous film on vegetable surface. In the present study we have tried to simulate 

real life situation. Virus suspension was evenly spread on vegetable surfaces and the 

samples were left in laminar flow/biosafety hood for one hour to help evaporate the 

aqueous media and adsorption of viruses to vegetable surfaces before recovery efficiency 

assay. 

Recovery of viruses from vegetable tissues 

Recovery of human enteric viruses from plant tissue / systems has only received a small 

amount of research. A lot of work has been done on the recovery of plant viruses from 

plant tissues, but that essentially presents a totally different scenario where we recover a 

virus from its host. The recovery efficiency of plant viruses from host plant material is 

not a major issue as the recovery of human enteric viruses from plant material because 

the probability of finding a plant virus in its host is astronomically higher than finding a 

human enteric virus from a non host plant material. For the purpose of this study we 

developed a method to impregnate the plant with viruses. One of the problems we faced 

during this study was the estimation of number of viruses in our sample after 

impregnation. We were able to estimate the number of viruses present in whole 

impregnated plant based on the amount of water (taken up) transpired by plant but the 

problem arises when we take a part of plant to assay for recovery efficiency, because we 

can not accurately estimate the number of viruses present in that specific segment of 

impregnated plant. That is the reason; the results are presented as an absolute number 
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instead of a percent. In the case of fruits this problem was tackled by performing recovery 

efficiency on a crushed seeded sample. 

Two methods were used to recover viruses from plant material. In the first method a 5-cm 

long section of virus impregnated stem of tomato was used as a sample. The sample was 

aseptically crushed and stirred with 50 ml of eluent (3% BE + 0.04M sodium 

pyrophosphate pH 9.4) for 20 min. The plant material was discarded and viruses were 

concentrated. 

The second method involves two steps. In first step a 5-cm long section of virus 

contaminated stem of tomato was firmly held against a pipette tip attached to a syringe. 

Tris buffer was passed through (forced through) this section and it was collected in a 

microfuge tube (Fig.4). In the next step this sample was processed according to Method 1 

and the viral concentrate from both the steps were composited. 

The result for the recovery efficiencies of both these methods is presented in Table 8. The 

higher recoveries were achieved in the case of method 2 that integrates infusion of Tris 

buffer through vascular bundles followed by shredding and bulk elution by using 3% BE 

0.04 M sodium pyrophosphate as compared to the Method 1, which uses crushing and 

shredding of sample followed by bulk elution using 3% BE + 0.04 M sodium 

pyrophosphate. Method I was able to recover 14, 20 and 9 pfu of MS2, PRDl and PVl 

respectively from a one-centimeter long virus impregnated stem of tomato plant, whereas 
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the second method yielded 45, 56 and 17 pfu of MS2, PRDl and PVl respectively from a 

similar sample. One of the explanations for better recoveries with the method lies in the 

morphology of the plant stem and root. Xylem and phloem are one the major structural 

components of plant root and stem. Morphologically they are hollow tubes with a 

variable diameter in the range of few microns. These tissues help to the transport water 

and nutrients throughout plant system (Gartner, 1995). In case of injury to plant root 

these conductive channels becomes directly connected to the aqueous film present on the 

root, which is continuous throughout the root zone. Since enteric viruses are in nanometer 

size, they can be easily sucked up into vascular bundles by capillary action or negative 

pressure generated by transpiration. These taken up viruses stay in the plant vascular 

bundles and some of these free floating viruses in plant vascular system can be recovered 

by simple flushing of these vascular bundles with tris buffer or distilled/sterilized water. 

Survival of viruses on vegetables 

The survival of viruses on market-garden produce is influenced by several parameters: 

temperature, exposure to sunshine, humidity, and type of virus and type of vegetable. 

Analysis of the studies reported in the literature shows that the survival times vary 

considerably between 2 and 23 days. Asano and Sakaji (1990) have defined the life span 

of the poliovirus on several vegetables in a natural environment. They obtained varying 

viral inactivation curves, depending on the vegetable concerned. 



