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Abstract 

Inactivation of bacteriophages MS-2 and PRD1, and poliovirus type 1 were 

measured in Pima Clay Loam and Brazito Sandy Loam soils amended with 

anaerobically digested sewage sludge. Inactivation was determined at 15°C, 

27°C, and 40°C with soils maintained at 30% moisture, and amended soils 

exposed to evaporation. No inactivation of PRD1 was observed within 30 days 

and 16 days at 15°C and 27°C respectively with little inactivation after 7 days at 

40°C. Inactivation of MS-2 and poliovirus was approximately 2 fold greater at 

27°C compared to 15°C. At 40°C neither virus was recovered 24 hours after 

sludge amendment. Evaporation to less than 5% soil moisture resulted in rapid 

loss of titer for all three viruses regardless of temperature. Survival of MS-2 and 

poliovirus 1 in sludge amended fields (15°C) was longer than comparable 

laboratory studies. None of the viruses were recovered in fields amended during 

the summer (33°C) after 7 days. A method was also developed to remove cell 

culture toxic components from these soils. 
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Introduction 

Safe disposal of sewage sludge is becoming a major problem in rapidly 

growing metropolitan areas in the United States. Traditional methods of sludge 

disposal include dewatering followed by burial in landfills, incineration of dried 

sludge, or disposal into rivers, lakes, and oceans. These methods may no longer 

be feasible. Landfills are rapidly becoming too full to accommodate the input, and 

construction of new landfills is rapidly falling behind the demand. Incineration adds 

to air pollution and some of the gasses released may also be toxic. Disposal of 

improperly treated sludge into freshwater lakes and rivers can lead to increased 

biochemical oxygen demand leading to anaerobiosis which in turn kills most 

aquatic life. The risk of pathogenic microorganisms contaminating surface water 

sources used for domestic supplies is also a concern. 

Amendment to agricultural cropland may have several benefits including 

texture improvement of soils, an excellent source of nitrogen for plant growth, and 

beneficial organic compounds. Agricultural reuse of sewage sludge has been in 

use since ancient times (Sagik, et al. 1980). In ancient China, farmers used human 

excreta because there were not enough domestic farm animals to produce manure 

for fertilizer. The Roman empire improved on this system by diluting excreta with 

water and carried it to farms via aqueducts. 

However, because of health risks associated due to toxic organics, heavy 

metals, nitrates, and pathogenic microorganisms (Boyd et al. 1982), the United 



States Environmental Protection Agency only allows soil amendment to non-food 

crops such as cotton. A minimum of 5 years waiting time is required before food 

crops can be grown on a previously amended field (USEPA Report CFR part 503, 

1989). Pima County, Arizona is currently investigating the benefits and risks 

associated with amendment of soil with anaerobically digested sewage sludge on 

cotton. Pepper et al. (1989) and Soares (1990) monitored numbers of potential 

pathogenic microorganisms in raw and anaerobically digested sewage sludge from 

Pima County's Ina Road Wastewater Treatment Facility in Tucson, AZ. Findings 

from both of these studies demonstrated that significant numbers of potential 

pathogens are still present after a mean digestion time of 20 days. Hence, 

amendment of soil with this sludge will result in contamination with pathogenic 

microorganisms. 

The fate of these pathogens in the field is not well understood. However 

it is known that soil temperature, soil moisture, and to some extent soil texture 

significantly affects their viability. Depending on how long these microorganisms 

are able to survive, it is possible that, under saturated flow conditions, groundwater 

contamination or contamination of surface water supplies can result. Most work 

on the fate of these pathogens during the wastewater treatment process and 

subsequent fate once these microorganisms after disposal was performed in the 

late 1970's and early 1980's. However, few reports exist on the fate of viruses in 

sludge amended soil. Interest in the fate of these particular pathogens has been 
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renewed in light of proposed EPA regulations which requires that sludge treatment 

significantly reduces the number of all pathogen groups before land application 

(USEPA, 1989). 

Southern Arizona has a unique climate in that arid conditions exist for at 

least 9 months of the year (March-November). A combination of arid conditions 

and high soil temperatures may significantly reduce the pathogen load after land 

application of treated sewage sludge. The purpose of this project was to 

investigate the effects of temperature and drying on viability of three different 

viruses in two agricultural production soils (a sandy loam and a clay loam soil) 

common to Southern Arizona amended with anaerobically digested sewage 

sludge. 

Methods used to recover viruses from sludge amended soils have the 

tendency to concentrate chemicals that are toxic to cell culture. A method using 

size exclusion chromatography was evaluated to determine efficiency of removing 

these chemicals without significant loss of virus titer. 
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Literature Review 

Origin of Sewage Sludge 

Raw sewage entering the wastewater treatment facility is first passed 

through a grit chamber to remove large debris followed by holding in basins to 

allow suspended solids to settle. The settled solids are referred to as primary 

sludge and the liquid fraction is considered as primary effluent. Primary effluent 

can be further treated by a biological process to reduce biochemical oxygen 

demand (BOD). Solids precipitated by this secondary treatment are referred to 

as secondary sludges. If secondary effluents are further treated, precipitates from 

this process are referred to as tertiary sludges (Hurst, 1987). 

Sludge Treatment 

The resulting sludges from the treatment of sewage need to be treated to 

1) reduce organic matter and water content, 2) reduction of pathogens, and 3) 

removal of odors. There are four basic methods used to accomplish this goal. 

These include anaerobic digestion, aerobic digestion, composting, and lime 

stabilization. To meet United States Environmental Protection Agency (USEPA) 

standards for significant pathogen reduction, treatment facilities may use a 

combination of these methods and drying (Pederson, 1983). 

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

thermophilic (50 to 60°C) (Pederson, 1983). In high rate reactors, such as the one 

at the Ina Road Wastewater Treatment Facility in Tucson, AZ, the mean retention 



time is 10 to 20 days. In general, longer detention times and higher temperatures 

lead to greater reduction of microorganisms. Anaerobic digestion leads to 

production of methane gas which can be utilized by the treatment facility to meet 

some of its energy needs (Bitton, 1980) 

Smaller treatment facilities may use aerobic digestion to treat sewage 

sludge (Bitton, 1980). Temperatures for aerobic digestion are usually mesophilic 

(37°C) and the mean retention time is 10 to 20 days. This process is costly 

because air must be pumped into the aeration tanks and no methane gas is 

produced. Pathogen reduction may also be limited. Bitton, et al. (1980 cited by 

Pederson, 1983) found that a one log reduction of enterovirus took at least 90 

days. 

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 often raise the temperature 

of the sludge pile up to 45°C to 65°C (Pederson, 1983). After food sources are 

exhausted the pile cools to ambient temperatures. There are three basic methods 

of composting (Pedersen, 1983). The first is called the windrow system. The 

sludge is mixed with other material sand formed into long piles. These piles are 

turned periodically to allow aeration. The total time for this can take 6 to 10 weeks 

depending on climate. The second system is referred to as the Beltsville system. 

In this method air is blown into or pulled through the compost pile. This process 



takes three to 4 weeks. The third system is a closed drum. The sludge compost 

is in a well aerated rotating drum for two to three weeks. Temperatures in this 

system can reach 70°C. Los Angeles County is experimenting with a deep bin 

system. Sludge is added to bins approximately 300 cm in height and 300 cm in 

length and width. The piles are turned periodically to maintain aeration. 

The fourth method for treating sludge is lime stabilization (Pedersen, 1983). 

In this process, liquid sewage sludge is mixed with sufficient amounts of lime to 

raise the pH to 12.0 for at least two hours. The high pH has been shown to 

significantly reduce coliform indicator bacteria. Sattar (1976, cited by Pedersen, 

1983)) found that poliovirus was reduced by 4 log10 when lime was added to 

sludge to raise the pH to 11.5. 

Land Disposal of Treated Sewage Sludge 

Land Disposal of sewage sludge is perhaps the most economical means 

of sewage sludge disposal. Because of its nutritive value to crops it can turn a 

municipal liability into agricultural asset (Wallis and Lehman, 1983). There are 

three methods in which sludge is applied to land. These include 1) surface 

spreading by tankers, 2) surface spreading by rain gun, and 3) sludge injection. 

Surface spreading by tankers is perhaps the cheapest method to dispose 

sludge. Pima Grow, the contractor who receives sewage sludge from the Ina 

Road Wastewater Treatment Facility, uses this method to apply this waste to 

cotton farms around the area (Pima County Report, 1989). This method has two 
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disadvantages. The first of these disadvantages is uneven spreading of sludge 

(Wallis and Lehman, 1983). This is mostly due to maintaining constant speed of 

the tanker and uneven topography of the field. As a result sludge tends to 

accumulate in pockets. The second problem 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. (1989) found that 

sludge application to Avra Valley cotton fields increased bulk density to the point 

where soil respiration and hence plant growth was reduced. Usually the 

application is worked into the soil within the hour of sludge application (Wallis and 

Lehman, 1983). 

Application by rain guns are the second major method of sludge disposal. 

(Wallis and Lehman, 1983). Irrigation sprayers are often modified to allow the 

sludge to pass through the sprayer. This method has similar problems of surface 

spreading by tankers. It may also lead to aerosolization of pathogenic 

microorganisms. As with the tanker method, the sludge should be worked into soil 

as soon as possible. 

Sludge injection eliminates problems of uneven spreading by the previous 

two methods. Sludge injectors provides a continuous ribbon of sludge at preset 

depths and rates. It also has the advantage of reducing odor and nitrogen losses. 

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

of pathogenic microorganisms from desiccation, extremes of temperature, and 
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ultraviolet radiation from the sun (Wallis and Lehman, 1983). 

Viruses Associated with Sewage Sludge 

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

their way into sewage. A listing of some of the most common viruses and 

diseases they may cause are listed in Table 1. Enteric viruses are those viruses 

which can replicate in the gastrointestinal tract and can be disseminated by the 

facal route. They are divided into several groups based on morphological, 

physical, chemical, and antigenic differences. The average enteric virus density 

in U.S. raw domestic sewage has been estimated at about 7000 viruses per liter 

(Melnick, et al., 1978). 

The most commonly studied group are the Picornaviridae family and the 

Reoviridae family. Representatives of the picornavirus group include polio, 

echovirus, and coxsackievirus. Reoviruses include rotavirus which is a common 

viral disease in day care centers and the primary cause of viral gastroenteritis in 

developing countries (Fenner and White, 1976). These enteroviruses cause a 

variety of diseases. An infected individual may excrete as many as 1010 

viruses/gram of feces and will shed these viruses for up to 50 days (Melnick and 

Gerba, 1981). Poliomyelitis can cause severe nervous system disease. Until the 

1950's large outbreaks of this disease were attributed to ingestion of contaminated 
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Table 1: Human viruses which are shed in feces and may be present in sewage and 
sludge. 

