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3. ABSTRACT 

Human enteroviruses and hepatitis A virus may be present in significant 

concentrations in municipal sewage sludge. Land application of sludge on irrigated 

crop land may introduce these pathogens into the environment if they are not 

destroyed by the sludge treatment process. If infectious, these viruses could 

contaminate ground- and surface water sources used for municipal drinking water 

sources. 

Conventional cell culture methods used to detect human enteric viruses are 

costly and time consuming. The advent of recombinant DNA technology and related 

fields have made it possible to detect these pathogens in a matter of hours using the 

polymerase chain reaction (PCR). However, the methods used to recover these 

viruses from sludge and sludge amended soil are not optimized for PCR analysis. 

Optimization of these samples for detection of enteroviruses and hepatitis A 

virus by PCR required treatment employing spun column chromatography. This was 

accomplished using a combination of size exclusion chromatography (Sephadex G-

50) and ion exchange chromatography (Chelex-lOO). 

This treatment method was tested using undigested sewage sludge, 

anaerobically digested sewage sludge and digested sludge amended to 10 different soil 

samples. These samples were subsequently seeded with 103 plaque forming units 

(PFU) of poliovirus type 1 and subjected to reverse transcription and 30 cycles of 

PCR. Positive amplification was observed in all seeded samples treated using 
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Sephadex G-50 and Chelex-IOO. 

Based on this success, 4 undigested sewage sludge samples, 4 anaerobically 

digested sewage sludge samples and 24 field soil samples that had been amended with 

anaerobically digested sludge were screened for naturally occurring enteroviruses using 

PCR. Enteroviruses were detected in all 4 undigested sludge samples, all 4 

anaerobically digested sludge samples, and 19 of 24 field soil samples. In addition, 

indigenous hepatitis A virus was detected in 7 of the 8 sewage sludge samples 

·Subsequent tissue culture analysis resulted in detection of enteroviruses in all of the 

sewage sludge samples but none of the field soil samples. 

These results indicate that PCR detection of enteroviruses and hepatitis A virus 

may serve as a useful presumptive test for their detection in these kinds of samples. 

Because of the ability of PCR to detect non-culturable viruses, positive results should 

be confirmed by cell culture techniques. 
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4. INTRODUCTION 

Problem Definition 

Municipal sewage sludge is a complex mixture of organic and inorganic 

compounds of biological and mineral origin that are removed from wastewater and 

sewage in sewage treatment plants. Sludge is a by-product of physical (primary 

treatment), biological (activated sludge, trickling filters or rotating biological 

contractors), and physicochemical (precipitation with lime, ferric chloride, or alum) 

treatment of wastewater. Many of the pathogenic microorganisms present in raw 

wastewaters will find their way into municipal sludges. Treatment of these sludges by 

anaerobic or aerobic digestion and/or dewatering will reduce the number of pathogens, 

but significant numbers will remain. The type of treatment will determine the 

concentrations and relative risk of disposal. 

Most work concerning the detection and implications of pathogens in sludge, or 

on soils amended with this product of sewage were performed in the late 1970's and 

during the 1980's. This work was concentrated on the inactivation of potential 

pathogens in sludge by various treatment processes used to chemically stabilize and 

reduce odor from the product. However, limited research has evaluated the fate of 

these potential pathogens after disposal on land or in large bodies of water until the 

late 1980's and early 1990's. This was due mostly to relatively insensitive techniques 

and/or the poor recovery of these pathogens from the soil and water environment. 

Research into this topic was once again stimulated when the United States 
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Environmental Protection Agency (USEPA) issued proposed standards for removal of 

pathogens during the sludge treatment process in 1989 (USEPA 1989). Sewage 

treatment operators became concerned because many municipalities experienced 

dramatic growth during the period between the late 1970's to early 1990's. This led to 

significant increases in the volume of sewage handled by the existing facilities with 

little to no expansion of the infrastructure to keep pace with demand. While strict 

standards for effluent treatment and monitoring were maintained, many facilities were 

not equipped with adequate laboratories and trained personnel who could detect and 

monitor all of the different pathogens in sludge required by the proposed regulations. 

Additionally, the USEPA would ban the disposal of sewage sludge into any body of 

water, fresh or marine, leaving only land disposal or incineration as viable disposal 

options. 

Pima County, Ariz., located in the unique ecosystem of the desert Southwest, is 

currently investigating the benefits of land application of sewage sludge. Applied as a 

liquid containing approximately 1 to 2% solids, sludge benefits the soil by both its 

fertilizer and irrigation values. The combination of arid conditions and soil 

temperatures in excess of 20°C at least 9 months (March through November) of the 

year may lead to the rapid inactivation of enteric viral pathogens. Despite treatment 

by anaerobic digestion for 20 days, enteric virus concentrations have been reported to 

be in excess of 1,000/liter. Considering the low infectious dose for virus and that 

approximately 72,000 liters of sludge are applied per ha, the number of viruses could 



pose a risk to public health if these viruses remained infectious and contaminated 

ground- and surface-water sources. 
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Assay of enteric viruses in sludge and sludge amended soil using conventional 

mammalian cells grown in tissue culture flasks is 1) expensive, 2) may take up to 3 

(enteroviruses ) to 8 (hepatitis A virus [ Graff et aI., 1993 unpublished]) weeks to 

detect and 3) may not be truly representative of all enteric viruses present in the 

sample, especially if these viruses are unable to infect host cells. Polymerase Chain 

Reaction (PCR) is a molecular method that depends on intact nucleic acid sequences 

from target organisms (in this case enteroviruses and hepatitis A virus) instead of its 

ability to infect tissue culture cells. The advantages of this method of detection are 1) 

it is a fraction of the cost for a comparable tissue culture assay, 2) detection of viruses 

is reduced from 8 weeks to less than 24 hours and 3) non tissue culture infectious 

virus can be detected using this method. 

Previous to this work, detection of these viruses by PCR was limited to clinical 

samples and relatively pristine ground- and surface-water sources. The three papers 

described in this work outline methods used to make PCR detection of the 

enteroviruses and hepatitis A virus applicable to raw and treated sewage sludge and 

sludge amended soil samples. 
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Literature Review 

Origin of Sewage Sludge 

Sewage sludge is a complex mixture of bio-solids resulting from precipitation 

processes during the various phases of sewage treatment. Raw sewage entering the 

wastewater treatment facility is first passed through a grit chamber to remove large 

debris. Primary treatment of sewage is a physical process whereby suspended solids 

are allowed to settle. These solids are termed primary sludge (Hurst 1988). Primary 

effluent is further treated in a biological process to reduce biochemical oxygen 

demand, potential pathogens, and odor. This process can be accomplished by trickling 

filter, activated sludge, or rotating biological contractors. During this treatment 

process, organic matter is converted to CO2, H20, and microbial biomass. Excess 

microbial biomass becomes secondary sludge which is usually removed by settling. In 

certain treatment facilities where advanced wastewater treatment is performed, Alum 

[AI2(S04)3·18H20], Ferric chloride (FeCI3), or lime [Ca(OH)2] is added to secondary 

effluent. This causes flocculation of chemical constituents such as phosphates. Solids 

produced from this process are termed tertiary sludge. Raw sewage sludge, then, is a 

complex mixture of primary, secondary and tertiary sludges depending on the level of 

wastewater treatment performed. A diagram of wastewater treatment is shown in 

Figure 1. 

Before land disposal or land application, raw sewage sludge must be treated to 

stabilize the decomposition of the organic matter, gas production, and to reduce the 
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concentration of pathogens. Anaerobic digestion is usually operated semi continuously 

in large enclosed tanks called sludge digestors, into which untreated material is 

introduced and from which the treated material is removed at intervals. The retention 

time in the tank may range from two weeks to a month. The USEP A defines anaerobic 

digestion as processes conducted in the absence of air at residence times ranging from 

60 d at 20°C to 15 d at 35° to 55°C, with a volatile solids reduction of at least 38% 

(USEPA 1989). In aerobic digestion, sludge is stabilized by the passage of air through 

the sludge in a reactor. In a batch mode the sludge is aerated for two to three weeks. 



FIGURE 1, Origin of sewage sludge 
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Pathogens of Concern 

Introduction 

Raw sewage may contain a wide variety of pathogenic microorganisms. The 

pathogens include bacteria, viruses, protozoa, helminths, and fungi, all of which can be 

expected to be present in raw, primary, and secondary sludges. Viral pathogens of 

concern are listed in Table 1. It should be recognized that the list of pathogens is not 

constant. As advances in analytical techniques and changes in society have occurred, 

new pathogens are recognized and the significance of well-known ones changes. 

Microorganisms are subject to mutation and evolution, allowing for adaptation to 

changes in their environment. In addition, many pathogens are viable but non

culturable by current techniques (Rozak and Colwell 1987) and actual concentrations 

in sludge are probably underestimated. Thus no assessment of the risks associated 

with the land application of sewage sludge can ever be considered to be complete 

when dealing with microorganisms. As new agents are discovered and a greater 

understanding of their ecology is developed we must be willing to reevaluate previous 

assumptions. 



19 

TABLE 1, Human viruses shed in feces that may be present in sewage and sludge· 

VilUS GI'OUp 

Adenovirus 

Astrovirus 

Calicivirus 

Coronavirus 

Enterovirus 

Poliovirus 

Coxsackie A 

Coxsackie B 

Echovirus 

Enterovirus 
68-
72 

Hepatitis A virus 

Hepatitis E virus 

Norwalk virus 

Reovirus 

Rotavirus 

"Small Round 
Viruses" 

Numbel' of sel'Otypes 

41 

5 

2 

1 

3 

24 

6 

34 

4 

1 

1 

1 

3 

4 

2 

'"Modified from Hurst 1988 

D1ness Caused 

Pharyngitis, conjunctivitis, 
respiratory illness, vomiting, 
diarrhea 

Vomiting, diarrhea 

Vomiting, diarrhea 

Vomiting, diarrhea 

Paralysis, meningitis, fever 

Herpangina, respiratory illness, 
meningitis, fever 

Myocarditis, congenital heart 
anomalies, rash, fever, meningitis, 
respiratory illness, pleurodynia 

Meningitis, encephalitis, 
respiratory disease, rash, diarrhea, 
fever 

Meningitis, encephalitis, 
respiratory illness, acute 
hemorrhagic conjunctivitis, fever 

Hepatitis 

Hepatitis 

Epidemic vomiting and diarrhea 

Not clearly established 

Vomiting, diarrhea 

Vomiting, diarrhea 



20 

Viral Pathogens of Concern 

Over 120 different viruses are excreted in human feces and urine and find their 

way into sewage. A listing of some of the viruses that could be found in domestic 

sewage and the diseases they may cause are listed in Table 1. Enteric viruses are 

those that can replicate in the gastrointestinal tract and be disseminated by the feces. 

They are divided into several groups based on morphological, physical, chemical, and 

antigenic differences. An infected individual may excrete as many as 1010 viruses per 

gram of feces and will continue to shed them into the sewage stream for up to 50 d 

(Melnick and Gerba 1980). 

Raw sewage entering the wastewater treatment plant contains significant 

numbers of viral pathogens. Estimated enteric virus densities may be in excess of 

7,0001L of raw sewage in the U.S. (Melnick et al. 1978). Unfortunately, viruses have 

been shown to concentrate in sludge (Ward and Ashley 1977; Wellings et al. 1976). 

Furthermore, treatment of raw sewage sludge may not effectively reduce the number of 

infectious viruses. Soares (1990) found that viral reduction in anaerobically digested 

sewage sludge ranged from less than 50% to greater than 99.9% with a high degree of 

variability in treatment efficiency. In addition, the concentration of viruses leaving the 

digester could be in excess of 1,000 viruseslL even if treatment efficiency were 99%. 

In Florida, Wellings et al. (1976) reported concentrations of 24 plaque forming units 

(pfu) of virus /250 g of sludge cake. The viruses in this study were identified as 

echovirus 7 which is known to cause encephalitis in man. 



Most of the knowledge on viruses in sewage regards those associated with 

gastroenteritis. Exceptions are certain enteroviruses that are associated with a wide 

variety of diseases and adenoviruses, which may cause eye and upper respiratory 

infections. Enteroviruses are often associated with more serious illnesses such as 

hepatitis, meningitis, myocarditis, and paralysis (Table 1). 

The most commonly studied enteric viruses in sewage and sludge are the 

enteroviruses that include the polioviruses, coxsackie A and B viruses, echoviruses, 

and other recently classified enterovirus types. While many of the enterovirus 

infections, such as those caused by poliovirus, may be asymptomatic, symptomatic 

infections may be as high as 95% during outbreaks of hepati tis (Lednar et al. 1985). 

21 

A great deal of information is available on the removal of enteroviruses by sewage 

treatment and many studies have been conducted on their occurrence in sludge (Leong 

1983). 

Rotaviruses are now recognized as a major cause of childhood gastroenteritis, 

sometimes resulting in dehydration and death in infants and adults (Gerba et al. 1985). 

Several waterborne outbreaks have been documented (Gerba et al. 1985; Williams and 

Akin 1986) and the virus isolated from sewage sludges (Gerba 1986). 

The Norwalk virus has been demonstrated to be the cause of numerous 

waterborne outbreaks of epidemic gastroenteritis (Gerba et al. 1984). Since methods 

have not been developed for its isolation in cell culture, its occurrence and 

concentration in sewage sludge is unknown. Astroviruses, caliciviruses, coronaviruses, 
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and several other norwalk-like agents have been associated with human gastroenteritis, 

but little is known about them. Laboratory methods are currently not available to 

study most of these agents and they await further characterization. 

Adenoviruses primarily cause respiratory infections and eye infections, although 

several new types have been found associated primarily with gastroenteritis (Gary et 

al. 1979). 

Hepatitis E virus has recently been recognized as a cause of waterborne 

disease outbreaks in Asia and Africa, and has recently been grown in cell culture 

(Huang et al. 1992). It appears to be related to the Calciviridae family. 
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Incidence of Pathogens in Sludge 

Concentrations and types of pathogens in sludges depend on two principal 

factors, the incidence of infection within a community and the type of sludge 

treatment. Season, climate, and sanitation are major factors determining the pathogen 

load that a wastewater treatment plant will receive. Various sludge treatment 

processes, such as anaerobic digestion and dewatering, will act to reduce numbers of 

some pathogens initially present. 

Pathogen Concentrations in Primary Sludge 

Most microbial species contained in raw sewage are concentrated in sludge 

during primary sedimentation. Enteric viruses have too little mass to settle alone, but 

because of their strong binding affinity to particulates, they also are concentrated in 

sludge (Ward and Ashley 1977). 

Densities of microorganisms shown in Table 2 represent typical, average values 

detected by various investigators. Different sludges may contain significantly greater 

or less numbers of any organism as determined primarily by the kind of sewage from 

which the sludge was derived. The quantities of pathogenic species will be especially 

variable depending on which are present in a community at any particular time. 

Indicator organisms are normally present in fairly constant amounts. Because 

concentrations determined in any study are dependent on the assays for each microbial 

species, these concentrations are only as accurate as the assays, due to inefficient 

recovery of viruses from environmental samples. 



TABLE 2, Densities of microbial pathogens and indicators in primary sludges: 

Type 

Virus 

Bacteria 

Protozoa 

Helminths 

Ol'ganism 

Various enteric viruses 

Bacteriophages 

Total coliforms 

Fecal coliforms 

Fecal streptococci 

Salmonella sp. 

Clostridia sp. 

Mycobacterium tuberculosis 

Giardia sp. 

Ascaris sp. 

Trichuris vulpis 

Toxocara sp. 

-Modified from Ward et al. 1984 

Density(#/g dlY wt) 

102 to 104 

105 

108 to 109 

107 to 108 

106 to 107 

102 to 103 

106 

106 

102 to 103 

102 to 103 

102 

101 to 102 

24 
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Pathogen Concentrations in Secondary Sludge 

The secondary sludges of concern in this report are produced following 

biological treatment of wastewater. Microbial populations in sludges following these 

treatments depend on the initial concentrations in the wastewater, die-off or growth 

during treatments, and the association of these organisms with sludge (Ward et al. 