119 

A study carried out by Ward and Irving (1987) on vegetables irrigated by sprinkling with 

treated and chlorinated wastewater, and artificially contaminated with the poliovirus 1 

and adenoviruses 6, has revealed short survival times. Therefore, lettuces irrigated with 

wastewater containing 3.9x10"' pfu of the poliovirus 1 showed no trace of virus after 2 

days. On the other hand the survival time on spinach is longer, i.e. 13 days for an initial 

contamination with the same quantity of poliovirus. 

In the present study at 4°C MS2, PRDl, PVl and Ead40 did not loose any significant 

titer during first two months, whereas at room temperature PVl and Ead40 lost 1 logio 

titer in 10-15 days. Similar results were obtained from the greenhouse experiments where 

MS2, PRDI, and HAV lost 1 log in 12, 20, 25 days respectively. 

Poliovirus 1 survived the least as compared to Ead40 and HAV in both greenhouse and 

laboratory study. Similar survival trend was observed in soil. This might be due to the 

fact that PVl has 0.1% lipid and Sphingosine in its capsid, whereas HAV and Ead40 both 

do not have lipid or Sphingosine in their capsid (International Committee on Taxonomy 

of Viruses ICTV Web Site). Sphingosine is bioactive lipid messenger. Degrading process 

of Sphingolipids is currently receiving lot of attention due to the role of Sphingosine in 

cell signaling (Yasuyuki, 1997). Sphingosine degradation might be a reason for faster 

inactivation of PVl in the environment. Other probability that might be contributing to 

the faster decay of PVl is the proportional amount of nucleic acid in virion. Poliovirusl 

has 29.2% nucleic acid compared to 29.0% in HAV. This greater amount of RNA present 
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in PVl virion makes it relatively more vulnerable to environmental assaults. Furthermore 

RNA is less stable in environment as compared to DNA, which can explain the greater 

survival of DNA viruses (Ead40 and PRDl) as against the RNA viruses (PVl and MS2). 

Plant root as a barrier against virus intrusion 

Studies were conducted to evaluate the effectiveness of plant roots and their integrity as a 

factor in virus contamination. Tomato, lettuce and cucumber plants were used in this 

study. A plant of each of these vegetables with scissured root was attached to a virus 

contaminated water source, whereas another plant of same type with intact root system 

was used as control. 

MS2 and PRDl were taken up by tomato plant with scissured root system and they were 

able to travel throughout the plant system whereas no virus was recovered from any of 

the plants with intact root, kept in seeded water for same period of time. A continuous 

sheet of cells covers plant roots, and nutrient and water uptake by plant takes place under 

potential difference across cell membrane. The cell wall is the outer most structure in 

plant cell even plant viruses cannot cross this barrier on their own, and they need some 

injury to get into plant cell (Manners, 1993). Since enteric viruses cannot infect the plant 

cell they can only contaminate the plant surfaces. It can be assumed from this discussion 

that morphologically integral plant root provides sufficient barrier against the intrusion of 

viruses into plant tissues. 
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The cucumber vine with scissured roots look up MS2 and PRDl. They were able to travel 

up to a fairly long distance in the plant system whereas; no virus was recovered from the 

cucumber vine v/ith an intact root system. These results are in confirmation with the 

results of a similar experiment with tomato crop. 

An uneven distribution of organisms throughout the plant system was observed which 

might have been influence by variety of factors. In general a decreasing concentration 

gradient of organism was observed as we moved away from collar region from where the 

root was scissured. In contrast to these finding no virus was recovered from any sample 

collected from any plant, which was kept in a seeded hydroponics system with fully 

intact roots. So it was concluded that plant roots provide sufficient barrier against the 

intrusion of enteric viruses in to plant system. Murphy (1958) reported that out 52 plants 

kept in virus seeded hydroponic culture viruses were recovered from the roots of 47 

plants and aerial parts of 6 plants but they have not discussed their assay procedures and 

detection methodology in the published report. 