Virus Group Number of Serotypes Illness Caused 

Adenovirus 41 Pharyngitis, conjunctivitis, 
respiratory i l lness,  
vomiting, diarrhea 

Astrovirus 5 Vomiting, diarrhea 
Calicivirus 2 Vomiting, diarrhea 
Coronavirus 1 Vomiting, diarrhea 
Enterically transmitted 
Hepatitis E 1 Hepatitis 
Enterovirus 

Poliovirus 3 Paralysis, meningitis, fever 
Coxsackievirus A 24 Herpangina, respiratory 

illness, meningitis, fever 
Coxsackievirus B 6 Myocarditis, congenital 

heart anomalies, rash, 
fever,  meningi t is ,  
respiratory i l lness,  
pleurodynia 

Echovirus 34 Meningitis, encephalitis, 
respiratory disease, rash, 
diarrhea, fever 

Enterovirus 68-72 4 Meningitis, encephalitis, 
respiratory illness, acute 
hemorrhagic conjunctivitis, 
fever 

Hepatitis A virus 1 Hepatitis 
Norwalk virus 1 Epidemic vomiting and 

diarrhea 
Parvovirus 2 One type possibly 

associated with enteric 
infection 

Reovirus 3 Not clearly established 
Rotavirus 4 Vomiting, diarrhea 
"Small Round Viruses" 2 Vomiting, diarrhea 

Adapted from Hurst, C.J. 1988. Fate of viruses during wastewater sludge treatment process. 
Critical reviews in Environmental Control 18: 317-343. 
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recreational waters (Hurst, 1988). Other enteroviruses may cause aseptic 

meningitis, diarrhea, nausea, vomiting, or no symptoms at all. Because all of these 

viruses have been isolated from sewage and sewage sludge and these agents are 

known to associate and concentrate in sludge solids, the fate of these viruses 

during treatment of sludge and after land application is of great importance. 

Fate of Viruses During Sludge Treatment 

Ward and Ashley (1976, 1977a, 1977b, 1977c and 1978) worked on 

molecular mechanism of heat inactivation of poliovirus and reoviruses. Using a 

combination of plaque assay methods and radioactively labeled proteins and 3H 

uridine, it was determined that some proteins were degraded allowing the viral 

RNA to be ejected. Once in the medium, the RNA was rapidly hydrolyzed. It was 

later determined that uncharged ammonia, a product of anaerobic digestion, led 

to the destruction of picornaviruses whereas reoviruses remained unharmed. As 

pH of the sewage sludge increased, the amount of uncharged ammonia also 

increased and virus survival decreased. Solids associated detergent in raw sludge 

was found to significantly decrease the temperature required for destruction of 

reoviruses. 

After sludge treatment, the sludge may be dewatered to reduce weight and 

making it easier to transport to disposal sites (Bitton, 1980). This may also have 

an added benefit in reducing numbers of infectious virus. Ward and Ashley 

(1977b) performed experiments on loss of infectivity of poliovirus strain CHAT in 
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dewatered sludge at 21 °C. Less than a one Log10 reduction of virus occurred 

when the sludge was dried to 65% solids. However, at a solids content of 83 to 

91%, a 4 log10 reduction of the virus occurred. To determine if the loss of 

infectivity was permanent, the viral RNA was labeled with 3H uridine. The results 

showed no loss of radioactivity as the virus titer declined. Density gradient 

centrifugation revealed that the 156S component of the viral RNA was released 

from the capsid and then degraded. 

Pathogen Standards for Sludge Disposal on Land 

The USEPA (1989) has proposed new standards for the reduction of all 

pathogenic microorganisms in sewage sludge during the treatment process. 

Sludge would be graded A, B, or C depending on the level of reduction of these 

groups (Table 2). From the table it is apparent that the difference between Class 

A sludge and Class B sludge can be quite dramatic. A 99% reduction is the same 

as a 2 Log10reduction. Suppose the number of viruses in raw sludge was 

104/gram of volatile suspended solids. After treatment, the number of viruses per 

gram VSS was 102. Another sludge may start with 105 viruses/gram VSS and end 

with 103 viruses/gram VSS. Both would meet Class B standards yet the former 

would be less of a risk than the latter. However, these levels are still a minimum 

of 2 to 3 orders of magnitude higher than Class A sludge. 
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Table 2: Proposed Microbial Standards for Sludge Applications to Agricultural Land8. 

Class Salmonella Virus Protozoa Helminth Fecal Fecal 
Parasites Eggs Coliforms Strep. 

Per Gram of Volatile Suspended Solids 

A 3 1 1 1 100 100 

B 99%b 99%b * * 1,000,000 1,000,000 

C 97%b 97%b * * 1,995,262 5,011,872 

* Crop Harvesting and animal grazing requirements apply to agricultural land. 

a Standards for the Disposal of Sewage Sludge, Environmental Protection Agency. Federal 
Register 54:5746-5906, 1989. 

b Percent reduction required by treatment. 
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Determination of the pathogen levels in treated sewage sludge would 

require a monitoring system. A conventional method is to collect raw and treated 

sludge samples on a monthly basis and then determine the pathogen levels in 

both. Such a method was used by Pepper et al. (1989) to monitor levels of fecal 

coliforms, total coliforms, and fecal streptococci and Soares (1990) to determine 

levels of viruses and Giardia parasites in sewage sludge from the Ina Road 

Wastewater Treatment Facility in Tucson, AZ. Results of both of these studies over 

an 18 month time period, showed that this sludge did not meet Class C standards 

for the fecal coliform, total coliform, and fecal streptococci (Pepper et al. 1989). 

Virus removal ranged from 50% to 99.99% with a high degree of variability. Class 

C standards for viruses were not met 46% of the time (Soares, 1990). Giardia 

cysts were extremely resistant to anaerobic sludge digestion (Soares, 1990) and 

would also not meet class C standards at all. 

Berg and Berman (1980) performed a study to determine if removal of 

bacterial indicators could be used as a useful predictor of pathogen reduction of 

all groups. The authors pointed out that collecting both raw and treated sludge 

on the same day may not reflect the true reduction of pathogens since treated 

sludge is a product from raw sludge that was added to the digester 10 to 20 days 

previous as is often the case with aerobic and anaerobic digestion. 

Virus survival after Land Disposal of Wastewater and Sewage Sludge 

Regardless of efficacy of virus reduction during anaerobic digestion at the 
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Ina Road Wastewater treatment facility, Soares (1990) showed that significant 

numbers of viruses were still present in the treated product (average of 27 pfu/ dry 

gram of sludge per application on a yearly basis). Wellings et al. (1976) found 

concentrations of 24 pfu/250 grams of sludge cake exposed to drying in the 

Florida sun. In the Florida study all viral isolates were found to be echovirus 7 

which causes encephalitis in man. 

Survival, extended periods of soil saturation, and the degree of virus 

adsorption are perhaps the most important factors that will ultimately determine 

how many infectious virus actually reach groundwater supplies. Survival of viruses 

in these soils include both abiotic and biotic factors. Abiotic factors affecting the 

survival of microorganisms include temperature, moisture, soil pH, soil texture, and 

cation exchange capacity. Little is known about the biotic factors affecting viruses. 

In controlled laboratory studies, Hurst (1978) reported that aerobic microorganisms 

decrease survival of viruses in wastewater added to soil compared to amended 

soils that were incubated under anaerobic conditions. Yet this trend was not 

confirmed by other researchers (Larkin, et al, 1976 cited by Gerba and Bitton 

1984; Bagdasar'yan, 1964 cited by Gerba and Bitton, 1984). 

In desert soils, evaporation of soil moisture is perhaps the most important 

abiotic factor. The rate of evaporation is directly related to temperature and 

relative humidity. In Arizona, high temperatures and arid conditions lead to rapid 

loss of soil moisture. Yeager and O'Brien (1979) studied the survival of poliovirus 



in New Mexico. The virus was seeded in groundwater, river water, septic liquor. 

These were applied to two soil types; sand and sandy loam. It was found that 

desiccation to less than 2.9% soil moisture, rapid loss of infectivity was observed 

regardless of temperature. 

If soil moisture content is maintained at 10% or greater, temperature is the 

most important factor affecting the inactivation of viruses in soils (Yeager and 

O'Brien, 1979 and Hurst, 1980). The first 2 cm of soil shows fluctuations in 

temperature that correspond to the daytime high and nighttime low temperature, 

however at 10 cm below the soil surface the temperature is more stable. Survival 

of viruses is enhanced with a combination of low soil temperature and sufficient 

moisture (Bitton, 1980 and Eisenhardt et al. 1977). Bagdasar'yan (1964) observed 

that poliovirus type 1 could persist for up to 170 days at temperatures of 3 to 10°C 

and that virus survival decreased as the temperature was raised from 18 to 23°C. 

Yeager and O'Brien (1979) studied inactivation of virus in soil relative to soil 

moisture content. In soil saturated with groundwater, surface water, or septic tank 

liquor, the rate of poliovirus inactivation was directly proportional to the 

temperature. At 4°C viruses persisted for 180 days, while at 37°C no viruses 

remained after 12 days. In soils held at constant moisture and Hurst (1978) also 

demonstrated that increasing soil temperature is a significant factor affecting the 

inactivation of poliovirus type 1 and echovirus. 

Viral adsorption to soils, in general, significantly affects its survival in soil. 



As adsorption increases, viral survival increases (Hurst, 1978). Gerba (1981) 

analyzed the adsorptive behavior of viruses in nine different soil types. What was 

most notable is that the range and standard deviation for the percent adsorption 

of each virus tested was quite large. In general, Group I viruses such as echovirus 

I, coxsackievirus B4, $X-174, and MS-2 adsorb very poorly to soils while Group II 

viruses such as poliovirus 1, echovirus 7, coxsackievirus B3 and the T even 

phages have a high percent adsorption to soil particles. Regression analysis was 

performed on each virus group by splitting soil characteristics into 3 variable sets. 