1984). Some treatment processes such as the activated sludge process have a 

deleterious effect on enteric microbial species. Viral and bacterial pathogens have 

been reduced in concentration by activated sludge treatment. Even so, the ranges of 

concentration in secondary sludges obtained from this and most other secondary 

treatments are usually not significantly different from those of primary sludges. 

Examples are shown in Table 3. 



TABLE 3, 

Type 

Virus 

Bacteria 

Protozoa 

Helminths 

Densities of pathogenic and indicator microbial species in secondary 
sludges· 

Organism Density (#/g day wt) 

Various enteric viruses 3 x 102 

Total coliforms 7 x 108 

Fecal coli forms 8 x 106 

Fecal streptococci 2 x 102 

Salmonella sp. 9 x 102 

Giardia sp. 102 to 103 

Ascaris sp. 1 x 103 

Trichuris vulpis < 102 

Toxocara sp. 3 x 102 

·Modified from Ward et al. 1984 

26 
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Methods of Sewage Sludge Treatment and their Efficacy in Pathogen Removal 

Sludges resulting from the treatment of domestic sewage need to be treated 1) 

to reduce organic matter and water content, 2) to remove unpleasant odors from the 

incomplete oxidation of organic matter, and 3) for the purposes of this discussion, 

reduce the concentration of pathogens to proposed USEPA regulations. There are four 

basic methods of sludge treatment each with its own unique advantages and 

disadvantages. These treatment processes include mesophilic or thermophilic 

anaerobic digestion, aerobic sludge digestion, composting, and lime stabilization. In 

light of the new regulations, treatment facilities may use a combination of these 

methods to achieve the desired pathogen reduction. 

Anaerobic digestion can be mesophilic (temperature from 30° to 38°C) or 

thermophilic (50° to 60°C) (Pederson 1983). High-rate reactors are commonly used to 

mix the sludge under anaerobic conditions, and the reaction is heated to either 

mesophilic or thermophilic conditions. Low-rate reactors, which are more typical of a 

septic tank system, allow the sludge to settle, and reactions proceed anaerobically for 

30 to 60 d. Larger municipalities use anaerobic digestion to treat sludge, because 

methane gas produced during the process can be recovered and used to supply some of 

the energy needs of the facility (Bitton 1980). It has the additional advantage of not 

requiring an input of air or oxygen into the system, which is a costly feature in 

treatment facilities using aerobic digestion to treat sludge (Pederson 1983). 

Reduction of pathogenic microorganisms by anaerobic digestion is both time 
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and temperature dependent. Thermophilic digestion and longer detention times favor 

greater reduction of potential pathogens (Ward and Ashley 1977). In general, a plant 

using mesophilic digestion with a mean retention time of 14 to 15 d can expect one to 

two log)o removal of total coli forms, fecal coli forms, and fecal streptococcus (Berg and 

Berman 1980; Jewell et al. 1980; Lue-Hing et al. 1977; Pederson 1983). Helminth 

ova apparently survive anaerobic digestion with little reduction in viable numbers 

(USEP A 1986). 

Smaller treatment facilities may use aerobic digestion to treat sewage sludge 

(Bitton 1980). Temperatures for aerobic digestion are usually mesophilic (37°C) with 

a mean retention time of 10 to 20 d. Air must be pumped into the reaction tanks, 

which increases costs due to the energy input. Pathogen reduction may also be limited 

(Pederson 1983). Conversion of organic matter into carbon dioxide and water lead to 

decreased carbon sources for bacteria, hence numbers of bacteria are most likely 

reduced due to nutrient deprivation. Less than a one 10glO reduction of enterovirus was 

observed when aerobic digestion was used to treat sludge (Bitton et al. 1984; cited by 

Pederson 1983). 

Mesophilic composting is another means of sludge treatment. Liquid sludge is 

mixed with a bulking agent such as wood chips, dry compost, or municipal refuse. 

Naturally occurring microorganisms within the pile can increase the temperature inside 

to 60°C or greater (Pederson 1983). The temperature increase is due to oxidation of 

utilizable substrates present in sludge by microorganisms (Atlas and Bartha 1987). 
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After nutrient sources are exhausted, the pile cools to ambient temperatures and the 

organic matter of the sludge has been mineralized to CO2 and H20 or transformed into 

humic-like substances similar to stable soil organic matter. There are three basic 

methods of composting. 

In the windrow system, sludge is mixed with other materials and formed into 

long piles perhaps 2.25 m high, 3 m wide, and at least 6 m long. Piles are turned 

periodically to allow aeration. Total time can take 6 to 10 wk depending on climate 

and the specific composting mix. In the Beltsville system, developed in Beltsville, 

MD, air is blown into or sucked through the compost pile to achieve the desired 

aeration of the compost pile. This increased aeration shortens the composting period 

to 3 to 4 wk. The rotating drum method is a system where the sludge compost is 

contained in a well aerated rotating drum for 2 - 3 d. Temperatures in this system can 

exceed 70°C. This system controls the environmental factors affecting the composting 

more than the previous two methods. 

The main factor controlling the fate of pathogens would be temperature and 

time. Temperatures within the pile are extreme enough to inactivate enteric viruses 3 

to 4 10glO (Cramer and Burge 1975; Ward and Ashley 1978; cited by Pederson 1983), 

indicator bacteria 3 to 4 log10 (Epstein et al. 1976; Lacoboni and Lebrun 1977 cited by 

Pederson 1983), and possibly protozoan and helminth parasites ( i.e. 3 10glO for Ascaris 

lumbricoides at temperatures of 50°C for one hour) (Cramer and Burge 1975 cited by 

Pederson 1983). However, temperatures at the outer edges of the pile are not expected 
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to be lethal to microorganisms, and the pile could become reinoculated by turning the 

pile. In fact even at the center, where temperatures are most extreme, the number of 

viable and culturable mesophiles can be in excess of 108/g of compost (Atlas and 

Bartha 1987). Regrowth of bacterial pathogens such as Salmonella is also a 

possibility . 

A fourth method for treating sludge is lime stabilization (Pederson 1983). In 

this process, liquid sewage sludge is mixed with a sufficient amount of lime to raise 

the pH to 12.0 for at least 2 hr. At this pH, the NH4 + ion is deprotonated resulting in 

the production of ammonia gas. The combination of high pH and ammonia can reduce 

enteroviruses by 4 orders of magnitude (Sattar et al. 1976), coliform indicator bacteria 

2 to 7 orders of magnitude (Counts and Shuckrow 1974) but very little reduction of 

fecal streptococcus indicator bacteria (Counts and Shuckrow 1974), and no reduction 

of parasites (Remiers et al. 1980). 

Other non conventional treatment or disinfection processes such as heat drying, 

pasteurization, heat treatment, and y-irradiation will also act to reduce the numbers of 

pathogens present in sludge before disposal. Their effectiveness on pathogen removal 

is discussed by Ward et al. (1984). 



A summary of expected microbial reduction by the various sludge treatment 

processes is listed in Table 4. Expected concentrations of viruses after digestion of 

sludge are listed in Table 5. It is important to note that despite a 1 to 2 Log1o 

decrease in bacterial and viral numbers, significant concentrations of these pathogens 

persist after sludge treatment (Pepper and Gerba 1989; Soares 1990). 
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TABLE 4, Summary of microbial reduction during sludge treatmentS 

Treatment 

Anaerobic digestionC 

Aerobic digestion 

Composting 

Air Dryingd 

Lime stabilization 

°Modified from Ward et al. 1984 

Bactelia 

1-2 

1-2 

2-3 

2-3 

2-3 

Reductionb 

VilUses 

2-3 

1-3 

3 

bScale: 0-- <0.5 orders of magnitude « 10% reduction) 

1-- 0.5 to 2 orders of magnitude (99% reduction) 

2-- 2 to 4 orders of magnitude (99.9% reduction) 

3-- > 4 orders of magnitude (99.99% reduction) 

cmesophilic temperatures (27° to 37°C) assumed. 

dEffects depend on moisture levels. 

Parasites 

o 
o 

2-3 

1-3 

o 

32 



TABLE 5, Virus concentrations in digested sludgesD 

Organism 

Enteroviruses 

Rotaviruses 

BModified from Ward et al. 1984 

bND = not determined 

Anaerobic 

0.2 - 210 

14 - 485 

Type of Treatment 

(pel' g dlY wt) 
Aerobic 

0-260 

NDb 
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Land Disposal of Sewage Sludge 

Amendment of sewage sludge to non-food agricultural production lands is 

perhaps the most economical means of sewage sludge disposal. Disposal of liquid 

anaerobically digested sewage sludge (1 to 2% solids) benefits agriculture both by its 

fertilization and irrigation value (Straub et al. 1992a). There are three methods in 

which liquid sludge is applied to land: 1) surface spreading by tankers, 2) surface 

spreading by rain gun, and 3) sludge injection. 

Surface spreading by tankers is perhaps the most cost effective method to 

dispose sludge. One disadvantage of this method is the uneven spreading of sludge 

(Wallis and Lehman 1983). This is mostly due to problems associated with 

maintaining constant speed of the tanker and uneven topography of the field. As a 

result, the sludge tends to accumulate in pockets. The second disadvantage is the 

amount of sludge that can be loaded on the field is regulated by soil compaction, 

which relates to the increase in bulk density of the soil from sludge application. 

Pepper et al. (1991) reported that sludge application increased bulk density of the clay 

loam and silty clay loam soils to the point where soil respiration and hence plant 

growth was actually reduced. Usually the application is worked into the soil within 

the hour of sludge application (Wallis and Lehman 1983). 

When sludge is applied by rain guns, solids n"eed to be less than 1 to 2%. 

Irrigation sprayers are often modified to allow the sludge to pass through the sprayer. 

This method has similar problems to surface spreading. It may also lead to 



aerosolization of pathogenic microorganisms. As with surface spreading, the sludge 

should be worked into soil as soon as possible. 
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Subsurface sludge injection reduces the problem of uneven spreading 

characteristics of the previous two methods. Sludge injectors provide a continuous 

ribbon of sludge at preset depths and rates. It also has the advantage of reducing odor 

and animal vectors that may carry pathogens significant distances from the disposal 

site. Its major disadvantages are expense of the equipment and prolonging the survival 

of pathogenic microorganisms due to reduced desiccation, extremes of temperature, 

and ultraviolet from the sun (Wallis and Lehman 1983). 

If the solids content of sludge is greater than 15% (dewatered stabilized and 

unstabilized), the sludge may be disposed of in a landfill. The kind of landfill depends 

on site characteristics and the characteristics of the sludge itself. 

Sewage sludge stabilized by thermophilic composting with other organic 

materials such as wood chips, decaying plant material or other solid waste converts the 

organic material within the pile to organic matter similar in structure to soil organic 

matter (Atlas and Bartha 1987). The finished compost can be sold as fertilizer on a 

small scale basis (home gardening projects) or pelleted for agricultural use. 



36 

Survival of Viruses in Sludge Amended Soil 

In a recent study, Straub et al (1992) investigated the fate of three different 

viruses in two desert soils amended with anaerobically digested sludge. The viruses 

used were poliovirus type 1, a typical enteric virus routinely isolated from sewage; and 

two bacteriophages, MS2 and PRD-1, used extensively to model the fate of enteric 

viruses in the field. Soils used were a clay loam typical of the agricultural land where 

sludge is applied routinely and a sandy loam soil typical of land adjacent to dry 

washes. The investigators were interested in the survival of viruses at constant 

temperature and soil moisture and the combined effects of temperature and moisture 

loss. 

When both temperature and soil moisture were maintained, temperature was the 

key factor in determining virus survival. In general as temperature increased, virus 

survival decreased. However, while this assumption generally holds true for all 

viruses in soil (Bagdasar'yan 1964; Yeager and O'Brien 1979), each kind of virus has 

quite different survival characteristics. MS2, used to model the fate of poliovirus 

based on its size and structural similarities (Powelson et al. 1991), was found to be 10 

X less resistant to thermal inactivation than poliovirus. However, poliovirus was even 

less resistant to thermal inactivation than PRD-l. There was no observable 

inactivation of bacteriophage PRD-l until the temperature was increased to 40°C. 

In this study all three viruses survived longer in sludge-amended clay loam 

soils than in sludge-amended sandy loam soils. This was observed for MS2 in the 15° 
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and 2rC study, poliovirus in the 15° and 27°C study, and PRD-l in the 40°C study. 

Gerba et al. (1981) and Hurst et al. (1980) reported similar observations and suggested 

that charges on the clay mineral stabilize the nucleic acid if adsorbed to the particle. 

This stabilization may prevent soil nucleases from attacking viral nucleic acids. 

Although viruses can remain viable longer in sludge amended clay loam soils, 

saturated hydraulic conductivity could be much less, depending on soil structure, than 

sludge amended sandy loam leading to retention of the viruses at the surface due to 

restricted water movement through the soil. 

Straub et al. (1992) further studied the combined effects of temperature and 

evaporation. The design was similar to constant moisture studies except that, moisture 

was allowed to evaporate. When soil moisture decreased from 35% (approximately 

saturated conditions) to less than 5%, no virus was recovered after 7 d regardless of 

temperature. In some cases, viruses were more rapidly inactivated in drying sludge

amended clay loam soils than drying sludge amended sandy loam soils even though 

moisture contents were similar. This was contrary to the belief that clay soils protect 

viruses from inactivation more than sandy soils. The authors explained that matrix 

potentials would be a better indication of water availability for biological activity, and 

that soils at identical water content have different matrix potentials. A clay loam and 

a sandy loam at 10% moisture may have matrix potentials of -30 bars and -10 bars, 

respectively. In the absence of matrix potential data, a previous study on virus 

survival in soil reported that the critical soil moisture content for virus was 
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approximately 2.9% (w/w) in a New Mexico coarse sandy loam (Yeager and O'Brien 

1979). At soil moisture above 2.9%, virus survival was a function of temperature. 

Below 2.9%, evaporation was the factor governing inactivation. It was further shown 

by radioactive labeling that, at or below this moisture conformational changes occurred 

in the protein capsid causing the nucleic acid to be ejected. Naturally occurring 

nucleases in the soil quickly degraded the intact nucleic acid sequence, indicating that 

viruses were not irreversibly adsorbed to soil. 

When virus survival in sludge-amended soil is assessed in the field, res!lits will 

vary depending on climate, method of sludge disposal, and, if applied to agricultural 

land, irrigation practices. Cold and moist climates tend to favor increased viability 

while hot and dry climates favor rapid inactivation of viruses (Bagdasar'yan 1964; 

Yeager and O'Brien 1979). Moisture can be maintained by frequent rainfall events 

and by irrigation. Additionally, deep burial can lead to decreased evaporation. 

Surface spreading of sludge may be beneficial since maximum exposure to air leads to 

greatest evaporation. 

Sorber and Moore (1987) were able to recover viruses from a sludge burial site 

in Montana 6 months after the last disposal in October. The two main factors for the 

prolonged virus survival were low winter temperatures and burial depth. Soil 

temperature in Montana from October through April is less than SoC. Additionally, 

burial of liquid sludge would impede evaporation. Free waterflow would equilibrate, 

but would likely not reach the critical moisture content suggested by Yeager and 
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O'Brien (1979). 

Bitton, et al. (1984), studied survival of viruses in Florida during the hot and 

dry season. Sludge was injected 10 cm below the soil surface where the average soil 

temperature was 27°C. These investigators were unable to recover viruses 8 d post

sludge injection. The two factors of higher soil temperature and evaporation probably 

combined lead to the rapid inactivation. Here, evaporation would be possible at 10 cm, 

and it is often observed that liquid sludge injected at this depth can rise to the surface, 

especially if hydraulic conductivity of these soils is moderately low. 

Straub et al. (1993) investigated survival of poliovirus and MS2 in the field 

during winter and summer in Arizona. During the winter months, no inactivation of 

poliovirus was observed after 10 d and less than a 2 logto reduction of MS2 virus was 

observed. Frequent winter rains maintained soil moisture content at approximately 

field capacity. When repeated in the summer, both viruses were inactivated within 7 d 

after addition to freshly sludge-amended soil. Soil temperature averaged 33°C. Soil 

moisture content varied from near saturation at the start to dryness two d later, 

followed by saturation towards the end of the study by summer thundershowers. 