Recovery efficiency of viruses in soil 

Virological recovery techniques require a certain number of steps including virus 

extraction, concentration to a small volume and finally detection by inoculation on 

human or animal cell cultures for enteroviruses and on bacterial cultures for 

bacteriophages. Several methods have been described for extracting viruses from soil or 

sludge (Scheuermann et al, 1986; Schwartzbrod and Mathieu, 1986; Shimohara et al. 
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1986; Safferman et al. 1988; Sletler et al, 1992; Straub et al, 1994), Concentration is 

generally accomplished by organic flocculation (Katzenelson et al, 1976) or precipitation 

with polyethylene glycol 6000 (Lewis and Metcalf, 1988). The previous studies show that 

quantities of viruses recovered depend on the soil type and the extraction technique used. 

Tiemey et al (1979) reported 82% recovery of PVl from sludge-amended soil. Landry 

(1979) reported 22-66% recovery of different strains of poh'ovirus from soil. Mignotte et 

al (1999) compared eight different techniques to recover viruses from sludge and reported 

that highest virus recovery was obtained using 10% beef extract (pH9.0) with sonication. 

In the present study Pima clay loam and Brazito sandy loam soils were used to determine 

the recovery efficiency of poliovirus 1 and adenovirus 40. We achieved 81 and 58% 

recover}' efficiency for PVl and Ead40 respectively from Brazito sandy loam, whereas 

12 and 16 % recovery of PVl and Ead40 were obtained from Pima clay loam. These 

results are confirmatory to the previously reported results. 

Survival of viruses in soil 

The factors which affect the survival of viruses in soil are: temperature, pH, adsorption 

on particles of soil, humidity levels, exposure to sunshine, presence of aerobic micro

organisms, phosphorus or aluminum. However, according to Hurst et al (1980), the most 

important factors are temperature and adsorption on soil. These same authors also point 

out that the inactivation of enteroviruses present in sludge after the latter has been 

sprayed on soil is positively correlated to the loss of humidity in the solid particles when 

the temperature varies between 20-31°C. Yeager and O'Brien (1979) had already 
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suggested that the most important impact of temperature on the survival of viruses in soil 

was the way in which it influenced the degree of evaporation. 

Published survival times for enteric viruses in soil vary very considerably ranging from 

II to 180 days; low temperatures and clay soils clearly prolong the life span of viruses 

(Bgdasaryan, 1964; Lefler and Kot, 1974; Duboise et al, 1976; Damgaard-Larson, 1977; 

Tiemey, 1977, and Yeager and O'Brien. 1979). 

Bitton et al (1984) believe that enteroviruses are rapidly inactivated in soil, whereas Rao 

et al (1986) estimate that adsorption onto soil prolongs viral infectivity. Jansons et al 

(1989) have shown that adsorption onto soil not only does not necessarily inactivate 

viruses but that this adsorption can be reversed. They also state that it is difficult to find 

soil, which can adsorb all enteric viruses equally efficiently. They therefore confirm the 

findings of Goyal and Gerba (1979) who, when studying the adsorption of animal viruses 

by 9 types of soil, showed that the poliovirus and the Coxsackie viruses Bi and the Be 

were well adsorbed by most soils, whereas the Coxsackievirus B4 were badly adsorbed. 

Similar variations in adsorption have been observed with different strains of echoviruses. 

In the present study we report a longer survival time, which might be due to initial 

inoculum level and better recovery efficiency. 

Indicators. Techniques used to recover infectious enteroviruses are costly and time 

consuming. Research has thus focused on identifying indicators of viral contamination. 
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Currently, three bacteriophages are considered as potential indicators of viral 

contamination: somatic coliphages, F-specific RNA bacteriophages and specific 

Bacteroide fragilis bacteriophages. Much work on wastewater has demonstrated that 

bacteriophages can be useful as indicators of viral contamination (Havelaaret al, 1993; 

Frederick and Lloyd, 1995; Jofre et al, 1995; Lewis, 1995; Sobsey et al, 1995a; Gantzer 

and Schwartzbrod, 1998). It is very difficult to find a universal indicator phage, so we 

might have to define indicators for different scenarios. In the present study PRDl, which 

is a medium size DNA somatic phage proved to be more persistent under all the 

experimental conditions. Thus it can be a good indicator for survival studies. 