For the group I viruses, pH seemed to be the most important factor influencing 

viral adsorption to soils and to some extent organic matter of the soil. For the 

group II viruses, no one soil characteristic was found to significantly affect 

adsorption of viruses. Exchangeable aluminum was the most significant factor 

affecting adsorption of the f2 phages. The f2 phages were classified in a group 

of their own because of generally poor adsorption to many soils. Results from this 

study suggest that other factors influencing adsorption to soils may have more to 

do with the composition arrangement and number of positively or negatively 

charged side chains protruding from the protein coat. Another suggestion from 

this analysis is that group I viruses because of their poor adsorbing capabilities, 

sensitivity to changes in soil pH and soil organic matter may be the main viruses 

of concern in contamination of groundwater from sludge amended or wastewater 

irrigated soils. However it should be noted that there are exceptions to the rule. 
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Maguire et al. (1990) reported that PRD1 adsorbs very poorly to soil columns at 

pH 5.5, not at all at pH 7, and can survive for extended periods of time under 

sufficient moisture conditions. 

Certain soil characteristics do, however, significantly affect virus survival in 

soil. Hurst's study of nine different soils revealed that 1) virus survival decreased 

as a function of increasing soil pH and resin extractable phosphorus, and 2) virus 

survival increases with increasing levels of exchangeable aluminum. The relative 

amounts of clay and humic minerals may also affect the survival of viruses (Bitton 

and Gerba, 1984). In general, both clay mineral content and viruses are negatively 

charged. However, viruses can adsorb by cation bridging leading to stabilization 

of the virus. It is speculated that increasing clay minerals increases viral survival 

by protecting the genome from nucleases. Humic substances influence cation 

exchange capacity, pH and water retention in soils. Because the true chemical 

nature of humic substances has not been determined, the effects on virus survival 

have yet to be determined. 

Transport: 

Although Pima County only provides sludge for irrigation and its fertilizer 

value for non-food crops, there is concern about its potential for contamination of 

groundwater. Half of waterborne illness in the United States is due to groundwater 

contaminated by microorganisms (Craun, 1984). In fact 5 of 6 outbreaks due to 

contaminated groundwater identified viruses as the possible etiological agent. 
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Several factors affect the downward migration of viruses in soil. Fine 

textured clay soils generally retain viruses more effectively than coarse textured 

sandy soils (Gerba and Bitton, 1984; Hurst, 1979). This is due mostly to its high 

surface area and ion exchange capacity. Iron oxides, especially magnetite have 

a high affinity for viruses. Soil pH may also influence the degree of adsorption. 

(Gerba and Bitton, 1984). Generally as pH increases, adsorption decreases. 

However, this trend is not as clear. This is because the soils and the viruses may 

have different isoelectric points. For example poliovirus type 1 has two isoelectric 

points (pH 4.5 and 7.0). Cations in water may affect virus adsorption to soil. 

Rainwater may desorb viruses from soil due to its low conductivity. Soil organic 

matter in the form of humic and fulvic acid can compete with viruses for adsorption 

sites onto clay minerals. Virus type is also important. The amino acid side chains 

on the protein coat will largely determine if the net charge of the virus. These 

proteins vary with the virus and even within strains. Lastly, flow rate and degree 

of soil saturation is a factor. Higher rate of flow and saturated soil conditions favor 

greater movement of viruses. 

Most work concerning contamination of groundwater by land disposal of 

wastes pertains to effluent (Kesswick, 1984). Groundwater recharge by treated 

effluent is one method in which viruses may migrate vertically through the soil 

through cracks and fissures. Hurst et al. (1980) found that poliovirus migrated an 

average of 5 to 10 cm after 5 days in rapid infiltration basins flooded for an 



average of 5 days. Echovirus, under these same conditions, migrated 

approximately 100 fold less. Gerba, 1984 reported a maximum migration distance 

of Coxsackie B3 was 18.3 m. 

With respect to land disposal of sewage sludge, little is known about 

migration of viruses under saturated flow (Sorber and Moore, 1987). Bitton and 

Farrah (1980) were unable to recover viruses from leachates under sludge 

amended soils. Jakubowski et al (1977) were also unable to detect viruses 

beneath soils amended with sludge. Pancorbo et al. (1988) performed laboratory 

studies on migration of poliovirus in sludge amended soil columns. Results of this 

study confirmed earlier findings that viruses are effectively retained in the sludge 

soil matrix. 

Methods to Recover Viruses from Sludge and Soil 

A variety of methods exist for recovering viruses from sewage sludges and 

soils amended with sewage sludges. Hurst (1987) reviewed a variety of methods 

for recovering viruses from sewage sludge. It should be noted that recovery 

efficiency of any one particular method will depend on the virus eluted. A method 

that works well for poliovirus type 1 may work very poorly for reoviruses or 

coliphages. This becomes a problem if three or four different viruses are mixed 

together in sludge. One method may be more efficient for one or two of the 

viruses but very poor for the other viruses tested (Bitton et al. 1984; Gerba et al. 

1980; Gerba and Goyal, 1981). Soil type may also affect recovery efficiency. For 



31 

example, Hurst and Gerba (1979) tested the efficiency of isoelectric casein to 

concentrate seeded enteroviruses from Flushing Meadows soil. Recovery 

efficiency for this method averaged 66%. However, as clay concentration of the 

soils increased, recovery efficiency decreased. One way to overcome this problem 

is to run separate studies using different techniques of recovery that are optimum 

for the particular virus. However, this can be both time consuming and costly. 

In sewage sludge, general schemes for the recovery of enteroviruses 

include 1) direct assay of sludge, 2) elution from the solids and 3) concentration 

methods. Ward and Ashley (1976) used a direct assay method to recovery 

seeded poliovirus in raw and treated sludge. In their method the sludge was 

repeatedly sonicated in 0.1% and plating appropriate dilutions in tissue culture 

flasks. Recovery efficiency from this method was reported to be 100%. Hurst 

(1978) eluted mixed liquor activated sludge solids with 5 volumes of 0.05 M glycine 

buffer at pH 11.5 with an average recovery of 86%. Some method of 

concentration is usually needed when recovering indigenous viruses from sewage 

sludge or sludge amended soils. Soares (1990) reported an average of 3.33 

virus/mL in anaerobically digested sewage sludge using a concentration method. 

This is the lower range that can be detected in tissue culture without concentration 

of the samples. A 10 fold concentration increases the probability of detection 

using these methods. Farrah et al. (1981b) tested a number of eluents to 

concentrate viruses from a variety of sludges and found 3% beef extract, pH 9 and 
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4 M urea + 1% lysine, pH 9 resulted in the best recovery of the virus (75% and 

70%, respectively) while 0.1% SDS and 0.1% Tween 80 were very poor eluents 

(10% and 8% recovery, respectively). 

The United States Environmental Protection Agency (USEPA) accepted 

method for recovering and concentrating indigenous viruses in sewage sludge was 

developed by Berman et al. (1981) and Berg et al. (1982). In this method, AICI3 

is added to 500 mL of liquid sludge and the pH is reduced to pH 3.5. After 

continuous stirring on a magnetic stir plate, the solids are concentrated by 

centrifugation. The solids are then resuspended and eluted with a 10% buffered 

beef extract solution. After 30 minutes the solids are removed by centrifugation 

and the eluate is filtered through a membrane stack to remove bacteria and fungi. 

The filtrate is then precipitated by lowering the pH to 3.5 with HCI. The floe is 

settled by centrifugation and dissolved by resuspending the pellet in 30 mL of 0.15 

M Na2HP04. The sample is then freon extracted to remove components that are 

toxic to cell culture. The reported recovery efficiency of this method for 

anaerobically digested sewage sludge was 58%. Glass et al. (1978) and McGee 

(personal communication, 1990) reported that conventional freon extraction did not 

effectively remove toxic components of concentrated sludge samples. Glass and 

associates (1978) developed a method to remove this toxicity using equal volumes 

of dithizone in chloroform and found this method to be reliable. 



Recovering viruses from soils presents another problem (Bitton, 1987). In 

general, it has been found that recovery efficiency decreases as the clay mineral 

content increases. Hurst and Gerba (1979) evaluated a method for concentrating 

viruses using isoelectric casein as the protein eluent. This procedure was tested 

for recovering viruses from sandy soil (Flushing Meadows soil) in rapid infiltration 

basins. Average recovery efficiency for poliovirus 1, coxsackievirus A9, and 

echovirus 7 was approximately 66%. Soares (1990) modified the USEPA method 

for sludge amended soil. Poliovirus 1 was seeded into anaerobically digested 

sludge and this was added to Brazito Sandy Loam. The amended soil was eluted 

with buffered 3% beef extract. The eluent was plated directly in tissue culture. 

Recovery efficiency for this procedure was reported to be 100%. No data was 

reported for a clay loam soil which is also indigenous to that area, and this 

procedure was only tested for elution and not concentration. 

Methods of Studying Survival of Viruses in Soil 

While recovery efficiencies may be high for some methods and soil types 

(Hurst and Gerba, 1979; Soares 1990), overall recovery efficiencies are still too low 

( < 1 % to 37%, Bitton, 1987). This problem is magnified when virus concentrations, 

which may already be low in sludge, are further diluted by land application. In 

Pima County, sludge amendment to dry soil raises the soil moisture content to an 

average of 30%. This corresponds to a ratio of 75 mL of liquid sludge per 250 

grams of dry soil. Anaerobically digested sewage sludge from the Ina Road 
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Wastewater Treatment Facility has an average solids contents of 1.5% (Soares, 

1990). On a dry weight basis, 1.12 grams of dry sludge is amended to 250 grams 

of dry soil. Treated sewage sludge from the Ina Road Wastewater Treatment 

Facility contains a yearly average of 27 pfu/dry gram of sludge (Soares, 1990). 

Calculations based on this sludge loading rate show that the predicted number of 

viruses in sludged soil would be too low to detect by viral cytopathic effect 

methods. 

For this reason, reports on recovery and survival of indigenous 

enteroviruses in sludge amended soil are scarce, and no conclusions could be 

drawn concerning the true fate of these viruses (Sorber and Moore, 1986). In an 

experiment to demonstrate that risks of viral contamination do exist in sludge 

amended soil, Yanko and associates (1978, cited by Sorber and Moore, 1986) 

sampled amended experimental agricultural plots with treated sludge that was 

known to contain enteroviruses. Results of this study failed to recover indigenous 

viruses in the freshly amended (Day 0) soil samples, and the method of sludge 

amendment wasn't reported. Moore and associates (1978) isolated viruses from 

a site injected with thickened raw sludge in Montana 5 to 6 months after the last 

application in October of the previous year. However, because no initial sample 

was taken at the time of sludge amendment, no decay rate could be calculated. 