According to a USEPA report (US EPA, 1985), there is little evidence linking 

groundwater contamination with sludge-amended soils, although few field studies have 

been conducted. 

Studies in which laboratory grown viruses have been used have, for the most 

part, yielded mixed results relative to virus movement through soil. The current 
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hypothesis is that viruses in sludge are adsorbed to sludge flocs and, when sludge is 

amended to soil, these viruses remain in the sludge:soil matrix and are not easily 

mobilized. In support of this hypothesis, Damgaard-Larsen et al. (1977) studied the 

survival and movement of enteroviruses in field Iysimeters in Sweden. Lysimeters 

were filled with soil and then amended with sewage sludge seeded with laboratory 

grown poliovirus and echovirus. These studies were conducted during winter when 

virus survival was prolonged. Results revealed that neither of these viruses were 

recovered from the leachate. However, viruses were recovered from the fraction 

containing the sludge:soil matrix for up to 6 mon after initial seeding. This led to the 

conclusion that viruses are effectively retained in the sludge:soil matrix. 

Pancorbo et al. (1988) studied poliovirus transport in sludge-amended soil using 

soil columns. Poliovirus was added to sewage sludge, which was then conditioned 

using chemicals or polyelectrolyte solutions. The sludge was dewatered and then 

applied to columns containing fine sandy loam soils. The columns were leached with 

distilled water for up to 10 pore volumes to simulate rainfall. These investigators also 

failed to demonstrate migration beneath the sludge:soil layer. 

In both studies, the investigators selected polio and echovirus. The problem 

with using these viruses is that both are highly adsorbed in soil regardless of the 

suspending medium (Hurst et al. 1980a). When wastewater effluent seeded with 

poliovirus and echovirus was applied to land, Hurst et al. (1980b) found that maximum 

downward poliovirus migration was 5 to 10 cm in 5 d and maximum downward 



41 

migration distance of echovirus was approximately 100 fold less under the same 

conditions. In contrast, Gerba and Bitton (1984) reported that coxsackie B3 virus was 

able to migrate 18.3 m when sewage effluent was applied to land used for artificial 

groundwater recharge. Downward migration from sludge-amended soils using viruses 

that adsorb poorly to soil like Group B coxsackie has not been studied. 

In summary, virus migration from sludge-amended soil appears to be limited, 

but it is unclear if the reasons for this are that viruses are adsorbed to the sludge floes, 

soil, or both. Only a limited number of virus groups have been studied to date. 
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Molecular Detection Methods for Pathogens in Sludge and Soil 

The methods currently used to detect pathogens in the environment have been 

criticized. In recent years, this criticism has focused mostly on the use of culture 

media (bacteria), mammalian cell lines (viruses), and fluorescent antibodies (protozoa) 

to detect specific pathogens in the environment. Specific media are not always 

available for selective isolation of different strains of pathogens. In addition, 

organisms are often "injured" when introduced into foreign environments such as 

sludges or soils, and may be viable but non-culturable (Roszak and Colwell 1987). 

Such viable but non-culturable cells may still be infective, and yet not detected by 

culturable assays. Finally, detection of small numbers of pathogens in the presence of 

vast numbers of indigenous organisms in environmental samples requires extremely 

sensitive assays. The emergence of recombinant DNA technology has resulted in new 

detection assays with improved specificity and selectivity. In vitro amplification of 

deoxyribonucleic acid (DNA) via polymerase chain reaction (PCR) or ribonucleic acid 

via reverse transcriptase-PCR (RT-PCR) allows improved detection of bacterial and 

viral pathogens in environmental samples (Josephson et al. 1991; Abbaszadegan et al. 

1992). 

The advantages of PCR for the detection of viruses are 1) it is a fraction of the 

cost for a comparable tissue culture assay, 2) detection of viruses is reduced from 8 

weeks to less than 24 hours and 3) non tissue culture infectious virus can be detected 

using this method. This is especially important for the Norwalk and Caliciviruses 
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since to date, no tissue culture methods have been developed for their detection. 

PCR detection methods for enterovirus have been developed for viruses in 

ground- and surface- water samples. Abbaszadegan et aI., 1993, utilized a 

combination of Sephadex and Chelex resins to remove PCR interfering compounds 

from samples obtained from groundwater. Subsequent reverse transcriptase PCR 

allowed specific detection of enteroviruses to the 0.2 plaque forming unit (PFU) level. 

Schwab et al. 1991, used a concentration method which combined the use of 

polyethylene glycol extraction and ultrafiltration to detect enteroviruses, rotaviruses 

and hepatitis A virus in water and wastewater samples. After concentration followed 

by subsequent treatment of the sample using Sephadex G-200 spun columns, 

sensitivity of PCR for this procedure samples was reported to be 0.05 PFU. There 

have been reports of detection of g. coli (Tsai et aI., 1993) and attempts to detect 

Human immunodeficiency virus (HIV -1; Ansari et aI., 1992) and enteroviruses 

(Kopeck a et aI., 1993) in sludge using PCR. For viruses, Ansari et aI, 1992 was 

unable to detect HIV-l in any of the sewage sludge samples. Kopecka et aI., 1993, 

detected enteroviruses in 6 of 10 activated sludge samples using PCR followed by 

Southern hybridization. However, all ten of those samples were positive for 

enteroviruses using tissue culture. 

The major obstacle for detection of enteric viruses using PCR is the removal of 

organic molecules of biological and industrial origin (Muller-Wegener, 1992) as well 

as the removal of heavy metals including iron, cadmium, nickel and lead (Higuchi, 
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1992). Both organics and metals have been shown to inhibit the reverse transcription 

and nucleic acid amplification reactions. 

Overall, these novel molecular tools have the potential of becoming a 

presumptive test for the detection of pathogenic microorganisms in environmental 

samples with improved specificity and sensitivity. However, we are currently at the 

developmental stage and much research is needed. 
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Dissertation Format 

The research reported in the appendices of this dissertation consists of three 

related experiments designed and undertaken by the candidate: 1) optimization of peR 

for raw and anerobically digested sludge, 2) the ability to detect enteroviruses in 

sl udge amended to 16 different soils using PCR and 3) sensi ti vi ty of PCR detection of 

enteroviruses in sludge amended soil combined with a report on Tucson area soil 

samples where sludge has been applied on a continuous basis. There are two 

advantages for using this format. Each candidate for the advanced degree in the 
........ ' "-

Department of Soil and Water Science is expected to submit their original research to 

peer reviewed scientific journals for publication. By using this format, these papers 

will essentially be ready for publication. Restrictions on grant money used to support 

this project prohibit copyrighting of this dissertation but allow the results to be 

published in said scientific journals. 

Each of these papers represent the candidate's original dissertation research. 

Drs. Pepper and Gerba are co-principal investigators of the grant and serve to advise, 

but not design the candidate's research. Likewise, preparation and submission of the 

manuscripts were undertaken by the candidate. Drs. Pepper and Gerba served as co-

editors of the manuscripts. 
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5. PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important 

findings. 

Recovery of viruses from sludge and sludge amended soil involves elution of 

these samples with beef extract. Previous investigators have found that, prepared as a 

3% solution, beef extract provides the greatest recovery efficiency of viruses from 

sludge and sludge amended soils. After fluorocarbon (freon) extraction and 0.2 Ilm 

filtration, the beef extract eluents can be screened for enteric viruses by cell culture. 

However, as shown in the following studies, these eluents contain substances that 

interferes with detection of the viruses using PCR. 

All three papers describe the combined use of size exclusion chromatography 

(Sephadex G-50) and ion exchange chromatography (Chelex-IOO) to remove 

compounds in these beef extract eluents that may interfere with PCR detection of 

human enteric viruses in sludge and sludge amended soil. 

The first article discusses detection of naturally occurring enteroviruses using 

cell culture methods and PCR. Detection of hepatitis A virus in these samples was 

determined using PCR only. Indigenous enteroviruses were detected in all eight of 

the sludge samples after double PCR or seminested PCR. The concentration of 

enteroviruses determined by the most probable number method (MPN) in cell culture 

in undigested sludge ranged from 57 MPN/ml to 67 MPN/ml of sludge while the 
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enterovirus concentration in digested sludge ranged from <0.2 MPN/ml of sludge to 

0.81 MPN/ml of sludge. After double PCR, hepatitis A virus (HA V) was detected in 

3 of 4 undigested sewage sludge and in all 4 anaerobically digested sludge samples. 

The Second paper discusses development of a method to detect enteroviruses 

using PCR in sludge and sludge amended soil. Anaerobically digested sludge from the 

Ina Road Wastewater Treatment Plant in Tucson, Arizona was applied to 10 different 

U.S. soils. The purpose of this was to determine if the use of Sephadex G-50 and 

Chelex-l00 to remove PCR interfering substances could be applied to any soil sample. 

The soils used ranged from humic organic type soils to soils with high mineral 

content. When samples were seeded with 103 plaque forming units of poliovirus type 

1 and subjected to reverse transcription followed by 30 cycles of PCR, amplification 

products were observed for all 10 ten soil samples. Unseeded but Sephadex Chelex 

treated samples were also subjected to 30 cycles of PCR followed by an additional 30 

cycles of PCR using a technique called "seminested PCR". Viruses indigenous to 

sludge were detected in all ten samples suggesting the applicability of PCR to detect 

viruses in field soils using PCR. 

In the third study, a replicated field study was conducted on an experimental 

farm that had received sludge for the past 7 years to determine the presence of 

indigenous enteroviruses. Sensitivity of PCR analysis implied that soils where no 

amplification products were observed after 60 cycles of PCR (30 + 30 seminested 

PCR) contained less than 200 viruses I g of soil. No enteroviruses were detected in 
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soils from this farm using cell culture methods. However, peR analysis (30 + 30 

cycles seminested peR) of these soils revealed that 19 of the 24 samples were 

positive. In addition, these viruses were detected up to 2 m deep and in plots 

receiving no sludge to determine if the reason that viruses were detected in the no 

sludge plot was due to contamination of the equipment, two soil samples sere collected 

from a nearby farm that did not receive sewage sludge and was irrigated with 

groundwater. peR and tissue culture analysis failed to detect virus in these samples 

implying that the results obtained from the experimental farm were accurate. 

Results from the third study implied that, despite sample collection three 

months after the last sludge application, viruses could be detected by peR. This 

implied that the mechanisms of viral inactivation may only involve modifications of 

the protein coat that do not lead to ejection and hydrolysis of the RNA genome. 

Detection to the 2 m depth also raised the concern that viruses could migrate in the 

vadose zone after sewage sludge disposal which was contrary to the hypothesis that 

viruses remain adsorbed to sludge and could not be transported significant distances 

through the subsurface. 

These results suggest that peR was optimized for the detection of human 

enteric viruses in sludge and sludge amended soils. It also suggests that this test may 

be a useful presumptive test for viral contamination of a site after sewage or sludge 

disposal. Samples that are determined positive by peR should be confirmed, if 

possible, in cell culture to determine if these viruses are infectious. 
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Abstract 

Polymerase chain reaction (PCR) detection of enteric viruses in undigested and 

treated sewage sludge may offer a rapid method for the detection of these pathogens 

and provide information regarding their distribution in the environment following land 

application. Four undigested and four anaerobically digested sludge samples for which 

the concentration of enteroviruses had been determined by tissue culture were 

subsequently analyzed for enteroviruses and hepatitis A virus by PCR. Concentrated 

samples for PCR were prepared by elution of sludge solids with 3% beef extract, 

organic concentration of the beef extract eluent with HCI, and resuspension of the 

precipitate in III Ollt of the original volume of the sludge (final volume of 30 ml). 

Concentrates were further treated using Sephadex G-50 and Chelex-l00 spun columns 

and then subjected to RNA-PCR. Indigenous enteroviruses were detected in all eight 

of the sludge samples after double PCR or seminested PCR. The concentration of 

enteroviruses determined by the most probable number method (MPN) in undigested 

sludge ranged from 57 MPN/ml to 67 MPN/ml of sludge while the enterovirus 

concentration in digested sludge ranged from <0.2 MPN/ml of sludge to 0.81 MPN/ml 

of sludge. After double PCR, hepatitis A virus (HA V) was detected in 3 of 4 
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undigested sewage sludge and in all 4 anaerobically digested sludge samples. The 

process of elution of sludge solids, concentration of the eluate, treating samples using 

Sephadex and Chelex, PCR and product visualization took 24 hours to complete. 

These results suggest that PCR may be a sensitive, rapid and useful presumptive test 

for the detection of enteric viruses in undigested and anaerobically digested sludge. 
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Introduction 

Enteric virus reduction during treatment of municipal sewage sludge will vary 

depending on the type of treatment, length of treatment and temperature. Soares (12) 

found that numbers of virus (based on the most probable number [MPND after 

mesophilic anaerobic sludge digestion varied from < 0.2 MPN/ml to 1,000 MPN/ml. 

Improper treatment can introduce significant numbers of these pathogens on 

agricultural lands that use sewage sludge as an inexpensive source of fertilizer. 

Rapid detection of enteric viruses in environmental samples using the 

polymerase chain reaction (peR) is possible for water samples (1), wastewater effluent 

(3,10), and, to some extent, activated sludge (6). Detection of viruses by PCR has 

several advantages that include reduced cost (approximately 1/41h the cost of tissue 

culture), reduced detection times «24 hours), and because only intact nucleic acid 

sequences are required, viruses which do not replicate in tissue culture such as 

Norwalk and Calicivirus can be detected. In addition, sensitivity of PCR can be 10 to 

50 times more sensitive than tissue culture (1,10). 

However, detection of enteric viruses in sewage sludge has been more difficult. 

Ansari et al. (3) was able to detect viruses in sl udge using tissue culture but could not 

detect them using PCR. Kopecka et al. (6) detected viruses in 10 samples of activated 

sludge via tissue culture. The titer per 5 ml of activated sludge ranged from 3 

microtiter wells showing cytopathic effect to 15 microtiter wells showing CPE with an 

average of eight. When these same samples were analyzed using PCR, 6 of 10 
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samples were positive. When the remaining four samples that were negative for PCR 

were seeded (103 plaque forming units [PFU]) with poliovirus type 1, no amplification 

was observed. These investigators concluded that compounds present in sludge 

inhibited detection of viruses by PCR which in turn decreased sensitivity. 

Sewage sludge is a complex mixture of organic and inorganic compounds of 

biological and industrial origin. Removal of these compounds may require several 

steps to reduce organic matter and heavy metal ions respectively for successful PCR 

amplification (5,7). Tsai et aI., (14) utilized a combination of enzymatic digestion, 

phenol chloroform extraction, and purification with Sephadex G-200 to detect E. coli 

in sewage sludge. Abbaszadegan et aI., (1) used a combination of Sephadex G-100 

and Chelex-100 to remove PCR inhibiting compounds in water samples. Sensitivity of 

virus detection using this treatment method was 0.1 PFU. 

Pima County, Arizona is currently monitoring undigested and anaerobically 

digested sewage sludge for fecal coliforms and viruses using culture methods. The 

concentration of enterovirus in eight sludge samples (four undigested and four 

anaerobically digested sludge samples) had been previously determined. These 

samples were prepared by the beef extract elution and concentration procedure 

described in Soares (12). The objective of this study was to detect enteroviruses and 

hepatitis A virus in these sludge concentrates using PCR by modifying the Sephadex

Chelex treatment method described in Abbaszadegan et ai. (1). 