Greenhouse studies 

Surface contamination of vegetables. The risk of viral contamination of different parts 

of vegetable plants under subsurface drip irrigation was studied. Three different vegetable 

crops were grown in two different soil types. Subsurface drip irrigation always resulted in 

a greater contamination of plant roots as compared to stem, whereas very negligible leaf 

contamination and no fruit contamination was noted. Conversely surface irrigation 

resulted in greater contamination of plant stem as compared to plant roots. Similarly the 

stem and leaves of all the plants showed a significantly greater level of contamination. 

No virus uptake by any plant during the course of experiment was recorded. 

Some earlier workers have reported virus uptake by plants. Murphy and Syverston (1958) 

reported penetration of animal viruses into plant roots and the subsequent translocation 
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into the portion of stem. Out of 52 plants kept in virus-seeded hydroponic culture viruses 

were recovered from the roots of 47 plants and aerial parts of 6 plants. The published 

report does not mention any preventive measure taken to control possible surface 

contamination due to surface capillary action. Oron et al (1994) also reported penetration 

of PVl into tomato roots but they have not eliminated the probability of an experimental 

error or cross contamination (Personal Communication) 

The result shows that plant parts can be categorized into three major groups (root, stem 

and leaf/fruit), which has a significantly different risk of contamination from each other 

(Appendix-D, and E). 

All the tested organisms behaved similarly under both the irrigation (Tables 7 and 8). The 

type of irrigation taken as a single independent variable when analyzed for variance 

based on their absolute showed that both irrigation systems are significantly different 

from each other. It can be concluded that use of subsurface irrigation resulted in a 

significantly higher risk of contamination for plant roots as compared to the aerial plant 

parts. Similarly under surface irrigation risk of contamination was significantly higher for 

stem as compared to root (Figures 16, 17,18, 19 20 21 22 and 23 and Table 10). 

Role of organisms and soil 

All the tested organisms behaved similarly under both the irrigation systems tested in this 

study (Table 7 and 8) whereas the impact of soil type on viruses was not significant 
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(Appendix-A ,B)- Soil type had little impact on microbial contamination of plants. 

Similarly when the interaction of viruses and bacteriophages with other variables (soil 

type, irrigation system or plant part) was tested all the interactions were non-significant. 

This suggests that vims type is not a determinant factor in the risk of contamination for 

the different plant parts under any scenario. It can be concluded from these results that 

under similar soil type and irrigation conditions, the type of viruses or bacteriophages 

present in the irrigation water does not significantly change the risk of contamination for 

the different plant parts. There was little impact of soil type on the behavior of the 

different organisms studied. Soil type had no significant effect contamination of the 

plants under subsurface or surface irrigation, and a similar interaction between the 

irrigation method and different organisms was also observed (Appendix-A, B). 

Role of Irrigation 

In the present study we demonstrated that the parts of the plant, which become 

contaminated, are related to the method of irrigation. This trend was visible in all the 

tested vegetable varieties (Appendix-A-F). Subsurface drip irrigation resulted in greater 

contamination risk of plant roots than stem and other aerial parts, whereas surface drip 

irrigation resulted in a higher contamination of stem and other aerial parts than roots 

(Figs. 16, 17, 18 19, 21 22, 23 and 24). When the Latin square design/ t-Test was applied 

to compare surface drip irrigation with subsurface drip irrigation a significant difference 

among these methods of irrigation was noted (Appendix-C). It can be concluded from 

this investigation that type of irrigation does have a significant influence on the ability of 
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the tested organism to contaminate different plant parts. All the tested organisms behaved 

similarly under both the irrigation systems tested in this study and both irrigation systems 

also behaved similarly in different soil types (Appendix-A-F). The soil temperature at 5 

cm depth was always higher under subsurface irrigation setting compared to surface 

irrigated soils, which can be helpful in faster inactivation of viruses (Appendix-J). 

It can be concluded from these results that irrigation type is the single most important 

factor in determining the risk of contamination for plant parts regardless of the type of 

viruses or soil. 

Risk Assessment 

Evaluation of the risks associated with reclaimed irrigated vegetables is of fundamental 

importance. Since 1988, various studies have been carried out to evaluate the viral risks 

linked to the consumption of drinking water and to the reuse of wastewater, and they 

have provided some thought-provoking information concerning the viral concentration of 

water and the uses to which it is applied. 