In Pima county, Pepper and Gerba (1989) reported that indigenous viruses were 

recovered at the time of sludge amendment, but no viruses were recovered 24 
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hours later. At that time, numbers of enterovirus in treated sludge form Ina Road 

Wastewater Treatment Facility (the source sludge) were unusually high. This 

sludge was surface spread onto cotton fields in Marana, AZ. Farrah (1981a) 

reported recovering indigenous viruses from lagooned sludge. When this sludge 

was surface applied to soil, enteroviruses were still detectable 9 days after sludge 

application. Controlled experiments using seeded viruses showed that a minimum 

of 35 days was required to achieve a 4 log1 Reduction of poliovirus 1 in 

undisturbed soil cores during the hot and wet summer months in Florida and 21 

days was required during the hot and dry season. 
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Objectives 

The goals of this study were: 

1. Determine inactivation rates at 15°C, 27°C, and 40°C for three 

representative viruses in two desert soils amended with 

anaerobically digested sewage sludge. 

2. Determine inactivation rates of these viruses in fields amended 

with sludge from the Ina Road Wastewater Treatment Facility 

during the winter and summer months. 

3. Develop a new method to eliminate sample toxicity to cell 

lines used in viral assays. 



Materials and Methods 

Sludge: 

Anaerobically digested sewage sludge (mean retention time for digestion 

= 15 days) was collected in sterile 1 liter plastic bottles (Nalgene; Nalge Co, 

Rochester, NY) at the Ina Road Wastewater Treatment Facility in Tucson, AZ. The 

sludge was then transported back to the laboratory and stored at 4°C until 

needed. 

Soil Collection: 

Two soils common to Southern Arizona were collected during the hot arid 

summer season. An agricultural production soil, Pima Clay Loam (fine-silty, mixed, 

thermic Typic Torrifluvent) was collected in a field near the University of Arizona's 

Marana Agricultural Center. The soil had not received sludge for at least two 

years. It was taken from the top 10 to 15 cm of soil with a shovel. To avoid salts 

that tend to accumulate on the top of the irrigation furrow the soil was taken from 

the bottom of the furrow. After collection the soil was air dried at room 

temperature for 1 day. It was then passed through a 2 mm sieve to remove large 

rocks and plant debris. After sieving the soil was stored at 4°C until needed. 

The other soil type was Brazito Sandy Loam which is characterized as a 

mixed, thermic Typic Torripasamment. The collection site was 100 m south of the 

Rillito River at the Campbell Ave Farms of the University of Arizona, Tucson, AZ, 

east of Campbell Ave. The soil was taken from the top 20 cm with a shovel. The 
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sample was dried at room temperature for 24 hours, sieved through a 2 mm mesh 

screen, and stored at 4°C until needed. Chemical data for both soil types is listed 

in Appendix A. 

Growth and Purification of Poliovirus: 

Monolayers of Buffalo Green Monkey Kidney cells (BGM) were grown for 

5 days, rinsed twice with 15 mL volumes of pre-warmed (37°C) Tris buffer (Trizma 

base, Sigma Chemical Co., St. Louis, MO), and infected with stock poliovirus type 

1 (LSc) for an approximate multiplicity of infection of 0.01.) Pre-warmed tissue 

culture media (Minimal Essential Medium, Irvine Scientific Co., Santa Ana CA) 

supplemented with 2% fetal calf serum, glutamine (4 mL/ 400 niL), and antibiotics 

(1 mL/400 mL of kanamycin, neomycin, and mycostatin) was added (30 mL) to 

each bottle after the virus was allowed to adsorb to the cells for 45 minutes at 

37°C. The infected monolayers were incubated at 37°C, and after 72 hours were 

frozen (-10 to -60°C) and thawed (37°C) three times to liberate virus from the cells. 

This suspension was freon (1,1,2-trichlorotrifluoroethane; HPLC grade, Aldrich, 

Milwaukee, Wl) extracted to reduce presence of organic matter and disperse viral 

aggregates. Cellular debris was removed by centrifugation for 10 minutes at 

15,300 x g (Beckman JA-14 rotor, Spinco Division, Palo Alto, CA). The aqueous 

layer containing the virus was removed by pipette, titered, and frozen at -20°C until 

needed. 
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Preparation of Bacteriophage MS-2: 

An 18 to 24 hour culture of Escherichia coli (ATCC 15597) grown in Tryptic 

Soy Broth (TSB; Difco, Detroit, Ml) was transferred to fresh TSB and grown for 3 

to 6 hours at 37°C with continuous shaking. Stock MS-2 (ATCC 15597B) was 

serially diluted in tris buffer to an approximate concentration of 105 pfu/mL. A 1 

mL suspension of the host and 0.1 ml. of the phage dilution were mixed in molten 

overlay agar (top agar; TSB with 1 % Bacto agar; Difco, Detroit, Ml) and poured 

onto pre-solidified Tryptic Soy Agar (TSA, 1.5%; Difco, Detroit, Ml) plates. After 18 

to 24 hours incubation at 37°C, 6 to 7 mL tris was added to plates with confluent 

plaques and allowed to sit for a maximum of 1 hour to allow the phage to diffuse 

from the agar surface. The liquid fraction was recovered from the plates with the 

aid of a pipette, centrifuged (15,300 x g for 10 minutes) and the resulting 

supernatant was dispensed into a sterile bottle, titered, and stored at 4°C until 

used. 

Preparation of Bacteriophage PRD1: 

Bacteriophage PRD1 was propagated in the same manner as MS-2 with the 

exception that Salmonella tvphimurium Lt2 was used as the host bacterium. 

Experimental Design: 

Three different treatments based on moisture content and method in which 

the viruses were added was tested. In treatments 1 and 2, moisture was 

maintained at approximately 30% for both soil types. For treatment 3, moisture 
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was allowed to evaporate to less than 5%. For each treatment, three temperatures 

(measured 10 cm below the soil surface) in Southern Arizona during the winter 

(15°C), spring/fall (27°C), and summer (40°C). A minimum of duplicate 

experiments was performed for each treatment at each temperature. 

In treatment method 1, virus stocks of MS-2, PRD1, and poliovirus 1 (titer 

ca. 1.0 x 1010 pfu/mL, 1.5 x 1011 pfu/mL, and 1.4 x 107 for MS-2, PRD1, and 

poliovirus respectively) were seeded into liquid anaerobically digested sewage 

sludge. The virus was mixed with the sludge on a magnetic stirrer for 30 minutes 

at room temperature. Pima Clay Loam and Brazito Sandy Loam soils (250 grams 

of dry soil) were amended in duplicate with 75 mL of this sludge. The amount of 

sludge amendment was based on observations of soil moisture content taken 

before and immediately after sludge application to Marana, AZ area farms. Each 

of the amended containers was thoroughly mixed to evenly distribute the sludge 

throughout the soil and sealed to prevent moisture loss. Moisture was monitored 

daily, and when necessary, distilled water was added to maintain consistency in 

moisture content. 

In treatment method 2, the method in which viruses were added differed. 

Unseeded sludge (67.5 mL) was amended to 250 grams (dry weight basis) to 

duplicate containers of each soil type. The sludge was thoroughly mixed with the 

soil and allowed to stand for 15 minutes at room temperature. Each virus (2.5 mL) 

from the same stock was then added to each container and thoroughly mixed to 
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distribute the viruses throughout the amended medium. The containers were 

sealed and monitored for moisture loss as in treatment method 1. Distilled water 

was added to these soils to maintain constant moisture conditions. 

Treatment method 3 was essentially similar to treatment 1 except that in this 

experiment, soil moisture was allowed to evaporate. Moisture content was 

determined at each sample day throughout the experiment or until virus was no 

longer detectable. 

Sample Collection: 

Sample times depended on the temperature in which each study was run. 

For the 15°C study, the sample times were day 0,1,2, 7,11,15,21, and 28. For 

the 27°C study the sample times were day 0,1, 2, 3, 7,10, and 16. For the 40°C 

the sample times were day 0,1,2,3,5, and 7. In the evaporation studies, no virus 

was recovered within 7 days for all three temperature studies so the experiment 

was terminated at that point. 

Winter Field Study: 

A field between the University of Arizona's Marana Agricultural Center and 

the Pinal County Air Park was chosen on the basis that it had not received sludge 

for a minimum of two years. Soil texture was similar to the Pima Clay Loam Soil 

used in the controlled laboratory studies. Organic detritus consisting of woody 

and fibrous roots left over from the previous cotton crop was prevalent. 



Immediately after sludge injection, a representative sample of the freshly 

amended soil was collected in a bucket and mixed as thorough as possible with 

a shovel. Five samples (ca. 1 Kg each) were distributed into 5 different containers 

where upon 8 mL of Bacteriophage MS-2 and 8 mL of Poliovirus type 1 (LSc) were 

added to each. The viruses were thoroughly mixed with the amended soil. One 

container (time = Day 0) was stored in an ice chest and returned to the laboratory 

for processing. The remaining samples were buried 10 cm below the soil surface. 

For each sample day, one container was excavated and returned to the laboratory 

for analysis. Sample days for this study were 0,1,2, 3,5, and 7 days post sludge 

amendment. 

Summer Field Study: 

Another site, immediately adjacent to the Pinal County Air Park, was 

selected on the same basis as the winter field study. Soil texture and organic 

debris content were also similar. 

A representative sample of the amended soil was collected and mixed more 

thoroughly. Duplicate samples (500 grams wet weight), were added to each 

beaker containing 5 mL of each virus (MS-2, 1.0 x 1010pfu/mL; PRD1, 1.5 x 

1011pfcVmL; poliovirus, 1.4 x 107 pfu/mL). The seeded samples were thoroughly 

mixed. Day 0 samples (ca. 10 grams) were collected in sterile 50 mL centrifuge 

tubes (Costar; Cambridge, MA) and returned to the lab for processing. The 

beakers were buried so that the seeded soil was 10 cm below the soil surface. 
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Samples were taken by unearthing the containers, collecting approximately 10 

grams (wet weight) in 50 mL centrifuge tubes, and then returning them to their 

original location. Sample days for this experiment were 0, 1,2, 3, 5, 7, and 17. 