Materials and Methods 

Raw and treated sludge 
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Undigested and anaerobicaIly digested sludge samples were collected at the Ina 

Road Wastewater Treatment Plant in Tucson, Arizona in sterile 1 L polypropylene 

bottles (Nalgene; Nalge Co., Rochester, NY). The samples were transported back to 

the laboratory and stored at 4°C until processed. Samples were processed by the beef 

extract elution and concentration procedure described in Soares (12) within 48 hours 

after samples had arrived at the laboratory. Viruses in a 500 ml liquid sludge sample 

were initially concentrated by addition of 0.25 ml of 0.0005 M AICI3 and drop-wise 

addition of 1 N HCI to pH 3.5. The mixture was stirred for 30 min, then decanted 

into sterile 250 ml centrifuge bottles (Nalgene; Nalge Co., Rochester, NY) and 

centrifuged for 30 min. at 15,300 x g (JA-14 rotor; Spinco Division, Beckman 

Instruments, Palo Alto, Calif.) The pellet was resuspended using 500-ml of sterile 3% 

beef extract (Beef Extract V; BBL Microbiology Systems, Cockeysville, MD) buffered 

to pH 7.0 ± 0.1 with 7.3 gIL Na2HPOiEM Science, EM Industries Inc., Cherry Hill, 

NJ) and 1.1 g of citric acid per liter (Mallinckrodt, St. Louis, MO). Viruses were 

eluted from this suspension by constant stirring at room temperature for 30 min. The 

suspension was again decanted into sterile 250-ml centrifuge tubes and centrifuged for 

30 min at 15,300 x g. The supernatant containing the virus was passed through a 

Whatman #1 filter (Whatman; Maidstone, England) with the aid of vacuum filtration 

through a stainless steel vacuum filtration funnel (Gelman; Ann Arbor, MI). Viruses 
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in the filtrate were concentrated by acid flocculation of the beef extract proteins by 

adjusting to pH 3.5 with 1 N HCI. After 10 min at pH 3.5, the mixture was placed 

into 250-ml sterile centrifuge tubes, and the resulting pellet was collected by 

centrifugation for 10 min at 15,300 x g. The pellet was dissolved in 30-ml of 0.15 M 

N~HP04 and adjusted to neutrality with either 1 N HC) or 1 N NaOH. Toxicity and 

other microbial contaminants were reduced by extraction of the concentrate with an 

equal volume of freon (1,1,2 trichlorotrifluoroethane; EM Science, EM industries inc., 

Cherry Hill, NJ) using the method described in Straub et aI., (13). The aqueous phase 

was removed and passed through a series of 0.45 /-lm and 0.20 /-lm low protein binding 

cellulose acetate filters (Nalgene; Nalge Co., Rochester, NY). The concentrate was 

stored at -20°C until cells for the enterovirus assay were ready. 

Tissue culture assay of enteroviruses in sludge 

Enumeration of enteroviruses in raw and anaerobically digested sludge samples 

was determined by a most probable number (MPN) dilution series using the methods 

described in Standard Methods for the Examination of Water and Wastewater (2). 

Cells were grown for 5 days at 37°C in 75 cm2 flasks (Corning; Corning, NY). The 

growth media consisted of IX minimal essential media, 5% fetal bovine serum, 200 

mM glutamine, and antibiotics (kanamycin [100 /-lg/ml], penicillin [100 IU] and 

mycostatin [104IU]) and buffered to pH 7.2 with 7.5% sodium bicarbonate and 1 M 

hepes buffer (N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid; Research 

Organics, Cleveland, OH) Growth media was decanted and the monolayer in each 
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flask was washed once with sterile tris buffered saline (Trizma base; Sigma Chemical 

Co., St Louis, MO) by the method described in Straub et aI., (13). The wash was 

decanted and then flasks were inoculated with the appropriate dilutions of the 

concentrate. After allowing adsorption for 30 to 45 min, maintenance media (20 ml) 

consisting of IX minimal essential media (MEM), 2% fetal calf serum, glutamine (200 

mM) and antibiotics (kanamycin [1 OOllg/ml], penicillin or streptomycin [100 IV or 100 

Ilg, respectively per ml] and mycostatin [104 IV/miD was added to the flasks and 

buffered to pH 7.2 with 7.5% sodium bicarbonate and 1 M hepes buffer. These flasks 

were incubated at 37°C and observed daily for 14 days for cytopathic effects (CPE) 

indicative of viral infection. Each flask showing possible CPE was confirmed by 

freeze/thawing the cells and inoculating 0.1 ml of the lysate into flasks containing 

fresh cells. CPE within 2 to 5 days post infection in the fresh cell flask indicated the 

presence of virus. This was differentiated from bacterial contamination by 

simultaneously inoculating the filter purified (0.2 Ilm) sewage sludge concentrates into 

tubes containing Brain-Heart Infusion broth (test for aerobic bacteria,[12]; BHI broth; 

Difco Co., Detroit, MI) and Thioglycolate broth (test for anaerobic bacteria, [12]; 

Thioglycolate broth; Difco Co., Detroit, MI) and incubating these tubes at the same 

time and temperature as the tissue culture flasks. Failure of growth in these tubes 

combined with positive CPE indicated the presence of enteroviruses in these samples 

(12). 
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Most probable number was used to determine the concentration of virus in raw 

and treated sludge samples. It was determined by the following formula given in 

Standard Methods for the Examination of Water and Wastewater (2): 

number of positive flasks MPN 

ml ~----------------------------------------y(ml of sample in negative tubes) x (ml of sample in all tubes) 

Four raw and four anaerobically digested sludge sample concentrates from 

normal routine monitoring were chosen for peR studies. The MPN for enteroviruses 

in these samples is listed in Table 1. The concentration of hepatitis A in these 

samples was not determined. 

peR primers 

Enterovirus primer sequences used in this study were obtained from 

Abbaszadegan et al. (1). Their design is based on a highly conserved region among the 

enteroviruses (polio, coxsackie and echo) on the 5' non coding end of the genome. 

These primers are specific for poliovirus 1, 2, and 3, several group A and B coxsackie 

viruses and a number of echovirus strains. The internal primer, when used with the 

upstream primer in semi-nested peR experiments, produces a 105 bp product if these 

sequences are present. 

Hepatitis A virus primer sequences were obtained from a previously published 

sequence in Schwab et aI., (10). This primer set is based on a 192 bp region that 

codes for capsid A protein. 
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Processing undigested and digested sludge for PCR amplification 

Sludge concentrates that were considered ready for tissue culture assay required 

further purification before PCR could be performed. This was determined when 

concentrates seeded with 103 PFU of poliovirus type 1, failed to produce positive PCR 

amplification after 30 and 60 cycles of PCR for all eight samples. 

A method was developed based on the successful l!se of size exclusion 

chromatography (Sephadex G-50 DNA grade medium; Pharmacia, Piscataway, NJ) and 

ion exchange chromatography using Chelex-l00 (Bio-Rad Laboratories, Richmond, 

Calif.) resins to remove PCR interfering substances in groundwater sample 

concentrates (1). Sephadex G-50 was equilibrated in 1 X Tris-EDTA-NaCI buffer 

(TEN; 10 mM Tris-CI, 1 mM EDTA, 100 mM NaCI [9]) buffer, pH 8.3, overnight, 

and then autoclaved the day following. After allowing to cool to room temperature, 

spun columns were prepared using sterile 1 ml tuberculin syringes. The needles were 

discarded and the bottom of the syringe was plugged using a sterile chemwipe 

(Kimwipe EX-L Brand, Kimberly-Clark, Roswell, GA.). The syringes were filled with 

the G-50 slurry, then placed into 15 ml conical centrifuge tubes (Benton Dickinson, 

Lincoln Park, N.J.) and centrifuged at 400 x g for 5 min. in a fixed angle rotor in a 

bench-top centrifuge (International Equipment Co., Needham, Mass). The partially 

dehydrated beads occupied a volume of approximately 1 ml. The beads were washed 

2 times with sterile IX TEN, pH 8.3. The eluate was discarded and a sterile 1.5 ml 

microcentrifuge tube, in which the cap was removed, was placed into the centrifuge 
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tube. One hundred microliters of sample was carefully pipetted onto the partially 

dehydrated column and the beads were allowed to expand around the sample for 10 

min. The columns were spun at 400 x g for 5 min. The liquid (ca. 100 J.l\) was 

collected and then loaded onto a syringe column containing 1 ml (0.67 g dry weight) 

Chelex-l00. Chelex-IOO resin required no equilibration in buffer, and columns were 

packed by loading the resin directly into the column. The sample was worked into the 

resin by stirring with a micropipette tip attached to the micropipettor and all owed to 

stand for 30 min at 4°C. Columns were spun as before and the liquid was coIlected in 

a sterile 1.5 ml microcentrifuge tube. This process was repeated with 50 J.l1 (the other 

50 J.lI was stored at -20°C) of the eluate from the first Chelex-IOO column in the same 

manner stated above. The fluid from the second purification was used for the PCR 

experiments. 

Reverse transcription-PCR (RT -PCR) protocol 

RNA viruses in the sample needed to be converted into cDNA prior to DNA 

PCR amplification. To accomplish this, 10 l.tI of each sample was mixed with 3 J.lI 10 

X PCR buffer (final concentration = 1 X), 7 J.l1 of 25mM MgCI2 (final concentration = 

5.6 mM), 8 J.l1 of 10 mM dNTP's (final concentration = 200 IlM) and 3.4 III 20 mM 

EGTA (final concentration = 2 mM) in 0.6 ml microcentrifuge tubes. This mixture 

was heated at 99°C for 5 min to denature viral coat protein and liberate RNA. The 

tubes were immediately cooled on ice and then 1 J.l1 of RNase inhibitor (Promega), 1 

III AMV reverse transcriptase (Promega, Madison, WI) and 1 III of random hexamers 
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(Applied Biosystems, Foster City, CA) were added to each tube. Final concentrations 

for RNase inhibitor, reverse transcriptase, and random hexamers were 20 U, 9.5 U, and 

50 IlM, respectively. The tubes were centrifuged in a microcentrifuge at 10,000 x g 

for 15 seconds (Sorvall, DuPont biotechnology systems, Wilmington, DE) and then 

incubated in a single step-cycle file at 24°C for 10 min, 42°C for 50 min, 99°C for 5 

min and 5°C for 5 minutes in a PCR machine (Perkin Elmer, Norwalk, CT). The 

samples were then kept on ice, and the following reagents, in final concentrations, 

were added: IX PCR buffer, 2 mM MgCI2, 2.5 U AmpliTaq DNA polymerase (Perkin 

Elmer, Norwalk, CT), 50 pmol upstream and downstream primer (Applied 

Biosystems, Foster City, CA). The final volume of the PCR reaction including reverse 

transcription and DNA PCR was 100 ,.d. The samples were again centrifuged and 

placed into the PCR machine which had been warmed to 80°C. The samples were 

equilibrated at this temperature for 2 min and then the samples were subjected to 30 

cycles of denaturation at 94°C for 45 seconds, primer annealing at 55°C for 30 seconds 

and primer extension at noc for 45 seconds. After thermocycling there was a 72°C, 7 

min primer extension step which was immediately followed by a 4°C soak file. 

Detection of amplified product 

Amplification products (20 Ill/sample) were separated on a 2 % agarose gel 

(SeaKem LE agarose; FMC Bioproducts, Rockland, ME) via submarine gel 

electrophoresis for 2 h at 100 V fcm in 1 X tris-borate-EDT A buffer (9) (BioRad 

submarine gel electrophoresis box; BioRad, Melville, NY). The gel was stained with 
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ethidium bromide and the products were visualized using ultraviolet transillumination 

and then photographed (UV transilluminator and camera; Fotodyne, New Berlin, WI). 

Double PCR protocol 

Samples that failed to produce positive amplification results after 30 cycles of 

PCR were subjected to an additional 30 cycles with fresh reagents (buffer, Mg, 

dNTP's, primers and Taq). Three methods were evaluated for their ability to amplify 

the desired product. 

double PCR. 

10 J..ll of sample from the first PCR reaction was added to a PCR tube 

containing, in final concentrations, 1 X PCR buffer, 2.5 mM MgCI2, 200 J..lM dNTP's, 

50 pmol upstream and downstream primer, and 2.5U Taq polymerase. 

seminested PCR. 

Seminested PCR is a method where amplification products from the first 

reaction are subjected to additional PCR cycles where at least one of the two primers 

is specific to an internal sequence within the larger amplified product from the first 

reaction. In this method, 10 J..ll of amplification product was added to a tube 

containing, in final concentrations, 1 X PCR buffer, 2.5 mM MgCI2, 2.5 U Taq, 200 

J..lM dNTP's and 50 pmol upstream and internal downstream primer. 

band excision. 

For both enteroviruses and HAY, the double PCR protocol often produced 

non-specific smearing. In an effort to reduce smearing, a method based on excising 
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the band from the first gel was attempted. Negative samples (including controls) were 

run on a gel with a 123 base pair size marker (GibcoIBRL, Gaithersburg, MD). 

Samples were loaded such that a minimum of 2 lanes separated each sample. Starting 

with the negative control and ending with the highest concentration of infectious virus 

([i.e. least template to greatest template] as determined by tissue culture), a core 

sample was taken using a sterile 1 ml plastic disposable pipette at the approximate 

location the band would have appeared (149 bp for enterovirus, 192 bp for HA V). 

Using an automatic pipettor, the agarose core was expelled into a 1.S ml 

microcentrifuge tube containing 200 III of sterile IX TEN buffer, pH 8.3. The core, 

suspended in buffer, was thoroughly mixed by vigorous vortexing for 2 min. Then a 

50 III sample was removed and added to a PCR tube containing, in final 

concentrations, 1 X PCR buffer, 2.S mM MgCI2, 200 IlM dNTP's, SO pmol of 

upstream and downstream primer, and 2.S U Taq polymerase. Seminested PCR for 

enteroviruses was also performed on anaerobically digested sludge samples prepared 

by band excision. 
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Results 

The concentration of enteroviruses in undigested and anaerobically digested 

sludge samples determined by tissue culture methods is shown in Table 1. Mesophilic 

anaerobic sludge digestion resulted in approximately a 2 Log lO reduction in numbers of 

infectious virus. The volume of anaerobically digested sludge concentrate assayed was 

5.5 ml. No cytopathic producing viruses were detected in the December; 1991 and 

August, 1992 anaerobically digested sludge samples so the concentration was reported 

as < 0.2 MPN/mI. 

Removal of PCR inhibition in the beef extract concentrates from undigested 

sludge samples is shown in Figure 1. When samples were seeded with 103 plaque 

forming units (PFU) of poliovirus type 1 after Sephadex G-50 and Chelex-l00 

treatment, specific amplification of the 149 base pair target was observed after reverse 

transcription and 30 cycles of PCR (RNA-PCR). Specific amplification of the 192 

base pair target of hepatitis A virus was observed after 30 cycles of RNA-PCR when 

treated samples were seeded with 103 PFU of HA V (Figure 2). 

Detection of indigenous enteroviruses in undigested sludge samples after 30 

cycles of RNA-peR is shown in Figure 3. Of the four undigested sludge samples, 

only the August, 1992 sludge sample was positive. However, the concentration of 

enteroviruses in this sample was the greatest at 67 MPN/mI. 

Because the remaining undigested sludge samples were negative after 30 cycles 

of PCR, double PCR was attempted on these and the August, 1992 samples. Three 
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double peR methods were tested and the results are reported in Table 2. Double peR 

using the same primers as the first 30 cycles of peR produced non-specific smearing. 

Using either band excision or seminested peR, smearing was reduced and a specific 

149 or 105 base pair fragment was observed for band excision and seminested peR, 

respectively. 

Hepatitis A virus was not detected in undigested sludge samples after 30 cycles 

of RNA-peR (Table 3). Using band excision double peR, HAV was detected in 3 of 

the 4 undigested sludge samples as determined by specific formation of the expected 

192 base pair fragment. 

Double peR was required to detect enteroviruses in anaerobically digested 

sludge concentrates (Figure 4). In lanes 2 through 6, samples were prepared by the 

band excision method as previously described. Seminested peR was performed for 

the second 30 cycles of peR. The combined use of band excision and the seminested 

primer set produced a specific 149 base pair fragment as well as the expected 105 base 

pair fragment suggesting that there was sufficient external primer left from the first 

reaction to produce a 149 base pair fragment. In lanes 8 through 12, 10 J .. d from the 

first reaction was added directly to the second peR reaction containing the seminested 

primer set (external upstream and internal downstream). In this case, only the 105 

base pair fragment was produced. Strong smearing did not allow visualization of the 

149 base pair fragment. No template controls did not produce amplification products 

as expected (lanes 2 and 8). 
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Double PCR was also required to detect hepatitis A virus in anaerobically 

digested sludge concentrates (Figure 5). Using band excision double PCR, HA V was 

specifically detected in the December, 1991, April, 1992 and the August, 1992 

sample. With the February 1992 sample, non-specific amplification products were 

observed in addition to the specific 192 base pair sequence. Double PCR performed 

by adding 10 III to fresh reagents and primers failed to produce specific amplification 

in any of the anaerobically digested sludge samples. 