Few quantitative risk assessment studies involving irrigated vegetables exist at the 

present time and most were not based on experimental data. This study was aimed at 

generating data for exposure assessment from ingestion of reclaimed wastewater irrigated 

vegetables. In this study the exposure assessment is based on vegetable contamination 

data generated as a result of a greenhouse study. Taking a conservative approach in our 

assumptions, we calculated a daily one-time risk of infection from poliovirus as 9.8x10'^ 

from subsurface and 1.0x10"^ from surface irrigated lettuce after washing. This risk of 
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infection is based on the assumption that the irrigation water contains 1000 infectious 

viruses per liter. The risk of infection from the ingestion of subsurface irrigated unwashed 

lettuce was calculated as 6.7x10"^, which is above the United States EPA's acceptable 

annual risk for drinking water (1:10,000). The probability of infection can be reduced by 

2 logio by eating pale color lettuce. Rotavirus carries a higher risk of infection than 

poliovirus 1. Tomatoes and cucumbers subsurface irrigated with water containing 1000 

infectious viruses per liter carries an annual risk of infection 3.5x10"^ and 2.8x10"^ 

respectively, which are above the United States EPA's acceptable annual risk. The 

concentration of enteric viruses per liter of raw sewage, secondary effluent and 

chlorinated tertiary effluent are reported to be in the range of 5x10^, l.xlO"^, 2x10*^ 

respectively (NRC, 1996). The annual risk of infection from the ingestion of vegetables 

irrigated with raw, and secondary waster and also the concentration of viruses in 

irrigation water required achieving a risk below the United States Environmental 

Agency's annual acceptable risk is given in the Table 21. We have found that risk of 

infection from subsurface irrigated vegetables does not approach the United States 

Environmental Protection Agency' annual risk of 1:10000 until the concentration in 

irrigation water reaches 100 infectious viruses per liter, whereas in case of surface drip 

irrigation a concentration of 1 infectious viruses per liter is needed to achieve a similar 

level of risk. The secondary effluent can be used to subsurface irrigate vegetable crops 

with acceptable annual risk if the concentration of viruses in secondary effluent can be 

assured to be less than 100/1. 
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Table 21. Risk of infection from ingestion of vegetables irrigated with different quality 
wastewater 
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Lettuce Tomato Cucumber Lettuce Tomato Cucumber 

R
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500,000 S-SXIO"" 1.7X10"- 1.4X10*- 4.2X10"' 1.8X10"' 1.3X10"' 

S
ec

o
n
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W
as
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at
er 

10,000 6.6X10-^ 3.6X10"^ 2.7X10"^ 8.6X10"^ 5.7X10"- 4.6X10"^ 

Assumed 1000 6.7X10-^ 3.5X10-^ 2.8X10"^ 8.4X10"^ 5.7X10"^ 4.7X10"^ 

Cone, of viruses/L 

required to achieve risk 

of 1:10000 

149 285 357 1.2 1.7 2.1 
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CONCLUSIONS 

The risk of contamination of both edible and non-edible parts of vegetables irrigated with 

secondary wastewater was studied. Minor contamination of leaf surface with subsurface 

irrigation was observed. Plant parts and irrigation type were the most significant factors 

contributing to contamination. No systemic viral contamination in the plants with intact 

root system was observed. The findings of this study can be summarized as follows: 

1. The most efficient eluent to recover viruses from vegetable surfaces and soil was 

3% beef extract+0.04M sodium pyrophosphate. 

2. At 4°C all the enteric viruses are stable, suggesting that little virus inactivation 

occurs post harvest. 

3. Subsurface drip irrigation resulted in 99 % less viral contamination of the 

vegetable leaf surfaces compared to surface drip irrigation. 

4. Based on the degree of virus contamination of vegetables observed in this study 

virus concentration in irrigation water for produce should not exceed 100 

infectious viruses per liter for subsurface drip irrigation and 1 infectious viruses 

per liter for surface drip irrigation to achieve a risk of infection of 1:10,000/year. 