Sample Processing 

Except for the winter study, all samples (laboratory and summer studies) 

were processed in the following manner. Soil (5 grams wet weight) was eluted 

with 10 volumes (50 mL) of 3 % beef extract (BBL; Benton Dickinson and CO, 

Cockeysville, MD) buffered with 7.30 g/L Na2HP04 (EM Science; EM Industries 

Inc., Cherry Hill, NJ) and 1.10 g/L citric acid (Mallinckrodt; St. Louis MO). The pH 

of the suspension was adjusted to 9.4 with 5 N NaOH and stirred continuously for 

30 minutes on a magnetic stirrer after which time the soil was separated from the 

eluent by centrifugation at 15,300 x g for 30 minutes (Beckman JA-14 Rotor, 

Spinco Division of Beckman, Palo Alto, CA). The supernatant was decanted into 

a 50 mL sterile, plastic centrifuge tube (Costar; Cambridge, MA), and the pH of 

the solution was adjusted to neutrality. A fraction (ca. 7 mL) was collected in a 

sterile 15 mL plastic vial for the bacteriophage assays and stored at 4°C while the 

remainder was frozen (-10 to -60°C) until cells for the polio assay were ready. 

In the winter study, the ratio of wet soil to eluent volume was 50 grams soil 

to 500 milliliters. The nature of the eluent was identical as listed above and the 

steps were identical except, after centrifugation, the sample was filtered through 

a Whatman #1 filter (Whatman International Ltd., Maidstone, England). Organic 



precipitation of the filtrate with 5 N HCI (pH 3.5) and continuous stirring for 30 

minutes followed. The precipitated proteins were concentrated by centrifugation 

at 15,300 x g for 10 minutes (Beckman J2-21 Centrifuge, Spinco Division of 

Beckman, Palo Alto, CA). The pellet was resuspended in 30 mL of 0.15 M 

Na2HP04 (pH 9.0). The pH of the concentrate was adjusted to neutrality. The 

concentrate was split into two fractions and handled in the same manner as 

above. 

Assay of Poliovirus: 

Soil extract samples for poliovirus were kept frozen (-10 to -60°C) until BGM 

cell monolayers, grown for 5 days at 37°C in 5% C02 in 6 well plastic plates 

(NUNC multidish; NUNC, Roskide, Denmark) were ready for use. The tissue 

culture growth media was removed from the plates and the cells were infected with 

0.1 mL of 1:10 serial dilutions of the virus sample. After allowing adsorption for 45 

minutes (with agitation every 15 minutes) at 37°C in 5% C02, 3 mL of overlay 

medium (double strength MEM with 1% agar) was added to each well. The plates 

were incubated for 48 hours at 37°C in 5% C02, after which the media was 

removed and the cells were stained with 1 % crystal violet to visualize plaques. The 

plaques were enumerated and the inactivation rates calculated. 

Bacteriophage Assays: 

Samples kept at 4°C were assayed for both bacteriophages by the plaque 

forming unit method (Adams, 1954). Serial dilutions (1:10) were made from 



samples in Tris buffer, added to test tubes containing 3 mL of molten 1% TSB top 

agar (46°C) and 1 mL of a 4 to 6 hour culture of E. coN ATCC 15597 or Salmonella 

tvphimurium for MS-2 and PRD1, respectively, and poured onto solid TSA (1.5% 

agar) plates. The plates were incubated for 18 to 24 hours at 37°C, after which 

the plaques were enumerated and the log10 reduction and inactivation rates for 

both viruses were calculated. 

Sephadex Experiments 

For the purpose of developing a method of reducing sample toxicity to cell 

culture lines, samples from the winter study were used to evaluate adsorption of 

MS-2 and Poliovirus to Sephadex columns. Sephadex G-50 (Sephadex; 

Pharmacia LKB Biotechnology Inc, Piscataway, NJ) was rehydrated in tris buffer, 

autoclaved, and allowed to cool to room temperature before use. A 5 mL leurlok 

syringe fitted with a 22 gauge needle was gravity packed to a volume of 4.5 mL. 

The winter field study samples were used for this experiment. One milliliter of each 

sample (poliovirus and MS-2) was loaded onto these columns. A dye (blue 

dextran) was used as a marker for virus migration through the column. The 

column was desalted by adding tris buffer until the dye marker was absent. Virus 

titer for both polio and MS-2 were then determined and compared with the virus 

input. 

Data Analysis: 

For virus inactivation experiments, data was recorded as log10pfu/dry gram 
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of soil. These values were transformed to the ratio Log^N^Ng. The inactivation 

rates were determined by regression analysis (Minitab; Addison Wesley Publishers, 

1988) in the form y = kx + b where k is the inactivation rate, x is the time in days 

andy y is log N,/N0. Factorial analysis was used to determine significant (p <. 

0.05) differences between treatments 1 and 2. This test determined if the 

differences were due to the method of virus addition, soil type, or both. 
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Results 

15°C Study: 

In general, the inactivation rate (k) for bacteriophage MS-2 was less in Pima 

Clay Loam soils than Brazito Sandy Loam soils and less total reduction of this 

virus was also observed (Table 3, Figure 1). Differences between soil type and 

method of virus introduction were not proven to be statistically significant (Table 

4). No virus was detected after 7 and 11 days in Pima Clay Loam and Brazito 

Sandy loam soils respectively when the amended soil was dried to less than 5% 

moisture (Figure 1 and Table 5). For all drying studies, when no virus was 

detected the Log100 was chosen to be 0. This corresponds to 1 pfu/dry gram of 

soil which is the lower limit of detection using the methods described. 



Figure 1: Average log 10 reduction of 
bacteriophage MS-2 in sludge 

amended soil 
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Table 3: Line of means for the inactivation of bacteriophage MS-2 in sludge 

amended soil at 15°C. 

Soil type* Method** Regression Tgg 

_ *** 
Equation days 

Clay 1 y = -.366x- .165 5.0 99.1 

Brazito y = -.394x - .340 4.2 98.5 

Clay 2 y = -.300x- .123 6.2 98.7 

Brazito y = -.362x - .602 3.9 95.5 

Each experimental method was performed in duplicate on both soil types. 

Method 1: viruses added to sludge, seeded sludge amended to soil. 
Method 2: non-seeded sludge amended to soil, viruses added to 

amended soil. 

equation: y = mx + b where (-m) = k value, x = time in days, and 
y= Log10Nt/N0. 
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Table 4: Factorial analysis of the inactivation of bacteriophage MS-2 in sludge 

amended soils at 15°C. 

Average log10 

inactivation 

Treatment rate (k)/day* Significance" 

Soil type 

Pima Clay Loam 0.354 a 

Brazito Sandy Loam 0.378 a 

*** 
Method 

1 0.380 a 

2 0.352 a 

From the equation y = mx + b where -m is the k value 

Treatments followed by the same letter were not significantly different 
(p < 0.05). 

Method 1: Seeded sludge amended to soil. 
Method 2: Sludge amended to soil, viruses added. 
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Table 5: Reduction of bacteriophage MS-2 in sludge amended soils 

evaporated to dryness at 15°C * 

Average Average Average 

Day pfu/dry gram Log^Nj/Ng soil moisture** 

Pima Clay Loam 

0 5.34 x 107 0 .35 

1 1.79 x 107 -0.47 .29 

2 4.02 x 106 -1.12 .19 

7 0 -7.73 .02 

Brazito Sandy Loam 

0 5.35 x 107 0 .28 

1 1.75 x 107 -0.49 .27 

2 3.60 x 106 -1.17 .20 

7 4.52 x 102 -5.07 .01 

11 0 -7.73 .01 

When no virus was recovered, log1Q0 was chosen to be zero. 

Soil moisture was reported on a (g/g) basis. 
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Bacteriophage PRD1 was extremely resistant to inactivation at 15°C under 

constant moisture (Figure 2). No significant reduction of this virus was observed 

throughout the duration of the 4 week study and regression analysis revealed that 

there was no linear correlation of the data points regardless of the treatment 

group. However, moisture loss played a key role in the inactivation of this virus. 

Table 6 shows reduction of PRD1 compared with soil moisture content. No virus 

was observed after 7 days and this corresponded to a soil moisture content of 

less than 5% for both soils. Due to the curved nature of the data observed in 

Figure 2, an inactivation rate based on linear regression analysis could not be 

determined. 



Figure 2: Average log 10 reduction 
of bacteriophage PRD1 in sludge 

amended soil 
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Table 6: Reduction of bacteriophage PRD1 in sludge amended soils 

evaporated to dryness at 15°C* 

Average Average Average 

Day pfu/dry gram Log^Nj/Ng soil moisture** 

Pima Clay Loam 

0 1.31 x 108 0 .35 

1 7.48 x107 -0.24 .29 

2 5.68 x 107 -0.36 .19 

7 1.02 x 101 -7.11 .02 

Brazito Sandy Loam 

0 3.37 x 108 0 .28 

1 3.49 x 108 +0.02 .27 

2 3.45 x 108 +0.01 .20 

7 1.01 x 101 -7.52 .01 

* 

** 

When no virus was recovered, the Log100 was chosen to be 0. 

Soil moisture was reported on a (g/g) basis. 
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Differences in the reduction of poliovirus type 1 were observed at this 

temperature with respect to soil type (Figure 3). From the regression equations 

(Table 7) the predicted 99% reduction of this virus ranged from 28.3 to 29.2 days 

in Pima Clay Loam soil and 17.8 to 18.4 days in Brazito Sandy Loam soils. 

Factorial analysis revealed that significant differences were due to soil type (the k 

value is less in clay than in sand) but not the method of virus addition (Table 8). 

As with PRD1, desiccation to less than 5% soil moisture proved to be lethal 

regardless of soil type. No poliovirus was observed after 7 days under drying 

conditions (Figure 3 and Table 9). 



Figure 3: Average log 10 reduction of 
poliovirus type 1 in sludge 

amended soil 
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Table 7: Line of means for the inactivation of poliovirus type 1 in sludge 

amended soil at 15°C. 

Soil type* Method** Regression Tgg 

•kit if 

equation days 

Clay 1 y = -.064x- .186 28.3 90.4 

Brazito y = -.095x- .310 17.8 94.2 

Clay 2 y = -.066x - .068 29.2 93.0 

Brazito y = -.100x- .163 18.4 97.1 

Each experimental method was performed in duplicate on both soil types. 

Method 1: viruses added to sludge, seeded sludge amended to soil. 
Method 2: non-seeded sludge amended to soil, viruses added to 

amended soil. 

equation: y = mx + b where (-m) = k value, x = time in days, and 
y = Log^N^No. 
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Table 8: Factorial analysis of the inactivation of poliovirus type 1 in sludge 

amended soils at 15°C. 