If amplification was the result of viral RNA sequences present in sludge, 

omission of reverse transcription should not produce PCR specific amplification. In 

addition, an autoclaved sample subjected to RNA-PCR should not produce specific 

amplification based on the fragile nature of free RNA in sludge (13). Figure 6 shows 

that no amplification of enteroviruses was observed when Sephadex and Chelex treated 

samples of anaerobically digested sludge were PCR amplified without the initial 

reverse transcriptase treatment, when samples were autoclaved prior to RNA-PCR and 

double PCR. 
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Discussion 

One of the major issues in peR detection of enteric viruses is that relatively 

small sample volumes ( 10 III per sample) are analyzed in contrast to tissue culture 

detection which can easily examine 10,000 III (10 ml) per sample. Therefore, for 

every sample determined positive by cytopathic effect in tissue culture, peR should 

also yield positive amplification. In the current study, 6 of the 8 samples analyzed for 

enteroviruses by tissue culture were confirmed positive. However, all 8 of the samples 

tested by peR became positive after double peR using the band excision method 

and/or semi nested peR. In the case of the 2 samples that were not confirmed positive 

in tissue culture, peR may have detected viruses that were inactivated by minor 

changes in the protein coat, or it detected enteroviruses that do not infect the BGM 

cell line. Ward and Ashley (15) discussed mechanisms of viral inactivation during 

sludge treatment. Using a combination of radioactively labeled proteins and 3H 

uri dine, it was determined that capsid proteins were altered causing the RNA to be 

ejected, once in sludge, the RNA was rapidly hydrolyzed. In the current study, the 

protein coat appears to be relatively stable as determined by reverse transcription peR 

analysis. This suggests that during mesophilic anaerobic digestion, the alteration of 

capsid is not to the point where the RNA would be ejected. 

Sensitivity of the peR assay may reconcile differences between the volume 

assayed for peR versus tissue culture detection. Richardson (8) reported that for 

every infectious virus particle, there were 184 defective particles for tissue culture 
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adapted viruses. However, Sharp (11) reported that for viruses isolated from the 

environment the ratio of infectious to non-infectious virus particles may be as high as 

1: 1 0,000. If these non-infectious or defective particles have intact nucleic acid 

sequences, PCR will amplify these targets as well as infectious virus, provided that the 

samples are optimized for PCR. Therefore, an anaerobically digested sludge sample 

that has a viral concentration of 0.2 MPN/ml determined by tissue culture, may, in 

reality, have 2,000 copies/ml of sludge that can be amplified. In a 10 Jotl sample 

volume, that would translate to 20 copies to be amplified. Based on our results, 

treatment of the sludge samples using Sephadex G-50 and Chelex-100 and the 

increased sensitivity offered by the band excision and or seminested PCR provided the 

sensitivity needed to detect enteroviruses in all eight samples, whereas tissue culture 

was limited by the infectious ability of the viruses present in these samples. 

Beef extract concentrates have been reported to be a major source of inhibition 

for the PCR reaction (1, 10) However, beef extract appears to be the most efficient 

eluent of viruses adsorbed to sludge solids (4,12). Several investigators have 

attempted to reconcile this problem. Kopecka et al. (6) performed a direct PCR assay 

on activated sludge samples by chloroform extraction of the sample. After phase 

separation the aqueous phase was centrifuged and the supernatant was used for PCR 

assay. However only 6 of 10 sludge samples were positive after PCR analysis while 

all 10 were confirmed positive using tissue culture. Ansari et al. (3) employed phenol 

chloroform extraction of sludge concentrates but since none of the sludge samples 
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were positive, it appeared that this procedure was not successful since tissue culture 

infectious virus was isolated in all sludge samples. Abbaszadegan et al. (1) 

successfully used a combination of Sephadex G-IOO (size exclusion) and Chelex-IOO 

(ion exchange) to remove PCR inhibition in beef extract concentrates from processed 

water samples. In addition, the investigators compared a seeded and treated sample 

along with the unseeded but treated sample to determine if negative amplification was 

due to PCR inhibition or lack of template. We employed a similar approach using 

Sephadex G-50 and Chelex-IOO. Each seeded and treated sample produced PCR 

specific amplification after the first 30 cycles of peR. The advantages of this method 

of removing PCR interference is 1) the ease of the method, 2) the fact that it does not 

require tedious phenol:chloroform extractions to remove proteins from the concentrate 

and 3) it leaves the virions intact until reverse transcription is performed. Based on 

the findings of Ward et al. (15) and the fact that RNAses are quite stable even after 

deproteinization by phenol:chloroform extraction (9), minimizing exposure of the target 

to RNases in the medium is extremely important for success of reverse transcription 

and subsequent nucleic acid amplification. 

Three double PCR methods were tested for their ability to produce specific 

amplification products that were not visible after 30 cycles of DNA PCR. Of these 

methods, band excision significantly reduced non-specific smearing observed in the 

double PCR method where product from the first round was added directly to fresh 

reagents and primers and run for an additional 30 cycles. This smearing may have 
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been caused by too much template, or it could be the result of suboptimal magnesium 

concentration as suggested by Kopecka et al. (6). These investigators theorized that 

due to the suboptimal concentration of magnesium, the PCR products polymerize thus 

causing the characteristic smearing. Because of the possibility of cross contamination 

by other samples run on the gel, strict controls were exercised to insure products could 

only have come from the original sample, and not from adjacent samples on the gel. 

These measures included 1) running the products with 2 lanes in between each sample, 

2) insuring that negative controls remained negative after second round PCR, 3) using 

a sterile pipette for each lane where the band was excised and 4) performing 

seminested PCR where 1 0 ~I of sample from the original tube was exposed to new 

reagents in a clean tube. From the combination of these measures, and based on tissue 

culture data, positive amplification after double PCR using this band excision method 

was due to viruses present in the original sample and not from contaminating DNA 

from other samples. 

In conclusion, a rapid and easy method to purify beef extract concentrates from 

raw and anaerobically digested sewage sludge for RT-PCR analysis for enteroviruses 

and hepatitis A virus has been developed. Using this procedure, naturally occurring 

enteroviruses and hepatitis A virus were detected in both undigested and digested 

sludge samples. With regards to enteroviruses, viruses were detected more often using 

PCR than tissue culture. This was most likely due to the ability of PCR to detect virus 

sequences regardless of whether the virus was infectious or not. Detection of 
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enteroviruses and hepatitis A virus in anaerobically digested sludge samples using 

PCR may serve as a useful presumptive test to determine if viruses are present in the 

digested or treated sludge samples. For pathogens such as hepatitis A virus, this may 

serve as a caution to wastewater treatment officials that treatment needs to be 

increased to insure that the number of infectious virus is reduced to the limit of tissue 

culture detection. Because PCR will detect infectious and non-infectious virus and the 

fact that it only provides a presence/absence answer, tissue culture methods are still 

needed to evaluate the efficacy of sludge treatment. 
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Concentration of enteroviruses in undigested and anaerobically digested 

sludge. 

Sample 

December, 1991 undigested 

February, 1992 undigested 

April, 1992 undigested 

August, 1992 undigested 

December, 1991 anaerobically digested 

February, 1992 anaerobically digested 

April, 1992 anaerobically digested 

August, 1992 anaerobically digested 

Concentmtion1 

57.9 

57.9 

57.9 

67.9 

< 0.2 

0.81 

0.69 

< 0.2 

Concentration was determined by the "most probable number" (MPN). 

Numbers are reported as MPN/ml of sewage sludge 



Table 2. peR detection of enteroviruses in undigested sewage sludge samples 

using double peR, band excision double peR and seminested peR.I 

Band Excision 

Sample Double peR Plus Double peR Seminested PCR 

December, 1991 smear + + 

February, 1992 smear + + 

April, 1992 smear + + 

August, 1992 smear + + 

Based on a sample volume of 10 /-ll 
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Table 3. peR detection of hepatitis A virus in undigested sludge samples. I 

Band Excision Double 

Sample 30 cycle PCR PCR 

December, 1991 + 

February, 1992 + 

April, 1992 + 

August, 1992 

Based on a 10 JlI sample volume 



Figure 1. Removal of PCR inhibition using the Sephadex and Chelex treatment 

method in undigested sludge samples seeded with poliovirus type 1.1 

77 

lanes: 1. 123 base pair marker, 3. poliovirus positive control, 6. August, 1992, 

9. April, 1992, 12. February, 1992, 15. December, 1992. 

Samples were seeded with 103 PFU poliovirus type 1 and subjected to 30 

cycles RNA-PCR 
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Figure 2. 

lanes: 
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Removal of PCR inhibition using the Sephadex and Chelex treament 

method in undigested sludge samples seeded with hepatitis A HM-175. 1 

l. 123 base pair marker, 2. hepatitis A virus in distilled water, 3. 

August, 1992, 4. April, 1992, 5. February, 1992, 6. December, 1992, 

7. blank. 8. reagent negative control. 

Samples were seeded with 103 TCIDso HA V and subjected to 30 cycles 

RNA-PCR. 
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Figun~ 3. 

lanes: 
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PCR detection of enteroviruses in undigested sludge after 30 cycles of 

RNA-PCR. 

1. 123 base pair marker, 3. reagent negative control, 6. August, 19921
, 

9. April, 1992, 12. February, 1992, 15. December, 1991 

Concentration of virus in the August, 1992 undigested sludge sample 

was 67 MPN/ml. 
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Figum 4. 

lanes: 

peR detection of enteroviruses in anaerobically digested sludge using 

band excision double peR combined with semi nested peR and 

seminested peR only. 
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1. 123 marker, 2. negative template control, 3. August, 1992 band 

excision + seminested peR, 4. April, 1992 band excision,S. February, 

1992 band excision + seminested peR, 6. December, 1991 band 

excision + seminested peR, 7. blank, 8-12. same as 2 - 6 except that 

semi nested peR only (no band excision) was performed. 
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Figun~ 5. 

lanes: 
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Detection of hepatitis A virus in anaerobically digested sludge samples 

using band excision double peR and double peR. 

I. 123 base pair marker, 2. no template control, 3. August, 1992 band 

excision, 4. April, 1992 band excision, 5. February, 1992 band excision, 

6. December, 1991 band excision, 7. blank, 8 - 12. same as 2 - 6 except 

that double peR only (no band excision) was performed. 
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Figure 6. DNA peR only controls and autoclaved sample control subjected to 

RNA-peR.I 

lanes: l. 123 base pair marker, 2. no template control, 3. August, 1992 DNA 

only peR, 4. April, 1992 DNA only peR, 5. April, 1992 autoclaved 

sludge subjected to RNA-peR, 6. December, 1991 DNA only peR, 7. 

poliovirus positive control. 
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The total number of cycles for DNA only and autoclaved sample was 60 cycles 

(30 + 30 seminested). 
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Abstract 

Polymerase chain reaction (PCR) detection of enteroviruses in sludge amended soil 

was made possible by utilizing Sephadex G-50 and Chelex-IOO resins to remove 

compounds present in sludge amended soils that may inhibit PCR. The Sephadex and 

Chelex treatment were effective to the extent that enteroviruses indigenous in sludge 

amended soil were detected using PCR. 
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Body of Text 

Rapid detection of enteroviruses in environmental samples using nucleic acid 

amplification techniques has increased in popularity over the past several years (1, 2, 

4). However, application of PCR to detect viruses present in sludge and soil has 

presented a more difficult challenge. Ansari et al.(2) was able to detect enteroviruses 

in wastewater and sludge using tissue culture detection methods but was ~nsuccessful 

in detecting enteroviruses in sludge using PCR. For activated sludge samples, 

Kopecka et al. (4), detected viruses in all 10 sludge samples assayed in tissue culture. 

However, only 6 of the ten samples were positive via PCR. These investigators 

further suggested that negative PCR amplification was due to compounds present in 

these samples that inhibited PCR. 

Optimization of PCR detection of enteroviruses in sludge and sludge amended 

soil requires removal of organic compounds and heavy metal ions that may inhibit 

enzymes in the PCR reaction (3,5). Abbaszadegan et aI., (I) found that treatment of 

samples using Sephadex and Chelex resins was useful for removing humic acid and 

other compounds that inhibited PCR detection of enteroviruses in beef extract 

concentrates prepared from groundwater samples. This article describes a modification 

of that method, to detect viruses, via PCR, in beef extract eluates prepared from sludge 

amended soils. 

Anaerobically digested liquid sludge from the Ina Road Wastewater Treatment 

Plant in Tucson, Arizona, was collected in sterile 1 liter polypropylene bottles 
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(Nalgene; Nalge Co., Rochester, New York) and was transported and stored at 4°C 

until analyzed. This sludge contains approximately 2% solids by weight. Initial viral 

concentration in sludge was previously determined using Buffalo Green Monkey 

(BGM) cells, by the most probable number (MPN) method described in Soares (9) , to 

be 0.2 MPN/ml of liquid sludge. 

Ten soils representing a range of textural classes, soil organic matter and 

soluble iron were selected to determine the efficacy of the treatment method used to 

remove PCR inhibiting compounds. Five gram samples of soil (dry weight) were 

amended with 1.5 ml (0.02 g dry wt.) of anaerobically digested sludge to a final 

moisture content of ca. 30%. This represents the average sludge loading rates 

routinely used on agricultural soil in Pima County. Sludge was thoroughly mixed with 

each soil using a flame sterilized metal spatula. The amended soils were covered and 

allowed to stand at 4°C for 2 hours to allow maximum adsorption of viruses to soil. 

Viruses were eluted from sludge amended soils with 50 ml of 3% beef extract 

(Beef Extract V; BBL Microbiology Systems, Cockeysville, Md.) buffered to pH 7.0 

with 7.3 g of N~HP04 per liter (EM Science; EM Industries Inc., Cherry Hill, N.J.) 

and 1.1 g of citric acid per liter (Mallinckrodt, St. Louis, Mo.). The pH of the 

suspension was adjusted to pH 7.0 as needed, and stirred continuously for 30 min on a 

magnetic stirrer. The soil was subsequently separated from the eluent by 

centrifugation at 15,300 x g for 30 minutes (JA-14 rotor; Spinco Division, Beckman 

Instruments). The supernatant was decanted into a sterile low speed plastic centrifuge 



tubes (Costar; Cambridge, Mass.) and stored at 4°C until treatment to remove PCR 

interfering compounds. 
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Further treatment of the eluate from each soil sample was necessary to remove 

substances that were inhibitory to PCR. This was determined after failing to obtain an 

amplification product after 30 and 60 (double PCR) cycles of PCR when samples were 

seeded with 103 plaque forming units (PFU) of poliovirus type 1. A method based on 

size exclusion chromatography and ion exchange chromatography (1) was used to 

remove compounds inhibitory to PCR. Sephadex G-50 (DNA grade medium; 

Pharmacia, Piscataway, N.J.) was equilibrated in 1 X tris - EDTA- NaCI (TEN; 10 

mM Tris-Cl, 1 mM ethylenediaminetetracetic acid, 100 mM NaCI [7]) buffer pH 

8.3,overnight, and then autoclaved. After allowing to cool to room temperature, spun 

columns were prepared using sterile 1 ml tuberculin syringes. The needles were 

discarded and the bottom of the syringe was plugged using an autoclaved chemwipe 

(Kimwipe EX-L Brand, Kimberly Clark, Roswell, GA.). The syringes were filled with 

the G-50 slurry, placed into 15 ml conical centrifuge tubes (Benton Dickinson, Lincoln 

Park, N.J.), and centrifuged at 400 x g for 5 min in a fixed angle rotor in a bench top 

centrifuge (International Equipment Co., Needham, Mass). The partially dehydrated 

beads occupied a volume of approximately I ml. The excess buffer was removed 

from the bottom of the centrifuge tube with a sterile pipette and a sterile de-capped 1.5 

ml microcentrifuge tube was placed into the centrifuge tube. Fifty (50) J.l1 of sample 

was carefully pipetted onto the column and the beads were allowed to expand around 
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the sample for 10 min. The columns were spun at 400 x g for 10 min. The liquid 

(ca. 50 ,.d) was collected and then loaded onto a syringe column containing 1 ml (0.3 

g dry weight) Chelex-l00 (Bio-Rad Laboratories, Richmond, Calif.). Chelex columns 

were prepared by directly loading the resin into the column and centrifuging until the 

final volume was 1 m!. To allow maximal ion exchange, the sample at the top of the 

column was stirred into the resin with a sterile micropipette tip until the resin was 

saturated with the sample. The columns were allowed to stand for 30 min at 4°C, and 

then spun at 400 x g for 10 min. The liquid (ca. 50 ,.d) from the chelex column was 

then used for PCR experiments. 