5. The greatest risk of infection occurs from the outer leaves of lettuce. The risk of 

infection from consumption of reclaimed wastewater irrigated tomatoes and 

cucumber is 32% and 72% less than reclaimed wastewater irrigated lettuce. 

6. No internal contamination by viruses of the vegetables was observed during 
their growth. 



The coHphage PRDl survived longer than poliovirus lypel, adenovirus type 40, 

and MS2. It would thus appear to be a good model for studying the persistence of 

those viruses on produce and in irrigated agricultural systems. 
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APPENDIX-A 

Analysis of Variance for Variety Early Girl using General Linear Model (GLM) 
Procedure 

Source DF Svim of Squares Mean Square F Value Pr >F 

Model 30 592747 .3 19758 .2 4 . 45 <.0001 

Error 33 146516 .7 4439 .9 
Corrected Total 63 739264 . 1 

Source DF SS Mean Square F Value Pr > F 

soils 1 9530 .6 9530.6 2.15 0 . 1524 
irrigat 1 749 .3 749 .3 0.97 0 . 0038 
organism 3 19715 .6 6571.8 1.48 0 . 2379 
parts 3 213901 . 9 71300 . 6 16. 06 < . 0001 
soils*organism 3 20628 .1 6876.0 1.55 0 .2204 
soils*parts 3 13124 .4 4374.8 20 . 99 0 .0216 
irrigat*organism 3 2024 .4 674 . 8 0.85 0 . 1277 
irrigat*parts 3 271150 .6 90383.5 20.36 < . 0001 
organism*parts 9 40953 .2 4550.3 1.02 0 . 4412 

DF= Degree of freedom 
Ss= Sura of Squares 
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APPENDIX-B 

Analysis of Variance for Variety Golden Boy using General Linear Model (GLM) 
Procedure 

Source DF Sum of Squares Mean. Square F Value Pr > F 

Model 18 271860.5 15103.3 61.29 <.0001 
Error 12 2957.2 246.4 
Corrected Total 30 274817.7 

Source DF SS Mean Square F Value Pr > F 

soils 1 2 994 .4 2994 .4 12.15 0 . 0045 
irrigat 1 354 . 1 354 . 1 10.44 0 . 003 
organism 1 2568 . 8 2568 .8 10.42 0 ,0072 
parts 3 141794 . 8 47264 .9 191.80 < -0001 
soils*orgaiiism 1 741 . 8 741 .8 3.01 0 . 1083 
soils*parts 3 23101 . 9 7700 .6 31-25 < .0001 
irrigat * organi sm 1 272 .4 272 .4 10.11 0 .1138 
irrigat *parts 3 93802 . 7 31267 .5 126,88 < .0001 
organism*parts 3 5648 .2 1882 . 7 7.64 0 -0041 

DF= Degree of freedom 
SS= Sum of Squares 
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APPENDIX-C 

The General Linear Model (GLM) Procedure 
for Irrigation (Variety Early Girl) 

t-Test (LSD) 

Alpha 0.05 
Error Degrees of Freedom 3 3 

Error Mean Square 2790.80 
Critical Value of t 2.00 
Least Significant Difference 26.87 

t Grouping Mean N Irrigation 
A 72.19 32 S 

B 43 .91 32 SS 
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APPENDIX-D 

The General Linear Model (GLM) Procedure 
for Plant Parts (Variety Early Girl) 

t-Test (LSD) 

Alpha 0 .05 

Error Degrees of Freedom 33 .0 
Error Mean Square 4439 .90 
Critical Value of t 2 .03 
Least Significant Difference 47 .90 

t Grouping Mean N parts 

A 139.13 16 ROOT 

B 85.31 16 STEM 

C 6.25 16 LEAF 

O
 

O
 

O
 

J (J 

16 FRUIT 

Variable with different t-grouping are significantly different from each other 
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APPENDIX-E 

The General Linear Model (GLM) Procedure 
for Plant Parts (Variety Golden Boy) 

t-Test (LSD) 

Alpha 0.05 
Error Degrees of Freedom 13 
Error Mean Square 294.40 
Critical Value of t 2.10 
Least Significant Difference 18.50 

t Grouping Mean N parts 

A 101.2 8 ROOT 

B 64 . 3 8 STEM 

C 9.3 8 LEAF 
C 
C 8 . 7 8 FRUIT 
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APPENDIX-F 
The General Linear Model (GLM) Procedure 

for Variety Golden Boy 
t Tests (LSD) 

Alpha 0.05 
Error Degrees of Freedom 12 
Error Mean Square 24 6.40 
Critical Value of t 2.10 

Comparisons significant at the 0.05 level are indicated by ***. 