Average log10 

inactivation 

Treatment rate (k)/day* Significance** 

Soil type 

Pima Clay Loam 0.065 a 

Brazito Sandy Loam 0.095 b 

Method*** 

1 0.079 a 

2 0.083 a 

From the equation y = mx + b where -m is the k value 

Treatments followed by the same letter were not significantly different 
(p < 0.05). 

Method 1: Seeded sludge amended to soil. 
Method 2: Sludge amended to soil, viruses added. 
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Table 9: Reduction of poliovirus type 1 in sludge amended soils evaporated 

to dryness at 15°C.* 

Average Average Average 

Day pfu/dry gram Log^Nj/Ng soil moisture** 

Pima Clay Loam 

0 1.19 x 105 0 .35 

1 5.09 x 104 -0.37 .29 

2 5.68 x 104 -0.32 .19 

7 5.13 x 10° -4.36 .02 

Brazito Sandy Loam 

0 9.24 x 104 0 .28 

1 5.50 x 104 -0.23 .27 

2 6.37 x 104 -0.16 .20 

7 0 -4.97 .01 

When no virus was recovered, the log100 was chosen to be 0. 

Soil moisture was reported on a (g/g) basis. 
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27°C Study: 

Figure 4 shows the reduction of bacteriophage MS-2 at 27°C in soil. From 

the graph, differences in overall reduction were slight with respect to soil type and 

method of addition. Regression analysis (Table 10) reflects these minor 

differences with respect to k value and Tgg values. Significant differences were not 

observed in the inactivation rate of MS-2 with respect to soil type and method of 

virus addition (Table 11). The combined effect of temperature and drying 

conditions had a dramatic effect on the inactivation of this virus (Table 12). No 

virus was recovered after 2 days in amended Pima Clay Loam soils and after 3 

days in amended Brazito Sandy Loam soils. 



Figure 4: Average log 10 reduction of 
bacteriophage MS-2 in sludge 

amended soil 
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Table 10: Line of means for the inactivation of bacteriophage MS-2 in sludge 

amended soil at 27°C. 

Soil type* Method** Regression Tgg R2% 

*** . 

equation days 

Clay 1 y = -.629x - .703 2.1 80.9 

Brazito y = -.652x- .515 2.3 91.2 

Clay 2 y = -.669x - .325 2.5 92.7 

Brazito y = -.688x- .514 2.2 92.2 

Each experimental method was performed in duplicate on both soil types. 

Method 1: viruses added to sludge, seeded sludge amended to soil. 
Method 2: non-seeded sludge amended to soil, viruses added to 

amended soil. 

mx + b where (-m) = k value, x = time in days, and 
Log10N|/N0. 

•knit 

equation: y = 
y = 
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Table 11: Statistical analysis of the inactivation of bacteriophage MS-2 in 

sludge amended soils at 27°C. 

Treatment 

Average log10 

inactivation 

rate (k)/day* Significance** 

Soil type 

Pima Clay Loam 0.649 a 

Brazito Sandy Loam 0.670 a 

Method*** 

1 0.641 a 

2 0.678 a 

From the equation y = mx + b where -m is the k value 

Treatments followed by the same letter were not significantly different 
(p < 0.05). 

Method 1: Seeded sludge amended to soil. 
Method 2: Sludge amended to soil, viruses added. 
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Table 12: Reduction of bacteriophage MS-2 in sludge amended soils 

evaporated to dryness at 27°C.* 

Average Average Average 

Day pfu/dry gram Log10Nt/N0 soil moisture** 

Pima Clay Loam 

0 1.71 x 106 0 .35 

1 1.55 x 105 -1.04 .12 

2 0 -6.23 .05 

Brazito Sandy Loam 

0 1.19 x 106 0 .30 

1 1.07 x 105 -1.04 .15 

2 1.07 x 102 -4.05 .03 

3 0 -6.08 .01 

*  

**  

When no virus was recovered, the Log100 was chosen to be 0. 

Soil moisture was reported on a (g/g) basis. 
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At constant moisture, little inactivation of PRD1 occurred throughout the 

course of the 16 day study (Figure 5) regardless of soil type or virus addition. As 

with the 15°C study, no linear correlation of the data points was observed and 

very slight to no inactivation occurred. In the drying study, desiccation to less than 

5% moisture occurred within 2 days (Table 13). This effect was greater in Pima 

Clay Loam than Brazito Sandy Loam soil (Figure 5). However, complete 

inactivation occurred by day 3 of this study for both soils tested. 



Figure 5: Average log 10 reduction of 
bacteriophage PRD1 in sludge 

amended soil 
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Table 13: Reduction of bacteriophage PRD1 in sludge amended soils 

evaporated to dryness at 27°C.* 

Average Average Average 

Day pfu/dry gram Log^N^No soil moisture** 

Pima Clay Loam 

0 2.70 x107 0 .35 

1 1.51 x 107 -0.25 .12 

2 7.89 x101 -5.53 .05 

3 0 -7.43 0 

Brazito Sandy Loam 

0 1.12 x10s 0 .30 

1 7.53 x107 -0.17 .15 

2 3.36x10® -1.52 .03 

3 0 -8.05 .01 

When no virus was recovered, the Log100 was chosen to be 0. 

Moisture content was on a (g/g) basis. 
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The rate of inactivation for poliovirus nearly doubled when the temperature 

was increased from 15°C to 27°C. Figure 6 indicates that there were notable 

differences in respect to the Log10 reduction of the virus with respect to soil type 

but not to method of virus addition. The k value determined by the line of means 

(Table 14) reflects this trend. However the Tgg values determined in method 2 

show that the differences were minor. Factorial analysis (Table 15) using the k 

value shows that the inactivation rate of this virus in Pima Clay Loam soil was 

significantly less than the inactivation rate determined for this virus in Brazito Sandy 

Loam soil. Method of virus addition did not significantly alter the inactivation rate 

for either soil type. No poliovirus was recovered within 2 days in sludge amended 

Pima Clay Loam soil and within 3 days in Brazito Sandy Loam soil when dried to 

less than 5% soil moisture (Table 16). 



Figure 6: Average log 10 reduction of 
poliovirus type 1 in sludge 

amended soil 
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Table 14: Line of means for the inactivation of poliovirus type 1 in sludge 

amended soil at 27°C. 

Soil type* Method** Regression T99 
R2% 

*** 

equation days 

Clay 1 y = -.113x- .107 16.8 94.6 

Brazito y = -.154X- .112 12.3 95.2 

Clay 2 y = -.138x - .021 14.3 83.3 

Brazito y = -.149x - .230 14.8 88.9 

Each experimental method was performed in duplicate on both soil types. 

Method 1: viruses added to sludge, seeded sludge amended to soil. 
Method 2: non-seeded sludge amended to soil, viruses added to 

amended soil. 

equation: y = mx + b where (-m) = k value, x = time in days, and 
y = Log^N/NQ. 
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Table 15: Factorial analysis of the inactivation of poliovirus type 1 in sludge 

amended soils at 27°C. 

Treatment 

Average log10 

inactivation 

rate (k)/day* Significance 
** 

Soil type 

Pima Clay Loam 

Brazito Sandy Loam 

Method*** 

1 

0.109 

0.151 

0.134 

0.127 

a 

b 

a 

a 

From the equation y = mx + b where -m is the k value 

Treatments followed by the same letter were not significantly different 
(p < 0.05). 

Method 1: Seeded Sludge amended to soil. 
Method 2: Sludge amended to soil, viruses added. 
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Table 16: Reduction of poliovirus type 1 in sludge amended soils evaporated 

to dryness at 27°C.* 

Average Average Average 

Day pfu/dry gram Log^Nj/Ng soil moisture** 

Pima Clay Loam 

0 9.25 x104 0 .35 

1 1.95 x104 -0.68 .12 

2 0 -4.97 .05 

Brazito Sandy Loam 

0 1.02x 105 0 .30 

1 5.08 x104 -0.30 .15 

2 2.11 x103 -1.68 .03 

3 0 -5.01 .01 

When no virus was recovered, the Log100 was chosen to be 0. 

Moisture content was reported on a (g/g) basis. 
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40°C Study: 

Temperature became the overriding factor in the inactivation of 

bacteriophage MS-2 in sludge amended soils at 40°C. Complete inactivation of 

this virus was observed within 24 hours regardless of soil type, method of virus 

addition, or desiccating conditions (Figure 7). In fact, for the soil drying study, 

both soils had a minimum of 10 % moisture compared to less than 5 % for the 

15°C and 27°C study for complete inactivation of this virus (data not shown). 



Figure 7: Average log 10 reduction of 
bacteriophage MS-2 in sludge 

amended soil 
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At this temperature, noticeable reduction of bacteriophage PRD1 was 

observed (Figure 8). Inactivation equations could also be determined and are 

listed in Table 17. For this particular virus, the method of introduction had a 

significant effect on inactivation. The average inactivation rate was less when 

viruses were added to sludge amended soil vs. seeded sludge amended to soil 

(Table 18). Due to large standard deviations in the data, soil type was not shown 

to be statistically significant. In the drying study, PRD1 remained viable 1 day 

longer than either poliovirus or MS-2 (Table 19). 



Figure 8: Average log 10 reduction of 
bacteriophage PRD1 in 
sludge amended soil 
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Table 17: Line of means for the inactivation of bacteriophage PRD1 in sludge 

amended soil at 40°C. 

Soil type* Method** Regression CD R2% 
*** 

equation days 

Clay 1 y = -.208x - .070 9.3 85.9 

Brazito y = -.282x + .140 7.6 90.1 

Clay 2 y = -.151x + .222 14.7 79.2 

Brazito y = -.162x + .020 12.5 87.2 

Each experimental method was performed in duplicate on both soil types. 

Method 1: viruses added to sludge, seeded sludge amended to soil. 
Method 2: non-seeded sludge amended to soil, viruses added to 

amended soil. 
equation: y = mx + b where (-m) = k value, x = time in days, and 

y = Log^N^. 
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Table 18: Factorial analysis of the inactivation of bacteriophage PRD1 in sludge 

amended soils at 40°C. 

Average log10 

inactivation 

Treatment rate (k)/day* Significance** 

Soil type 

Pima Clay Loam 0.179 a 

Brazito Sandy Loam 0.222 a 

Method 

1 0.245 a 

2 0.156 b 

From the equation y = mx + b where -m is the k value 

Treatments followed by the same letter were not significantly different 
(p < 0.05). 