Removal of PCR inhibition was tested by seeding the treated samples with 

103PFU of poliovirus type 1. A 10 ,.d sample volume from each sample was subjected 

to reverse transcription and 30 cycles of DNA PCR. Detection of naturally occurring 

enteroviruses was determined by treating an unseeded sample using Sephadex and 

Chelex. Here, a 10 III sample volume was subjected to reverse transcription and a 

total of 60 cycles of PCR (30 cycles DNA PCR + 30 cycles seminested PCR). 

Because indigenous enteroviruses were introduced from a common source (Tucson 

anaerobically digested sewage sludge), five samples were chosen to demonstrate that 

positive amplification in a sample was due to viral RNA sequences. This was proven 

by boiling the beef extract eluate from each of these 5 samples (200 Ill/sample in 

sterile 1.5 ml microcentrifuge tubes). The boiled samples were cooled to room 

temperature overnight, and then treated with Sephadex and Chelex as previously 
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described. The boiled and treated samples were subjected to reverse transcription, 

followed by 60 cycles of DNA PCR (30 cycles of DNA PCR + 30 cycles seminested 

PCR). 

We used the primer sequences, reverse transcription and PCR protocol 

described in Abbaszadegan et aI., (1) for all PCR experiments. Seminested PCR was 

performed on the indigenous virus samples of sludge origin and boiled sample controls 

to increase sensitivity and confirm the presence of enteroviral RNA sequences. For 

seminested PCR, a master mix was made which contained, in final concentrations in 

double distilled water, 1 X PCR buffer (10 X buffer containing 500 mM KCI and 100 

mM Tris-Cl [pH 8.3]), 2.5 mM MgCI2, 200 11M dNTP's, primers (upstream primer and 

internal downstream primer) at 50 pmol each and 2.5 units AmpliTaq DNA 

polymerase (Perkin-Elmer; Norwalk, CT). The master mix was dispensed into 

autoclaved 600 III microcentrifuge tubes (99 Ill/tube) and 1 III from the first DNA 

PCR reaction was added to the appropriate tube containing the fresh reagents. 

Thermal cycling conditions were identical to the first DNA PCR reaction. The PCR 

products were separated by electrophoresis on a 2% agarose gel (FMC; Rockland 

ME) for 2 hours at 100 volts. The gel was stained with ethidium bromide for 30 min 

and products were visualized via ultraviolet transillumination. 

Positive amplification of poliovirus type 1 in the seeded and treated samples 

was observed by formation of a specific 149 bp product after reverse transcription and 

30 cycles of DNA PCR (Figure 1). The soils used in this experiment represented 
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several "worst case" soils. Gaston is an ultisol that contains approximately 4 % 

extractable iron. Barnes and Cloversprings represent soils that contain approximately 

3 to 5% organic matter in the form of humic and fulvic acid compounds. Iron and 

humic compounds are known to inhibit PCR (I, 3, 5) Because positive amplification 

was observed regardless of soil type, this suggests that after elution of the viruses from 

the soil with beef extract, Sephadex G-50 and Chelex-IOO treatment will remove peR 

inhibitory compounds from any soil samples prepared in this manner. 

Because viruses were originally present in the sludge used to amend each of 

the soils, unseeded but treated samples were screened for ingenious enterovirus 

sequences (Figure 2). Positive amplification of indigenous enterovirus sequences was 

observed by formation of a specific 105 bp product for all ten of the sludge amended 

soil samples after seminested PCR (a total of 60 PCR cycles). This suggests that 

treatment of the samples using Sephadex G-50 and Chelex-IOO not only removes PCR 

inhibiting compounds, it may also provide for extremely sensitive detection of viruses 

in sludge amended soil. This is based on the fact that the concentration of infectious 

indigenous enteroviruses, as determined by most probable number (MPN) in tissue 

culture was 0.2 MPN/ml (total input of 0.3 MPN) of liquid anaerobically digested 

sewage sl udge. 

No amplification was observed in all five of the boiled sample controls (Figure 

3). Ward and Ashley (11) and Yeager and O'Brien (12) reported that heat inactivation 

of enteroviruses is caused by conformational changes in the protein coat. The RNA is 
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then ejected from the capsid and then the free RNA is hydrolyzed. Our results agree 

with these findings based on the negative amplification results through 60 cycles of 

PCR. It was unlikely that the free nucleic acids were removed by the Sephadex and 

Chelex treatment based on the work of Tsai and co-workers (10). These investigators 

used Sephadex G-200 to purify crude nucleic acids from bacterial cells. 

Combined use of Sephadex G-50 and Chelex-lOO successfully removed 

compounds present in beef extract eluates from sludge amended soil that inhibited 

PCR detection of enteroviruses. Using this treatment method, no organic solvents such 

as freon and phenol/chloroform were needed, thus eliminating the problems of waste 

disposal of these chemicals. In addition, elution of viruses from soil, treatment of the 

beef extract eluate by Sephadex and Chelex, RNA-PCR through seminested PCR, and 

product visualization was completed within 24 hours. 

Positive amplification results indicate a presumption that enteroviruses are 

present in a sample, but the concentration of these potential pathogens and the ability 

of these viruses to infect suitable hosts must be verified by tissue culture. Sensitivity 

reported as plaque forming units per volume or weight may underestimate the actual 

number of template copies in the sample by a factor of 100 for tissue culture adapted 

viruses (6) to 10,000 or more copies for environmental isolates (8). It is therefore 

possible that for viruses indigenous to sludge and sludge amended soil, 0.2 PFU/ml of 

sludge actually corresponds to 2,000 or more copies of template. In addition to these 

observations, minor modifications in the protein coat may render the virus undetectable 
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via cell culture. However, if these modifications do not damage the nucleic acid 

sequence, it can be amplified and detected by peR. If inactivation of enteroviruses 

during mesophilic anaerobic digestion proceeds by a mechanism where the nucleic 

acid sequence remains intact, the ratio of infectious to non-infectious enterovirus 

particles could increase to 1: 106 if the reduction of infectious particles, due to 

treatment, is 99%. The fact that indigenous enteroviruses were detected in all ten 

samples would lend support to either or both possibilities. Lack of amplification 

would then imply that template concentration was below the limit of sensitivity based 

on the true number of particles or that template was absent as was the case for our 

reagent negative controls. 

In conclusion, peR may become a rapid and useful presumptive test for the 

detection of enteroviruses in sludge and sewage laden soil samples. Using this as a 

presumptive test, investigators could then determine if tissue culture analysis of a soil 

sample is warranted provided that the sensitivity of peR is greater than tissue culture. 



93 

References Appendix 2 

1. Abbaszadegan, M., M.S. Hubel; c.P. Gelua mId I.L. Peppel~ 1993. Detection of 

enteroviruses in groundwater using polymerase chain reaction. Appl. Environ. 

Microbiol. 59:1318-1324. 

2. Ansrui, S.A., S.R. Fanml, mId G.S. ChaudhlY. 1992. Presence of human 

immunodeficiency virus in wastewater and their detection by polymerase chain 

reaction. Appl. Environ. Microbiol. 58:3984-3990. 

3. Higuchi, R. 1992. Simple and rapid preparation of samples for PCR, pp 31-38. 

In: H.A. Erlich (ed.), PCR technology. W.H. Freeman and Co., New York. 

4. Kopeck.'l, H., S. Dubl'Ou, J. PI'CVOt, J Mm'CchaI mId J.M. Lopez-Pita. 1993 

Detection of naturally occurring enteroviruses in groundwater by reverse 

transcription, polymerase chain reaction and hybridization. Appl. Environ. 

Microbiol. 59:1213-1219. 

5. Mullcl1.Wegcncl', U. 1988. Interaction of humic substances with biota, pp. 179-

192. In: F.H. Frimmel and R.F. Christman (eds.) In Humic substances and their 

role in the environment. John Wiley and Sons, New York. 

6. Richardson, K.J. 1989. Use of nucleic acid probes and a nonradioactive 

labeling system for the detection of enteroviruses in water. Ph.D. dissertation. 

Department of Microbiology and Immunology, University of Arizona, Tucson. 

7. Sambl'Ook, J., E.F. Flitsch and T. Mmliatis. 1989. Molecular cloning: A 

laboratory manual pp E.36-E.38. Cold Springs Harbor Press, New York. 



94 

8. Sharp, D.G. 1965. Electron microscopy and viral particle function pp. 193-217. 

In G. Berg (ed.), In Transmission of viruses by the water route. Interscience 

Publishers, New York. 

9. SoaJ'~s, A.C. 1989. Occurrence of enteroviruses and Giardia cysts in sludge 

before and after anaerobic digestion. M.S. thesis. Department of Microbiology 

and Immunology, University of Arizona, Tucson. 

10. Tsai, Y.L., c.J. Palmel' and L.R. Sangelmmlo. 1993. Detection of E coli in 

sewage and sludge by polymerase chain reaction. Appl. Environ. Microbiol. 

59:353-357. 

11. Wan) R.L. and C.S. Ashley. 1977. Inactivation of enteric viruses in wastewater 

sludge through dewatering and evaporation. Appl. Environ. Microbiol. 34:564-

570. 

12. Yeagel; J.G. and R. T. O'Blien. 1979. Enterovirus inactivation in soil. Appl. 

Environ. Microbiol. 38:694-701. 



95 

FigUl'e 1. Detection of seeded poliovirus type 1 in sludge amended soil after 

treatment with Sephadex G-50 and Chelex-l00. 1 

lanes: 1. 123 base pair marker 2. reagent negative control 3. poliovirus type 

1 in distilled water 4. Academy 5. Frederick 6. Caribou 7. Bonify 

8. Palouse 9. Cloversprings 10. Barnes 11. Gaston 12. Brazito 13. 

Pima 14. Seminested PCR result for poliovirus type 1 in water. 

Lanes 3 - 13 were seeded with 103 PFU of poliovirus type 1 and subjected to 

30 cycles of PCR. 



1 2 3 4 5 6 7 8 9 10 II 12 13 14 15 

04 lOS 



Figure 2. 

lanes: 

Detection of naturally occurring enterovirus in Tucson anaerobically 

digested sludge amended to different soils.· 

1. 123 base pair marker 2. blank 3. reagent negative control 4. blank 

5. Academy 6. Frederick 7. Caribou 8. Bonify 9. Palouse 10. 

Cloversprings 11. Barnes 12. Gaston 13. Brazito 14. Pima 15. 

poliovirus positive control 

Results based on seminested (60 cycle) PCR 

96 





Figure 3. 

lanes: 
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Disappearance of indigenous enteroviruses in sludge amended soil after 

treatment by boiling.) 

l. 123 base pair marker 2. reagent negative control 3. Cloversprings 

4. Barnes 5. Gaston 6. Brazito 7. Pima 8. poliovirus positive control 

Results based on semi nested PCR (60 cycles total) 
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Abstract 

Field studies were conducted to determine the presence of enteroviruses on an 

experimental farm that had received mesophilic anaerobically digested sludge for the 

past 7 years. Soil core samples were collected at two locations on this farm, at 4 

depths, for each of three treatments: 1) plots that had never received sludge, 2) plots 

that received 1 sludge application per year (IX) and 3) plots that received 3 sludge 

applications per year (3X). The last sludge application was 2 months prior to 

collection of soil samples. Viruses were detected by polymerase chain reaction (PCR) 

and tissue culture using Buffalo Green Monkey (BGM) cells. Viruses were eluted from 

these soil samples with 3% beef extract in a ratio of 10 grams moist soil weight to 50 

ml beef extract to maximize viral recovery efficiency from the soil. The eluates were 

further treated using Sephadex G-50 and Chelex-IOO resins to remove compounds that 

could interfere with PCR. To increase sensitivity of PCR detection and verify 

enterovirus sequences, samples were subjected to 30 cycles seminested PCR after the 

initial 30 cycles of PCR for a total of 60 cycles. For the 3X/yr sludge application 

plots, enteroviruses were detected up to 2 m deep in 7 of 8 samples tested using 

seminested PCR. For the 1 X/yr sludge application plots, enteroviruses were detected 

in 6 of 8 samples up to the 2 m depth using seminested PCR. Enterovirus sequences 

were also detected in 6 of 8 samples taken from plots that received no sludge. This 

suggests that viruses were migrating laterally as well as vertically with the distribution 

of irrigation water. To determine if this phenomena was due to contamination of the 
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equipment used to collect soil samples, laboratory contamination of the samples, or 

contamination of the peR reaction, two soil core samples were taken from a nearby 

farm that had never received sludge and was irrigated with groundwater. No peR 

amplification was observed in either of these samples. For all soil samples tested, no 

viruses were detected in tissue culture. This suggests that the enteroviral sequences 

detected came from non-infectious viruses or those enteroviruses that do not infect the 

BGM cell line. The sensitivity of the peR analysis determined using poliovirus type 1 

implies that soils where no peR amplification products were observed, contained less 

than 200 plaque forming units/g (dry weight) of soil. However, due to its ability to 

detect non-culturable viruses, peR detection was more sensitive than tissue culture. 
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Introduction 

Pima County, Ariz., located in the unique ecosystem of the desert Southwest, is 

currently investigating the benefits of land application of sewage sludge. Applied as a 

liquid containing approximately 1 to 2% solids, sludge benefits the soil by both its 

fertilizer and irrigation values. The combination of arid conditions and soil 

temperatures in excess of 20°C at least 9 months (March through November) of the 

year may lead to the rapid inactivation of enteric viral pathogens (17). Currently, the 

U. S. Environmental Protection Agency (19) has proposed standards for the reduction 

of indicator pathogens during treatment of sewage sludge. To meet the requirements 

for viruses, a 99% or greater reduction and/or removal is needed. Despite treatment 

by mesophilic anaerobic digestion for 15 to 20 days, enteric virus concentrations have 

been reported to be in excess of 1,000 infectious virus/liter (16). Considering the low 

infectious dose for virus and that approximately 72,000 liters of sludge are applied per 

ha, the number of viruses could pose a risk to public health if they remained 

infectious and contaminate ground- and surface-water sources. 

Polymerase Chain Reaction (PCR) is a molecular method that depends on intact 

target viral nucleic acid sequences. This method does not require the use of cell 

culture for detection of enteroviruses. Other advantages include significant cost 

savings compared to tissue culture analysis (approximately 75% savings), detection of 

viruses is reduced from several weeks to less than 24 hours and non tissue culture 

infectious virus can be detected using this method. This is especially important for the 



Norwalk and Caliciviruses, since to date, no tissue culture methods have been 

developed for their detection. 
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PCR detection methods for enterovirus have been developed for viruses in 

ground- and surface- water samples. Abbaszadegan et at. (1), utilized a combination 

of Sephadex and Chelex resins to remove PCR interfering compounds from samples 

obtained from groundwater. Subsequent reverse transcription and PCR allowed 

specific detection to 0.2 plaque forming unit (PFU) of enteroviruses. Schwab et al. 