Difference 

Parts Comparison Bet>veen Means 95% Confidence Limits 
ROOT -- STEM 101. 8 84 .7 118 . 9 * • 

ROOT - LEAF 162.5 145-3 179.6 • • • 
ROOT - FRUIT 166 .2 148 .5 183 .9 

STEM -- ROOT -101. 8 -118.9 -84 .7 * • • 

STEM -- LEAF 60.6 43 .5 77 .7 • • • 
STEM -- FRUIT 64 . 3 46.6 82 . 0 • * * 
LEAF -- ROOT -162 .5 -179.6 -145 .3 
LEAF -- STEM -60 .6 -77.7 -43.5 * • * 

LEAF -- FRUIT 3.7 -13 . 9 21.4 
FRUIT -- ROOT -166 .2 -183 .9 -148.5 • • • 
FRUIT -- STEM -64 .3 -82.0 -46.6 * • * 

FRUIT -- LEAF -3.7 -21.4 13 . 9 
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APPENDIX-G 

The GLM Procedure ANOVA for Cucumber 

Sum of 
Source DF Squares Mean Square F Value Pr > F 
Model 28 348303.1250 12439.3973 6.49 <0001 
Error 35 67040.6250 1915.4464 

Corrected Total 63 415343.7500 

R-Square Coeff Var Root MSE count5 Mean 
0.838590 80.95411 43.76581 54.06250 

Source DF Type I SS Mean Square F Value Pr > F 

soils 1 39.0625 39.0625 0.02 0.8873 
im'gat 1 6.2500 6.2500 0.00 0.9548 
organism 1 4225.0000 4225.0000 2.21 0.1464 
parts 3 152821.8750 50940.6250 26.59 <.0001 
soiIs*irrigat 1 1.5625 1.5625 0.00 0.9774 
soils*organism 1 76.5625 76.5625 0.04 0.8427 
soils*parts 3 326.5625 108.8542 0.06 0.9819 
irrigal*organism 1 506.2500 506.2500 0.26 0.6104 
irrigat*parts 3 160959.3750 53653.1250 28.01 <.0001 
organism*parts 3 7840.6250 2613.5417 1.36 0.2696 
soils*irrigat*parts 3 751.5625 250.5208 0.13 0.9411 

Source DF Type III SS Mean Square F Value P r > F  
soils 1 39.0625 39.0625 0.02 0.8873 
irrigat 1 6.2500 6.2500 0.00 0.9548 
organism 1 4225.0000 4225.0000 2.21 0.1464 
parts 3 152821.8750 50940.6250 26.59 <.0001 
soils* irrigat 1 1.5625 1.5625 0.00 0.9774 
soils*organism 1 76.5625 76.5625 0.04 0.8427 
soils*parts 3 326.5625 108.8542 0.06 0.9819 
irrigat*organism 1 506.2500 506.2500 0.26 0.6104 
irrigat*parts 3 160959.3750 53653.1250 28.01 <-0001 
organism*parts 3 7840.6250 2613.5417 1.36 0.2696 
soils*irrigat*parts 3 751.5625 250.5208 0.13 0.9411 

DF= Degree of freedom 
SS= Sum of Squares 
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APPENDIX-H 