Method 1: Seeded sludge amended to soil. 
Method 2: Sludge amended to soil, viruses added. 
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Table 19: Reduction of bacteriophage PRD1 in sludge amended soils 

evaporated to dryness at 40°C* 

Average Average Average 

Day pfu/dry gram Log10Nt/N0 Soil Moisture** 

Pima Clay Loam 

0 1.00 x10s 0 .35 

1 9.12 x107 -0.40 .10 

2 0 -8.00 .01 

Brazito Sandy Loam 

0 2.51 x 108 0 .31 

1 9.33 x107 -0.43 .07 

2 0 -8.40 .01 

When no virus was recovered, the Log100 was chosen to be 0. 

Soil moisture was reported on a (g/g) basis. 
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Poliovirus, like MS-2 was unable to withstand the high soil temperature. No 

viruses were recovered after 24 hours in both Pima Clay Loam and Brazito Sandy 

Loam soils. No differences were seen between the methods of virus addition and 

constant moisture vs desiccating conditions (Figure 9). 



Figure 9: Average log 10 reduction of 
poliovirus type 1 in sludge amended soil 
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Effect of Temperature on the Inactivation of Viruses in Sludge Amended Soil: 

Increasing temperature was a significant factor affecting the inactivation rate 

of all three viruses. When MS-2 was seeded into sludge and sludge was amended 

to soil (method 1), the inactivation rate increased from 0.366 Log10/day to 0.629 

Log10/day and from 0.394 Log10/day to 0.652 Log10/day in amended Pima Clay 

Loam and Brazito Sandy Loam soils, respectively, when the temperature was 

increased from 15°C to 27°C (Table 20). When viruses were introduced after 

sludge was amended to both soil types (method 2), the inactivation rate increased 

from 0.300 Log10/day to 0.669 Log10/day and from 0.362 Log10/day to 0.688 

Log10/day in Pima Clay Loam and Brazito Clay Loam soils, respectively, for the 

same temperature increase (Table 21). Increasing the temperature to 40°C 

resulted in no recovery of the virus after 24 hours regardless of the method of 

virus introduction or desiccating conditions. 
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Table 20: Statistical analysis of the effect of temperature on the inactivation of 

bacteriophage MS-2 in Pima Clay Loam and Brazito Sandy Loam 

soils* 

Average log10 

inactivation 

Soil type rate (k)/day** Significance* 

Pima Clay Loam 

15°C .366 a 

27°C .629 b 

Brazito Sandy Loam 

15°C .394 a 

27°C .652 b 

Statistics calculated from method 1 treatment; viruses added to sludge, soil 
amended. 

From the equation y = mx + b where -m is the k value 

Treatments followed by the same letter were not significantly different 
(p < 0.05). 
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Table 21: Statistical analysis of the effect of temperature on the inactivation of 

bacteriophage MS-2 in Pima Clay Loam and Brazito Sandy Loam 

soils.* 

Average log10 

inactivation 

Soil type rate (k)/day** Significance* 

Pima Clay Loam 

15°C .300 a 

27°C .669 b 

Brazito Sandy Loam 

15°C .362 a 

27°C .688 b 

Statistics calculated from method 2 treatment; sludge amended to soil, 
viruses added. 

From the equation y = mx + b where -m is the k value 

Treatments followed by the same letter were not significantly different 
(p < 0.05). 
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Temperature also significantly increased the inactivation rate of poliovirus 

type 1. When the temperature was increased from 15 to 27°C the inactivation rate 

for poliovirus increased from 0.064 log10/day to 0.113 log10/day in amended Pima 

Clay Loam soil when viruses were seeded into the sludge and the soil was 

amended with the seeded sludge (Table 22). For the same treatment, the 

inactivation rate in amended Brazito soils increased from 0.095 log10/day to 0.154 

log10/day. When viruses were introduced into amended Pima Clay Loam and 

Brazito Sandy Loam soils (method 2), the inactivation rate of poliovirus in Pima 

Clay Loam and Brazito Sandy Loam soil increased from 0.066 log10/day to 0.138 

log10/day and 0.100 log10/day to 0.149 log10/day respectively (Table 23). 

Complete inactivation of this virus also occurred at 40°C. 



86 

Table 22: Statistical analysis of the effect of temperature on the inactivation of 

poliovirus type 1 in Pima Clay Loam and Brazito Sandy Loam soils.4' 

Average log10 

inactivation 

Soil type rate (k)/day** Significance 

Pima Clay Loam 

15°C .064 a 

27°C .113 b 

Brazito Sandy Loam 

15°C .095 a 

27°C .154 b 

Statistics calculated from method 1 treatment; viruses added to sludge, soil 
amended. 

From the equation y = mx + b where -m is the k value 

Treatments followed by the same letter were not significantly different 
(p < 0.05). 
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Table 23: Statistical analysis of the effect of temperature on the inactivation of 

poliovirus type 1 in Pima Clay Loam and Brazito Sandy Loam soils.41 

Average log10 

inactivation 

Soil type rate (k)/day** Significance*** 

Pima Clay Loam 

15°C .066 a 

27°C .138 b 

Brazito Sandy Loam 

15°C .100 a 

27°C .149 b 

Statistics calculated from method 2 treatment; sludge amended to soil, 
viruses added. 

From the equation y = mx + b where -m is the k value 

Treatments followed by the same letter were not significantly different 
(p < 0.05). 
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Figures 10 and 11 compare the inactivation rates of MS-2 and poliovirus for 

method 1 and 2 treatments respectively. Both of these graphs illustrate that 

poliovirus was significantly more resistant to inactivation than MS-2 at both 15°C 

and 27°C. These figures also illustrate that temperature increased the inactivation 

rate of both viruses and clay soils afforded more protection than sandy loam soils. 

However, method of virus addition did not dramatically affect inactivation rate of 

either of these viruses. 



Figure 10: Inactivation rates (k) of 
poliovirus, and MS-2 in sludge 

amended soil, method 1. 
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Figure 11: Inactivation rates (k) of 
poliovirus and MS-2 in sludge 

amended soil, method 2. 
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Bacteriophage PRD1 was also affected by temperature. Although no 

significant inactivation of this virus was observed at 15°C and 27°C, significant 

inactivation of this virus did occur at 40°C. Figure 12 illustrates that clay soils did 

afford more protection to inactivation than sandy soils but the level of protection 

was method dependent. When viruses were introduced after sludge amendment 

the inactivation rate was significantly less than the inactivation rate in the method 

where viruses were first seeded into sludge. 



Figure 12: Inactivation rates (k) of 
bacteriophage PRD1 sludge amended soil 
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Field Studies: 

Regression analysis of the winter and summer field studies are listed in 

Table 24. Since viruses were added after the fields were amended, it was best to 

compare these studies to lab studies where viruses were introduced after sludge 

was amended to soil (method 2). Compared to the 15°C laboratory study, the 

inactivation rate for the winter field study was approximately 3 times less than the 

inactivation rate for either Pima Clay Loam or Brazito Sandy Loam soils in the 

method 2 treatment. Figure 13 shows that slightly more than a 1 log10 reduction 

of MS-2 occurred over the course of the 7 day study. No significant reduction of 

poliovirus was observed, and regression analysis showed an extreme lack of 

correlation between time and log10 reduction. 
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Table 24: Line of means for the inactivation of bacteriophages MS-2 and PRD1 

and poliovirus in field sludge amended soil during the winter and 

summer months. 

Virus* Season Regression 

equation** 

T99 

days 

R2% 

MS-2 Winter y = -.169x - 0.068 11.4 67.1 

*** 

Polio y = -.006x - 0.015 336 1.7 

MS-2 Summer y = -1.93X- .156 1 85.7 

PRD1 y = -1.16X + .652 2.3 89.8 

Poliovirus y = -.827x - .203 2.1 90.4 

The winter field study was performed in February, 1990. At this time, 
bacteriophage PRD1 was not available. 

The regression equation is in the form y = mx + b where x is time in days, 
-m = k value and y = Log^N^Ng. 

Although reported as a regression equation, no linear correlation was 
observed in this treatment. 



Figure 13: Average log 10 reduction of 
MS-2 and poliovirus in sludge 

amended soil, winter field study 
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Reduction of MS-2, PRD1 and poliovirus in the field was significantly 

enhanced when this test was repeated in the summer months (Figure 14). 

Complete inactivation of MS-2 was observed within 3 days despite the fact that soil 

moisture did not fall below 20%. As observed in the laboratory studies PRD1 

remained viable even at higher soil temperatures with sufficient ( > 5%) soil 

moisture. However drying to less than 5 % soil moisture in the field lead to no 

recovery of this virus within 7 days. Reduction of poliovirus was rapid within the 

first 48 hours following sludge amendment. Poliovirus was not recovered after 7 

days following sludge amendment. 



Figure 14: Average log 10 reduction of 
MS-2, PRD1, and poliovirus, in sludge 

amended soil, summer field study 
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Sephadex Experiments: 

Soil samples amended with sewage sludge are often toxic to mammalian 

cell cultures used to determine indigenous enterovirus concentration. This toxicity 

is manifested by complete destruction of the cell monolayer within hours of 

inoculation whereas viruses require a minimum of 48 hours to a maximum of 14 

days before cytopathic effects are observed. The purpose of these experiments 

was to determine if passing these samples through columns packed with 

Sephadex effectively reduces toxicity to cell cultures. For reducing toxicity, two 

criteria need to be met: 1) the process should not significantly reduce the titer of 

these viruses and 2) most importantly, no toxicity should be observed after 

inoculation of the samples onto host cells. Tables 25 and 26 show that both MS-2 

and poliovirus were able to easily pass through the column with no appreciable 

loss of titer. Concentrates of non-seeded sludge amended soil were also passed 

through these columns to determine toxicity reduction. Half of the sample was 

directly inoculated into tissue culture flasks while the other half of the sample was 

passed through the Sephadex column and then inoculated into tissue culture 

flasks. In the untreated flasks deterioration of the cell monolayer occurred within 

24 hours. However, cells inoculated with the treated portion of the sample 

remained viable for 14 days. These results suggest that passing these samples 

through this kind of column maybe a viable alternative in reducing toxicity. 



99 

Table 25: Recovery efficiency of bacteriophage MS-2 passed through a 

Sephadex G-50 column.* 

Sample Day Titer entering 

column** 

Titer leaving 

column 

Absolute 

recovery eff. 

- .. .*** 
Adjusted 

recovery eff. 

0 1.05 x 105 7.20 x 104 68% 95% 

1 8.75 x 104 4.90 x 104 56% 78% 

2 4.55 x 104 3.05 x 104 84% 117% 

3 1.55 x 104 1.60 x 104 103% 144% 

7 3.45 x 103 2.30 x 103 66% 92% 

Grand 
average 
recovery eff. 75.4 % 105.2 % 

Winter field study samples were used for this test. 