(14), used a method which combined the use of polyethylene glycol extraction and 

ultrafiltration to detect enteroviruses, rotaviruses and hepatitis A virus in water and 

wastewater samples. After treatment of these concentrated samples using Sephadex G-

200, sensitivity of PCR was reported to be 0.05 PFU. There have been reports of 

detection of g. coli (18) and attempts to detect Human immunodeficiency virus (HIV-

1 ;[2]) and enteroviruses (9) in sludge using PCR. Ansari et at. (2) was unable to 

detect HIV-l in any of the sewage sludge samples they tested. In activated sludge 

samples, Kopecka et at. (9), detected enteroviruses in all ten samples using tissue 

culture. When these same samples were analyzed by PCR, 4 samples did not exhibit 

positive amplification. When these four samples were seeded with 103 plaque forming 

units (PFU) of poliovirus type I, PCR analysis still failed. These investigators 

suggested that interfering substances present in the samples were the reason for lack of 

amplification. 

The major obstacle for detection of enteric viruses using PCR in environmental 
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samples is the removal of organic molecules of biological and industrial origin (10) as 

well as the removal of heavy metals including iron, cadmium, nickel and lead (8). 

Both organics and metals have been shown to inhibit the reverse transcription and 

nucleic acid amplification reactions. 

The University of Arizona operates an experimental farm approximately 20 

miles (32 km) northwest of Tucson, Arizona. This farm has received controlled 

municipal sewage sludge applications for the past 7 years. The objective of this study 

were to determine the presence of naturally occurring enteroviruses on this farm using 

peR and cell culture methods. 
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Sensitivity studies 
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Pima Clay Loam (fine-silty, mixed, thermic, typic torrifluvent) was collected 

in a field adjacent to the experimental farm used for the environmental studies. This 

field, however, had not received sludge for at least 2 yrs. Soil was collected from 10 

to 15 cm below the soil surface and at the bottom of an irrigation furrow to avoid 

excess salts that tend to accumulate in these soils. After collection, the soil was dried 

at ambient temperature for one day. It was then sieved (pore size :s 2 mm) to remove 

small stones and plant debris and subsequently stored at 4°C until needed. 

Mesophilic anaerobically digested sludge from the Ina Road Wastewater 

Treatment Facility in Tucson, Ariz., was collected in sterile 1 liter polypropylene 

plastic bottles (Nalgene; Nalge Co., Rochester, N.Y), stored on ice and was transported 

to the laboratory where it was subsequently stored at 4°C until needed. 

Soil (250 g) and mesophilic anaerobically digested sludge (50 ml) were 

autoclaved for 60 min to insure that viruses indigenous to either the soil or sludge 

were eliminated prior to performing seeded studies with poliovirus type 1. After 

autoclaving, soil was oven dried at 10SoC for 24 hours and then stored in an 

autoclaved and sealed container. 

Fresh stocks of poliovirus type 1 were prepared by the method reported by 

Straub et al. (17). The virus was further concentrated (ca. 10 fold) by dissolving 9 g 

polyethylene glycol per 100 ml of tissue culture supernatant (PEG 8,000 MW; Sigma 



105 

Chemical Co., St. Louis, MO.) and 4.5 g NaCI per 100 ml of tissue culture 

supernatant. The solution was stored on ice for a minimum of two hours and then 

centrifuged for 10 min at 15,300 xg (JA-14 rotor; Spineo Division, Beckman 

Instruments, Palo Alto, Calif.). The supernatant was discarded and the precipitate was 

resuspended in tris buffered saline to a final volume of 30 ml which was 11l0th of the 

original volume of tissue culture supernatant. The concentrated stock was titrated by 

the plaque forming unit method described by Straub et al. (17). The concentration was 

determined to be 3.0 xl08 plaque forming units (PFU)/ml of stock. 

Serial 10-fold dilutions of poliovirus were made in tris buffered saline (stock 

solution diluted 1: 1 0; stock solution consisted of 63.2 g of Trizma base [Sigma 

Chemical Co., St. Louis Mo.], 163.6 g of NaCI, 7.46 g of KCI, and 1.13 g of 

anhydrous N~HP04 dissolved in 1,600 ml of distilled water [final pH, 7.2]). From 

these dilutions, a 0.5 ml aliquot was added to a corresponding tube containing 1.5 ml 

of sludge. The seed was mixed with sludge by vortexing for 5 min and then 1.5 ml of 

sludge (0.03 g dry weight of sludge) was added to a respective 5 g (dry weight) Pima 

Clay loam soil sample. A control sludge amended soil was prepared by adding 1.5 ml 

of autoclaved sludge to 5 g of autoclaved and oven dried soil. Viruses were eluted 

from each amended soil sample with 50 ml of 3% beef extract (Beef Extract V; BBL 

Microbiology Systems, Cockeysville Md.) buffered with 7.3 g of N~HP04 per liter 

(EM Science, EM Industries Inc., Cherry Hill, N.J.) and 1.10 g of citric acid per liter 

(Mallinckrodt, St. Louis, Mo.). The pH of the suspension was maintained at 7.2 ± 0.2 
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with 1 N NaOH or 1 N HCl as necessary. The suspension was stirred for 30 min on a 

magnetic stir plate, and then the soil was separated from the eluent by centrifugation 

for 30 min at 15,300 xg. After centrifugation, the eluates were decanted into 50-ml 

sterile centrifuge tubes (Costar; Cambridge, Mass.) and subsequently stored at -20ec 

until needed for sample purification and PCR. 

The titer of the eluates in the 0.02 to 20 PFU range (equivalent number of 

viruses per gram of soil was 20 PFU/g to 2.0 x 104 PFU/g) was determined using 

BGM cells by the plaque forming unit method described in Straub et al. (17). 

However, the concentration of viruses tested for PCR sensitivity ranged from 0.00002 

20 PFU (0.02 PFU/g to 2.0 x 104PFU/g equivalent). No virus was detected in the 

autoclaved control as determined by cell culture. 

Direct PCR of the sample eluates failed to produce positive amplification. To 

determine if lack of amplification was the result of poor sensitivity, poor recovery 

efficiency or inhibition, a 1 ml aliquot was seeded with an additional 103 PFU of 

poliovirus type 1 ( 1111 contained 103 PFU of virus) and then a 10111 sample of this 

aliquot was subjected to reverse transcription followed by 30 cycles of PCR. Lack of 

amplification in these samples implied that the samples were not optimized for PCR 

and required further treatment. A modification of the method used to remove PCR 

inhibition in water samples using Sephadex and Chelex resins (1) was employed to 

treat sludge amended soil sample eluates. 

Sephadex G-50 (DNA grade medium; Pharmacia, Piscataway, N.J.) was 
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equilibrated in 1 X TEN (10 mM Tris-Cl, 1 mM EDTA, 100 mM NaCl [13]) buffer, 

pH 8.3, overnight, and then autoclaved the day following. After allowing to cool to 

room temperature, spun columns were prepared using sterile 1 ml tuberculin syringes. 

The needles were discarded and the bottom of the syringe was plugged using a sterile 

chemwipe (Kimwipe EX-L Brand, Kimberly-Clark, Roswell, GA.). The syringes were 

filled with the G-50 slurry, then placed into 15 ml conical centrifuge tubes (Benton 

Dickinson, Lincoln Park, N.J.) and was centrifuged for 5 min. at 400 x g in a fixed 

angle rotor in a bench-top centrifuge (International Equipment Co., Needham, Mass). 

The partiaIly dehydrated beads occupied a volume of approximately 1 mt. The beads 

were washed 2 times with sterile IX TEN, pH 8.3. The eluate was discarded and a 

sterile de-capped 1.5 ml microcentrifuge tube was placed inside the 15 ml centrifuge 

tube. Fifty microliters of sample was carefully pipetted onto the partially dehydrated 

column and the beads were allowed to expand around the sample for 10 minutes. The 

columns were spun for 5 min at 400 x g. The liquid (ca. 50 Ill) was collected and 

then loaded onto a syringe column containing 1 ml Chelex-l00 (ca. 0.6 g dry weight). 

Chelex-IOO resin required no equilibration in buffer and columns were packed by 

loading the resin directly into the column. The sample was worked into the resin by 

stirring with a micropipette tip still attached to the micropipettor and allowed to stand 

for 30 min at 4°C. Columns were spun as before and the liquid was collected in a 

sterile 1.5 ml microcentrifuge tube. This liquid (ca. 50 III ) was then used for PCR 

experiments. 
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PCR primers 

Enterovirus primer sequences were obtained from Abbaszadegan et al. (1). 

Their design is based on a highly conserved region among the enteroviruses (polio, 

coxsackie and echo) on the 5' non coding end of the genome. These primers are 

specific for poliovirus 1, 2 and 3, several group A and B coxsackie viruses and a 

number of echovirus strains. The target, when amplified, produces a 149 bp product 

determined by agarose gel electrophoresis. The internal primer, when used with the 

upstream primer in seminested PCR experiments, produces a 105 bp product if these 

genomes are present. 

RT -PCR protocol 

RNA viruses in the sample needed required conversion into cDNA prior to 

PCR amplification of DNA. To accomplish this, 10 /-ll of each sample was mixed 

with 3 /-ll lOX PCR buffer (final concentration = 1 X), 7 /-ll of 25mM MgCI2 (final 

concentration = 5.6 mM), 8 /-ll of 10 mM dNTP's (final concentration = 200 /-lM) and 

3.4 /-ll of 20 mM EGTA (final concentration = 2 mM) in 0.6 ml microcentrifuge 

tubes. This mixture was heated at 99°C for 5 min to denature viral coat protein and 

liberate RNA. The tubes were immediately cooled on ice and then 1 /-ll of RNase 

inhibitor (Promega, Madison, Wi.), 1 /-ll AMY reverse transcriptase (Promega, 

Madison, WI) and 1 /-ll of random hexamers (Applied Biosystems, Foster City, CA) 

were added to each tube. Final concentrations for RNase inhibitor, reverse 

transcriptase, and random hexamers were 20 U, 9.5 U, and 50 /-lM, respectively. The 
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tubes were centrifuged in a microcentrifuge for 15 seconds at 10,000 x g (Sorvall, 

DuPont biotechnology systems, Wilmington, DE) and then incubated in a single step

cycle file at 24°C for 10 min, 42°C for 50 min, 99°C for 5 min and 5°C for 5 minutes 

in a PCR machine (Perkin Elmer, Norwalk, CT). The samples were then kept on ice, 

and the following reagents, in final concentrations, were added: IX PCR buffer, 2 mM 

MgCI2, 2.5 U AmpliTaq DNA polymerase (Perkin Elmer, Norwalk, CT), 50 pmol 

upstream and downstream primer (Applied Biosystems, Foster City, CA). The final 

volume of the PCR reaction including reverse transcription and DNA PCR was 100 , . .tI. 

The samples were again centrifuged and placed into the PCR machine which had been 

warmed to 80°C. The samples were equilibrated at this temperature for 2 min and 

then the samples were subjected to 30 cycles of denaturation at 94°C for 45 seconds, 

primer annealing at 55°C for 30 seconds and primer extension at noc for 45 seconds. 

After thermocycling there was a noc, 7 min primer extension step which was 

immediately followed by a 4°C soak file. 

Detection of amplified product 

Amplification products (20 J..llIsample) were separated on a 2 % agarose gel 

(SeaKem LE agarose; FMC Bioproducts, Rockland, ME) via submarine gel 

electrophoresis for 2 h at 100 V/cm in 1 X tris-borate-EDTA buffer (13) (BioRad 

submarine gel electrophoresis box; BioRad, Melville, NY). The gel was stained with 

ethidium bromide and the products were visualized using ultraviolet transillumination 

and then photographed (UV transilluminator and camera; Fotodyne, New Berlin, WI). 
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Double PCR protocol 

Samples that failed to produce positive amplification results after 30 cycles of 

PCR were subjected to an additional 30 cycles with fresh reagents (buffer, Mg, 

dNTP's, primers and Taq). To increase sensitivity and verify enterovirus sequences, 

samples were subjected to semi nested PCR. 

Seminested PCR is a method where amplification products from the first 

reaction are subjected to additional PCR cycles where at least one of the two primers 

is specific to an internal sequence within the larger amplified product from the first 

reaction. In this method, 10 III of amplification product was added to a tube 

containing, in final concentrations, 1 X PCR buffer, 2.5 mM MgCI2, 2.5 U Taq, 200 

IlM dNTP's and 50 pmol upstream and internal downstream primer. 

Environmental samples 

The experimental farm was sub-divided into 3 sludge application treatments. 

These treatments were: 1) plots that receive sludge 3 times per year (3 X), 2) plots 

that receive sludge 1 time per year (1 X) and 3) plots that do not receive sludge. 

Each treatment plot (3X, IX, and no sludge, respectively) had dimensions of 

approximately 5 m by 100 m and was replicated 4 times on the experimental farm. 

Soil core samples were taken at two different locations on the field, for each sludge 

treatment, and at 4 depths for each treatment for a total of 24 samples. The depths 

sampled were 1) surface to 50 cm, 2) 50 to 100 cm, 3) 100 to 150 cm and 4) 150 

cm to 200 cm. The order in which the samples were taken were 1) no sludge plots, 2) 
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IX sludge plots and 3) 3 X sludge plots. Samples for each sludge treatment were 

taken at one week intervals. Between sampling times, all equipment was thoroughly 

cleaned and then sanitized with 10 mg/L free chlorine followed by rinsing with 95% 

ethanol. In the field, the corer was sanitized with 95% ethanol between each depth 

collected. In addition soil samples were collected from the center of the core to 

minimize contact with the sides of the corer. 

Two soil core samples were collected at the 2 meter depth from a field that had 

never received sludge and was irrigated with well water to serve as controls for the 

field studies. Sample collection and sanitation procedures for these samples were 

identical to collection and sanitation procedures used for the experimental farm 

samples. 

For all environmental soil samples, sample processing and treatment for peR 

analysis was identical to that of the sensitivity studies with the exception that viruses 

were eluted from 10 grams of moist soil instead of 5 grams dry soil weight. Samples 

were also analyzed for enteroviruses using Buffalo Green Monkey (BGM) cells using 

the "Most Probable Number" (MPN) method described in Soares, 1989. Because 
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larger volumes (a minimum of 3 ml of beef extract eluate) were assayed Sephadex and 

Chelex treatment of these samples was not feasible. Instead, samples were first 

extracted with an equal volume of freon (1,1,2 trichlorotrifluoroethane; EM Science, 

EM Industries Inc., Cherry Hill N.J.). The phases were separated by centrifugation for 

10 min at 15,300 xg and the aqueous phase was subsequently removed and passed 

through a series of 0.45 and 0.2 Jlm pore size low protein binding filters (Nalgene; 

Nalge Co., Rochester, N.Y.). The filtrate was then assayed on BGM cells. 
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Results 

Sensitivity of PCR detection of enteroviruses in sludge amended soil was 

dramatically improved when beef extract eluates were treated using Sephadex and 

Chelex resins. After reverse transcription and 30 cycles of PCR a minimum of 2 

plaque forming units (PFU) was detected (Table 1). To increase sensitivity and verify 

enterovirus sequences all samples were subjected to seminested PCR. Using this 

procedure, sensitivity was increased to 0.2 PFU (Figure 1). Calculations were made to 

determine the equivalent number of viruses per gram (dry weight) of soil. These 

calculations revealed that a minimum of 200 PFU/g of soil could be detected using the 

recovery and purification procedures reported in this article. 

Because the sample volume used for PCR was 10 I.d, samples following 

Sephadex and Chelex treatment were assayed on BGM cells using the plaque forming 

unit method to determine the actual number of plaques and removal of virus due to 

Sephadex and Chelex treatment in the sensitivity study. Table 2 lists the actual and 

predicted number of plaques in 10 J..l1 for each sample eluate before and after treatment 

using Sephadex G-50 and Chelex-l00. These results suggest that treatment of the 

samples reduces the number of viruses present by approximately 20 %. However, 

PCR detected a minimum of 10 times more plaques than tissue culture based on 

semi nested PCR results of the 0.2 PFU sample. 