Analysis of Variance for Lettuce using General Linear Model (GLM) Procedure 

The SAS System 3 
13:59 Friday, December 3, 1999 

The GLM Procedure for lettuce 

Source DF 
Sum of 

Squares Mean Square F Value Pr > F 

Model 7 

Error 8 

Corrected Total 15 

143156.2500 

10043.7500 

153200.0000 

20450.8929 

1255.4688 

16.29 0.0004 

R-Square CoeffVar RootMSE obi Mean 

0.934440 44.29074 35.43259 80.00000 

Source DF Type I SS Mean Square F Value P r > F  

soil 1 4556.25000 4556.25000 3.63 0.0932 
organism 1 1056.25000 1056.25000 0.84 0.3858 
irrigat 1 23256.25000 23256.25000 18.52 0.0026 
parts 1 72900.00000 72900.00000 58.07 <.0001 
organism*irrigat 1 225.00000 225.00000 0.18 0.6832 
irrigat*parts 1 41006.25000 41006.25000 32.66 0.0004 
organism*parts 1 156.25000 156.25000 0.12 0.7334 

Source DF Type III SS Mean Square F Value P r > F  

soil 1 4556.25000 4556.25000 3.63 0.0932 
organism 1 1056.25000 1056.25000 0.84 0.3858 
irrigat I 23256.25000 23256.25000 18.52 0.0026 
parts 1 72900.00000 72900.00000 58.07 <.0001 
organism*irrigat 1 225.00000 225.00000 0.18 0.6832 
irrigat*parts 1 41006.25000 41006.25000 32.66 0.0004 
organism*parts 1 156.25000 156.25000 0.12 0.7334 



APPENDIX-I 

Fisher Exact Test 
2X2 Contingency Table for PVl 

Viruses Viruses not Total 
Recovered Recovered 

Method 1 65 35 100 
Method 2 45 55 100 

Total no 90 200 

Fisher Exact Test 
2X2 Contingency Table for Ead4 D 

Viruses Viruses not Total 
Recovered Recovered 

Method 1 70 30 100 
Method 2 55 45 100 

Total 125 75 200 
P- value for 1 tail test = 0.020267 
P- value for 2 tail test = 0.029844 
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APPENDIX-J 

55 
54 -! 
bJ ^ 

u. 52 -
u o 
L- 51 -
5D 50 -1 
a 49 i 

48 -
47 -
46 -

Comparative soil temperature under surface and 
subsurface drip irrigation 

4 

Days 

-A— Surface Irrigation Subsurface Irrigalion 



APPENDIX-K 

Contribution of each leaf in cumulative area and weight of lettuce head 

Leaf Sequence 
number in a 
lettuce head 

Percent 
contribution in 

total weight 

Percent 
contribution in 

total area 

Share in cumulative 
weight of lettuce 

head 

Share in 
cumulative area 
oflettuce head 

1 7.24 15.62 7.24 15.62 
2 9.7 13.19 16.94 28.81 
3 11.3 10.95 28.24 39.76 
4 10.7 8.94 38.94 48.7 
5 9.7 8.34 48.64 57.07 
6 10.4 7.67 59.04 64.71 
7 8.11 6.59 67.15 71.3 
8 8.11 6.04 75.25 77.34 
9 5.5 5.28 80.76 82.62 
10 6.23 5.04 86.99 87.66 
11 3.8 3.71 90.79 91.37 
12 2.9 3.49 93.69 94.86 
13 2.5 3.11 96.19 97.97 
14 1.26 1.99 97.45 99.76 
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APPENDIX-L 

Assumption and calculations for exposure assessment 

Crop 
Concentratio 
n of Viruses 
in Irrigation 
Water 

L' 

Log 
Reduction 
by 
Subsurface 
Drip 

Water adsorbed to 
per unit surface area 
of vegetable 

One Time 
daily per 
capita 
consumption 

Adjusted 
daily per capita 
proportion to 
surface area 

National 
yearly per 
capita 
consumption 

Lettuce slO'' 10"^ 10 mUlOOg* 37.2g/day 27.7g/day 13578g 

Tomato = 10'" 1 0 - 0.25mL/100g** I8.4g/day 18.4g/'day 67I6g 

Cucumber = 10" 10-^ 0.36mL/100g* 7.7g/day 7.7g/day 2810g 

Risk was calculated based on 1000 viruses per liter of irrigation water 
* Based on Shuval et al. 1997 
** Data collected in this study 
***The weight adjusted according to unit weight and surface area proportion. 
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