Soil samples from the experimental farm were screened for enteroviruses using 

tissue culture and PCR. These plots had received mesophilic anaerobically digested 
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sludge for the past 7 years with the exception of the no sludge application plots. For 

plots that received 3 sludge applications per year, viruses were detected up to 2 m 

deep in 7 of 8 samples tested after seminested peR (Table 3). For the IX/ yr sludge 

application plots, enteroviruses were detected in 6 of the 8 samples tested after 

seminested peR (Table 4). Enteroviruses were also detected in 6 of 8 samples tested 

in the no sludge application plots after seminested peR (Table 5). However, for all 24 

soil samples tested, no enteroviruses were detected using tissue culture. Three 

observations arose from these results. The first was that viruses moved vertically 

through the soil profile. Second, viruses appeared to exhibit lateral migration as 

indicated from the no sludge plots. These control plots had plots receiving sludge on 

both sides of the plot. The center of the no sludge plot was 2.5 meters from the edge 

of plots receiving sludge. The third observation was that viruses were detected using 

peR despite the fact that the last sludge application to the 3X and IX plots was 3 

months prior to sample collection. 

Because plots without sludge resulted in peR positive results, and these viruses 

were detected at the 2 m depth, a field was selected that was known to have never had 

sludge applied and was only irrigated with well water. As with the experimental farm, 

cotton was cultivated in this field and it was located approximately 16 kilometers from 

the experimental farm. Results from Table 6 show that no viruses were detected via 

peR at the 200 cm depth suggesting that the results from the experimental farms were 

most likely accurate. 
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Discussion 

Virus recovery and removal of PCR inhibition was optimized utilizing 

Sephadex and Chelex resins via spun column chromatography. These findings are in 

agreement with Abbaszadegan et al. (1), and Schwab et al. (14). The advantages of 

using this method are 1) the procedure is easy to perform, 2) it does not require the 

use of harsh chemical solvents such· as phenol and chloroform and 3) the viral RNA is 

protected by the capsid until lysis during the reverse transcription procedure. Ward et 

al. (20), and Ward and Ashley (21), predicted that the RNA sequence of viruses is 

rapidly degraded once outside the capsid. By minimizing exposure of the RNA to the 

outside media, the integrity of the sequence is maximized thus allowing greater 

probability that reverse transcription will produce a sufficient number of cDNA copies 

for PCR amplification. Our procedure minimizes this exposure time by the immediate 

addition of RNAse inhibitors and start of reverse transcription after heat lysis. 

Sensitivity of PCR detection of poliovirus in sludge amended soil was 0.2 PFU 

after performing seminested PCR. This sensitivity is reasonable in terms of the data 

presented in Abbaszadegan et al. (1), and Schwab et al. (14). When calculations were 

made for the equivalent number of virus per gram of soil, 0.2 PFU translated to 200 

PFU/g of soil (dry weight). Therefore, soil samples from the experimental farm in 

which PCR amplification was negative, implied that the concentration of viruses was 

less than 200 PFU/g of soil or that viruses were not present in these samples. To 

verify if these samples were negative due to PCR inhibition, an aliquot from the beef 
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extract eluate from each negative sample was seeded with 103 PFU of poliovirus type 

1, Sephadex and Chelex treated and subjected to reverse transcription and 30 cycles of 

PCR. These samples became positive after addition of the poliovirus seed, suggesting 

that negative amplification was due to template concentrations below the limit of 

sensitivity . 

On the other hand, positive amplification results from soil samples taken from 

the experimental farm implied that there was at least 200 PFU of enteroviruses/g of 

soil based on our sensitivity study, and yet, these viruses were not detected in cell 

culture. There may be several explanations for these findings. For tissue culture 

adapted viruses, Richardson (12) reported that the ratio of plaques to particles 

determined by electron microscopy was approximately 1: 1 00. Sharp (15) reported that 

for environmentally isolated virus, the ratio of plaques to particles could exceed 

1: 1 0,000. Therefore, an equivalent environmental soil sample could have as few as 2 

PFU/g of soil and have roughly the equivalent number of template copies as a soil 

sample that has been artificially seeded with 200 PFU of tissue culture adapted 

viruses/g of soil. 

PCR results for the experimental farm suggest that the capsid is relatively 

stable in contrast to the results of Ward et al. (20), Ward and Ashley (21) and Yeager 

and O'Brien (22). These reports discussed mechanisms of thermal inactivation during 

sludge treatment (20, 21) and mechanisms of inactivation of viruses in soil due to 

drying (22). Their studies suggest that capsid proteins were altered causing the RNA 
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to be ejected. Once in sludge or soil, the RNA was rapidly hydrolyzed. 

If, however, the mechanism of viral inactivation only involves minor 

modifications of the protein capsid, leaving the genome intact, the ratio of plaques to 

particles could further decrease. As an example of this, the soil samples from the 

experimental farm were collected 3 months after the last sludge application. Assuming 

worst case conditions that favor virus survival, i.e. constant moisture (> 10% w/w) and 

temperature conditions (ca. 15°C in a desert soil profile) at the deeper soil depths, 

Straub et al. (17) reported that the time required for 99% reduction of poliovirus was 

28.3 days. If we further assume that the starting concentration of viruses was at least 

2 PFU/g of soil, after 90 days, the expected concentration of plaques would be 2 x 10.6 

PFU/g of soil. Therefore, the likelihood that the viruses detected by PCR were non

infectious is high and would support the observation that none of the experimental 

farm samples contained infectious enterovirus. 

To further support the hypothesis that inactivation of viruses in the soil samples 

may have been the result of minor modifications of the protein coat, Enriquez et. al. 

(5), found that gene probe hybridization signals often persisted an average of 45 days 

longer than tissue culture detection of poliovirus type 1 when the virus was subjected 

to a temperature of 37°C in sterile phosphate buffered saline, non-treated well water, 

autoclaved well water, and filtered well water. 
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The most dramatic results of this study was the finding that viruses in sludge 

may be transported through the vadose zone both vertically and laterally after land 

application of sludge. These finding are in contrast to those results reported by 

Daamgard-Larsen et al. (4)" Bitton et al. (3), and Pancorbo et al. (11). Each of 

these studies used seeded poliovirus or echovirus which has been shown to adsorb 

strongly (greater than 99% adsorption; Gerba et al. [6]). Viruses that adsorb strongly 

to soil may not be truly representative of all members of the enterovirus group. An 

example of this is coxsackie B3 which has been found to migrate as far as 18.3 m 

during artificial wastewater recharge (7). Due to the different adsorptive characteristics 

among the enteroviruses, and the range of enteroviruses that this particular primer set 

can detect (1) , it is possible that viruses detected by PCR at the 2 m depth 

represented a different consortium of enteroviruses than those detected at the surface. 

Collection of soil samples at different depths requires special precautions to 

insure that soil samples assayed are not influenced by soil from the more shallow 

depths. The measures taken in this study included 1) excavation of the sludge surface 

with a sanitized shovel 2) sanitizing the auger after each core was taken, 3) angling 

the auger slightly to minimize surface soil from contaminating cores taken at deeper 

depths and 4) collection of the sample at the center of the core. In addition, samples 

collected at the experimental farm were collected in one week intervals in the 

following order: no sludge plots, sludge plots that receive one application per year 

(IX) and sludge plots that received 3 applications per year (3 X). During this time 
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further cleaning and sanitation of the equipment was performed in a laboratory where 

no work with seeded enteroviruses was being conducted. In addition, samples taken 

from the field that had never received sludge and irrigated with groundwater were 

negative after seminested peR. Had the equipment been contaminated, positive results 

for the samples taken from this field should have been observed since the same 

equipment was used for all sample collections. For laboratory equipment, all plastic 

ware was first autoclaved with detergent, cleaned with virus free brushes, and then 

autoclaved. Results of the laboratory prepared autoclaved sludge amended soil sample 

were negative via peR suggesting that the plastic ware used was free of contaminating 

enterovirus template. For peR we insured that reagents were not contaminated by 

subjecting no template controls to the same purification procedures used for the soil 

samples. These results were also negative. 

In conclusion, peR detection of enteroviruses in environmental samples may 

offer an attractive alternative to tissue culture detection, In addition it may prove to 

be a useful presumptive test for screening large numbers of samples prior to 

confirmation by standard methods. Further testing is needed to determine correlation 

between detection by peR and tissue culture detection. It would be preferable that at 

the minimum, for every sample determined positive by tissue culture, peR should also 

be positive. This assumes that the primer set used for peR detection of enterovirus 

can specifically amplify genomic targets of the viruses present in the sample. Based 

on our findings we recommend that tissue culture be used in conjunction with peR 
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until more data confirms the validity of the peR method to detect enteroviruses for a 

wide variety of environmental samples. 



121 

References Appendix 3 

1. Abbaszadegml, M., M.S. Hubel; c.P. Gelba mId I.L. Peppel'. 1993. Detection of 

enteroviruses in groundwater using polymerase chain reaction. Appl. Environ. 

Microbiol. 59:1318-1324. 

2. Ansmi, S.A., S.R. Fan'all mld G.S. Chaudhry. 1992. Presence of human 

immunodeficiency virus in wastewat~r and their detection by polymerase chain 

reaction. Appl. Environ. Microbiol. 58:3984-3990. 

3. Ditton, G., O.c. PancoliJo and S.R. Fannh . 1984 Virus transport and 

survival after land application of sewage sludge. Appl. Environ. Microbiol. 

47:905-909. 

4. Damgam'd-Lal'sen, S., K.O. Jensen, E. Lund and B. Nissen. 1977. Survival 

and movement of enterovirus in connection with land disposal of sludges. 

Water Res. 11:503-508. 

5. Emiquez, C.E., M. Abbaszadegml, I.L. Peppel', K.J. Richm'dson, A.B. 

Margolin mId c.P. Gerba. 1993. Comparison of poliovirus detection in water 

by cell culture and nucleic acid hybridization. Wat. Sci. Tech. 27:315-319. 

6. GeliJa, c.P., S. M. Goyal, I. Cech mld G.F. Bogdml. 1981. Quantitative 

assessment of the adsorptive behavior of viruses to soils. Environ. Sci. Technol. 

15:940-944. 

7. GeliJa, c.P. and G. Bitton. 1984. Microbial pollutants: Their survival and 

transport pattern to groundwater pp. 65-88. In: G Bitton and C.P. Gerba (eds.) 



122 

Groundwater pollution microbiology. John Wiley and Sons, New York. 

8. Higuchi, R 1992. Simple and rapid preparation of samples for PCR, pp 31-38. 

In: H.A. Erlich (ed.), PCR technology. W.H. Freeman and Co., New York. 

9. Kopecka, H., S. Dubl"(m, J. PI'CVOt, J Mm'Cchal and J.M. Lopez-Pila. 1993 

Detection of naturally occurring enteroviruses in groundwater by reverse 

transcription, polymerase chain reaction and hybridization. Appl. Environ. 

Microbiol. 59:12l3-1219. 

10. Mullel1.Wegenel; U. 1988. Interaction of humic substances with biota, pp. 179-

192. In: F.H. Frimmel and R.F. Christman (eds.) In Humic substances and their 

role in the environment. John Wiley and Sons, New York. 

11. Pmlcol'bo, O.c., G. Bitton, S.R. Fan'all, G.E. Gifford mId A.R. Ovelman. 

1988. Poliovirus retention in soil columns after application of chemical- and 

polyelectrolyte-conditioned dewatered sludges. Appl. Environ. Microbiol. 

54:118 -123. 

12. Richardson, K.J. 1989. Use of nucleic acid probes and a nonradioactive 

labeling system for the detection of enteroviruses in water. Ph.D. dissertation. 

Department of Microbiology and Immunology, University of Arizona, Tucson. 

13. Sambl'Ook, J., E.F. Fritsch and T. Mmliatis. 1989. Molecular cloning: A 

laboratory manual pp E.36-E.38. Cold Springs Harbor Press, New York. 

14. Schwab, K.J., R. DeLeon, R.S. Bmic mId MD Sobsey. 1991. Detection of 

rotaviruses, enteroviruses and hepatitis A virus by reverse transcription 



polymerase chain reaction. Proceedings of the water quality technology 

conference pp. 475-491. American Water Works Association, Orlando, FL. 

123 

15. Shmp, D.G. 1965. Electron microscopy and viral particle function pp. 193-217. 

In G. Berg (ed.), In Transmission of viruses by the water route. Interscience 

Publishers, New York. 

16. Soares, A.C. 1989. Occurrence of enteroviruses and Giardia cysts in sludge 

before and after anaerobic digestion. M.S. thesis. Department of Microbiology 

and Immunology, University of Arizona, Tucson, 

17. Straub, T.M., I.L. Peppel' and C.P. Gelua. 1992. Persistence of viruses in desert 

soils amended with anaerobically digested sewage sludge. Appl. Environ. 

Microbiol. 56:636-641. 

18. Tsai, Y.L., c.J. Palmer mid L.R. SangelmmlO. 1993. Detection of E coli in 

sewage and sludge by polymerase chain reaction. Appl. Environ. Microbiol. 

59:353-357. 

19. USEPA. 1993. Standards for the disposal of sewage sludge pp 9387-9404. 

Fed. Regist. Washington, D.C. 

20. Want R.L., C.S. Ashley mid R.H. Moseley. 1976. Heat inactivation of 

poliovirus in wastewater sludge. Appl. Environ. Microbiol. 32:339-346. 

21. Want R.L. mid C.S. Ashley. 1977. Inactivation of enteric viruses in wastewater 

sludge through dewatering and evaporation. Appl. Environ. Micrbiol. 34:564-

570. 



124 

22. Yeagel; J.G. and R. T. O'Blien. 1979. Enterovirus inactivation in soil. Appl. 

Environ. Microbiol. 38:694-701. 



Table 1. 

125 

Sensitivity of peR detection of poliovirus type 1 in sludge amended soil 

2 

Tn~atment 

None 

30 cycles 

Treated3 

30 cycles 

None 

60 cycles 

Treated 

60 cycles 

after reverse transcription and 30 cycles and 60 cycles (semi nested) of 

PCR. l 

Concentration of poliovhus in 10111 peR n~action 

200 PFU 20 PFU 2 PFU2 0.2 PFU 0.02 PFU control 

- - - - - -

+ + + - - -

- - - - - -

+ + + + - -

Viruses were initially seeded into sludge. Concentration represents titer of 

virus in sample after elution. 

The equivalent number of viruses in soil was 2.0 x 103 PFU/g of soil. 

Eluates were treated using Sephadex G-50 and Chelex-lOO spun columns and 

subsequently subjected to PCR. 
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Comparison of the recovery of poliovirus plaques determined by tissue 

2 

culture after treatment of beef extract eluates using Sephadex G-50 and 

Chelex-100. 

Numbe.· of plaques in eluates based on a 10].l1 sample volume 

Dilution -2 

Before treatment 20 

After treatment 12 

Percent recovered 60 

Predicted number of plaques. 

NA = not applicable 

-3 -41 -5 

2 0.2 0.02 

2 0.2 0.02 

-
100 NA2 NA 
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PCR detection of enteroviruses in plots receiving 3 sludge application 

per year.) 

Site Depth 30 cycles 60 cycles' 

1 surface to 50 em + 

50 to 100 em + 

100 to 150 em + 

150 to 200 em + 

2 surface to 50 em + 

50 to 100 em + 

100 to 150 em + 

150 to 200 em 

Results based on 10 /-ll sample volume. 

2 For the second 30 cycles, seminested PCR was performed. 



Table 4. PCR detection of enteroviruses in plots to which no sludge has been 

added. I 

Site Depth 30 cycles 60 cycles1 

surface to 50 em 

50 to 100 em + 

100 to 150 em + 

150 to 200 em + 

2 surface to 50 em + 

50 to 100 em + 

100 to 150 em 

150 to 200 em + 

Based on 10 J.t! sample volume 

2 For the second 30 cycles, semi nested PCR was performed. 

128 
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Table 5. PCR detection of enteroviruses in no sludge plots] 

Site Depth 30 cycles 60 cycles1 

surface to 50 em + 

50 to 100 em 

100 to 150 em + 

150 to 200 em + 

2 surface to 50 em 

50 to 100 em + 

100 to 150 em + 

150 to 200 em + 

Based on 10 III sample volume. 

2 For the second 30 cycles, seminested PCR was performed. 
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PCR detection of enteroviruses from a field that had not received sludge 

and was irrigated with ground water. 1 

Site Depth 30 cycles 60 cyclesl 

150 to 200 cm 

2 150 to 200 cm 

Based on 10 III sample volume. 

2 For the second 30 cycles, seminested PCR was performed 
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