Titer was recorded as plaque forming units (pfu)/mL. 

Adjusted recovery efficiency takes into account that a dilution factor of 1.4 
occurs when eluting the viruses from the column. 

** 



100 

Table 26: Recovery efficiency of poliovirus type 1 passed through a Sephadex 

G-50 column.* 

Sample Day Titer entering 

column** 

Titer leaving 

column 

Absolute 

recovery eff. 

.*** Adjusted 

recovery eff. 

0 4.15 x 104 3.65 x 104 87% 122% 

1 3.10 x 104 2.30 x 104 74% 109% 

2 2.40 x 104 1.95 x 104 81 % 113% 

3 3.35 x 104 1.90 x 104 56% 78% 

7 3.00 x 104 2.55 x 104 85% 119% 

Grand 
average 
recovery eff. 77.2 % 108.2% 

Winter field study samples were used for this test. 

Titer was recorded as plaque forming units (pfu)/mL. 

Adjusted recovery efficiency takes into account that a dilution factor of 1.4 
occurs when eluting the viruses from the column. 

** 
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Discussion 

Laboratory studies: 

The results of this study clearly show that temperature was a significant 

factor affecting the survival of viruses in sewage sludge amended soil. When soil 

moisture was maintained, an approximate 2 fold increase in the inactivation rate 

of MS-2 and was observed when the temperature was raised from 15°C to 27°C, 

regardless of soil type. This trend was observed for poliovirus as well, but only in 

clay amended soils. For PRD1, no trend relating to an increase in inactivation rate 

with increasing temperatures was observed until the temperature reached 40°C. 

Reddy et al. (1981) found that the inactivation rate of bacteria nearly doubles for 

each 10°C between 5°C and 30°C. Gerba and Bitton (1984) speculated that 

viruses behave in a similar manner, and above 30°C temperature becomes the 

most significant factor in their inactivation. The variability in the inactivation rates 

of these three viruses shows that these generalities can not be applied to viruses 

in sludge amended soils. 

Hurst (1979) reported a 3 log10 reduction of poliovirus occurred within 24 

hours at 37°C in wastewater applied to Flushing Meadows soil, and was able to 

recover infectious poliovirus 3 days after addition. Farrah et ai. (1981) was able 

to recover seeded poliovirus during the "hot" summer months for 21 days. 

However, the average daily soil temperature could not have exceeded 27°C, and 

rainfall during the period of May through August was 101.1 cm. In this study, 



102 

neither MS-2 nor poliovirus was recovered within 24 hours at 40°C regardless of 

soil type and soil moisture. When moisture was maintained at 30% a strong odor 

of ammonia was detected. Ward and Ashley reported that ammonia in the 

uncharged state significantly reduces viruses in the picornaviridae family. 

However, significant amounts of the uncharged species do not occur until pH 11.5 

or greater. Since changes in soil pH were not determined no assumptions could 

be made about its role in the inactivation of these viruses. 

At constant moisture, PRD1 was resistant to inactivation at the low and 

medium temperature studies. It was also quite resistant to inactivation at 40°C. 

It might be speculated that the lipid coat plays some role in heat resistance. 

Yahya et al. (personal communication, 1990) found that this virus persisted for 

extended periods of time in filter sterilized well water at temperatures of 

approximately 23°C. As a hydrophobic biomolecule, these viruses are more likely 

to aggregate than hydrophilic MS-2 and poliovirus. Viruses on the outside of the 

aggregate might be inactivated while those in the middle would remain viable. 

Influenza virus A is also an enveloped virus that is extremely resistant to drying. 

Edward (1941, cited by England, 1982) showed little loss of infectivity was 

observed after 3 days room temperature air drying on cotton sheets, serge, and 

household dust. Under these conditions, 99% reduction took 2 weeks. Buckland 
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and Tyrell (1962 cited by England, 1982) observed less than a one Log10 drop in 

titer when two strains of influenza A were exposed to drying for 2.5 hours on a 

glass slide at 20% and 84% relative humidity. 

Another explanation is that this phage is plasmid dependent rather than 

host specific (Olsen, 1974). Gram negative bacteria containing the RP1 antibiotic 

resistance plasmid can be infected with this phage. In addition to Salmonella 

tvphimurium Lt2 used in this experiment, Pseudomonas aeruginosa. Pseudomonas 

fluorescens. several strains of E. coli and even Vibrio cholera can be infected with 

this phage. Pseudomonas sp. in particular constitute approximately 15% of the 

normal soil biota in terms of bacterial populations. Soil temperature in Southern 

Arizona during the hottest months is within the optimal temperature range (33°C 

to 40°C) for bacteriophage to infect and reproduce. An experiment should be 

performed to determine if survival is effected by soil moisture, normal flora 

populations or both. 

Drying to less than 5% soil moisture was also a significant factor affecting 

the inactivation of all three viruses at 15°C, 27°C, and only for PRD1 at 40°C. The 

rate of drying increased as the temperature was increased from 15°C to 27°C to 

40°C. Hurst (1979) did not determine if soil moisture (10% to saturation) was a 

significant factor affecting the inactivation rate of viruses. In fact, he observed a 

decrease in survival as the soil approached saturation and then increased above 

the saturation level. Yeager (1979), however, found that soil moisture content 
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below 2.9% significantly increased the inactivation rate of poliovirus regardless of 

temperature. Ward and Ashley observed a similar trend in piles of drying sludge 

(1977b). What was also interesting in that study was that viruses added after the 

drying event remained viable much longer than viruses exposed to evaporation. 

The data for PRD1 and polio showed that as long as the soil moisture was 

maintained above 5%, the inactivation kinetics for both of these viruses were 

followed fairly closely to the constant moisture studies. However below 5% there 

was a sharp decline. Another finding relating to the drying study was that the 

point in which no virus was recovered for MS-2 at 15°C and 27°C and poliovirus 

at 27°C, required 1 additional day in the Brazito Sandy loam amended soil. 

Previous studies suggest that clay minerals protect viruses from desiccation 

(Gerba and Bitton, 1984). Soil water potential may explain why these three viruses 

were able to persist one extra day in Brazito Sandy Loam. At 3.3% soil moisture 

Brazito has a water potential of -1.5 MPa (Pillai and Pepper, 1990). Pima Clay 

Loam at the same soil moisture has a water potential of <<-1.5 MPa (In this soil 

type, -1.5 MPa corresponds to 8.5 % soil moisture.). This means that available 

water for plants and microorganisms is less in clay textured soils at the same soil 

moisture content than sandy loam soils. The greater pressure differential in the 

Pima Clay Loam soil may speed disruption of virus structure more easily than a 

much lower differential observed in Brazito Sandy Loam soils. At 30 % moisture, 

the water potential for both soils is close to 0.0 MPa which means that moisture 
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is not a limiting factor. 

Soil texture was only proven to be significant for the inactivation of poliovirus 

at 15°C and 27°C in the constant moisture studies. Although texture was not 

significant for MS-2, the general trend suggested that clay soils offered more 

protection to inactivation at 15°C and 27°C. A partial explanation for this may be 

viral adsorption to soil particles. Goyal and Gerba (1979) showed that adsorption 

of poliovirus 1 and MS-2 to Flushing Meadows Sandy Loam soil was 99.9% and 

17%, respectively. This soil is similar in texture to the Brazito Sandy Loam soils 

used in this study. Although no soil was close in nature to Pima Clay Loam, 

findings from Goyal and Gerba (1979) predicted that as clay concentration 

increases, MS-2 adsorption increases while adsorption of poliovirus remains 

constant. The combined variability of adsorption of MS-2 to these two different 

soils with its reduction due to temperature may help explain why no significant 

differences were seen with respect to soil type for this virus. 

Clay minerals are important in soil because it is the major site for most 

chemical reactions due to its large surface area and its ability to bind water 

molecules (Hillel, 1986). Although both clay and viruses are negatively charged, 

viral adsorption to these minerals occur by cation bridging (Soares, 1990). The 

degree of this bridging depends on the cation exchange capcity of the soil (Paul 

and Clark, 1989). In the case of clayey soils, cation exchange capacity (CEC) 
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increases because of the attraction of cations to the negatively charged clay while 

in sandy soils, CEC is less because of the significantly fewer sites (due to the small 

surface area) on these particles for cations to be attracted. 

The degree of adsorption of a virus to a soil depends both on the virus and 

the type of soil (Gerba and Bitton, 1984). The quantitative assessment by Gerba 

et al. (1981) divided viruses into three groups. This grouping system is based on 

the mean percent adsorption. This puts MS-2 in Group I, poliovirus I in Group II, 

and PRD1 would most likely be a Group III virus, similar to f2 bacteriophage. For 

group I viruses like MS-2, the most significant factors affecting its adsorption to soil 

are pH, content of organic matter, exchangeable iron, and to a lesser extent cation 

exchange capacity and surface area. Poliovirus adsorption was not significantly 

affected by any one soil characteristic. Exchangeable aluminum was the only 

factor found to significantly affect adsorption of group III viruses like phage f2. The 

degree of virus adsorption to soils is important because Hurst (1979) found that 

as adsorption of the virus to soils increases, survival is significantly enhanced. 

Gerba and Bitton (1984) suggested that clay minerals protect the viral genome 

from being degraded by nucleases. On the other hand viruses which do not 

adsorb well to soils would be of concern in groundwater contamination. PRD1 

presents an interesting case in its poor adsorption to soil and long survival time 

at a moisture content level above 5%. Maguire (1990) showed that as pH of soil 
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increased, PRD1 adsorption decreased. At pH 5.5 this virus adsorbed very poorly 

and at pH 7, no significant adsorption of this virus was seen. Both Brazito Sandy 

Loam and Pima Clay Loam have an average pH of 8. 

This experiment also investigated the difference between seeding sludge 

with viruses and then amending the soil (method 1) versus adding the viruses after 

the soil was amended (method 2). This was based on the assumption that, when 

performing field studies, the soil has already been amended. In both the winter 

and summer field studies, there was no choice but to seed the viruses after 

amendment. It was hoped that no significant differences would be seen between 

either of these methods, and if there was, the inactivation rate would be less by 

adding the viruses after amendment. This study conclusively proved that method 

of addition was not significant for MS-2 and polio. For PRD1 there was no 

inactivation at 15°C and 27°C. However at 40°C, it was found that the inactivation 

rate was significantly less in both Brazito and Pima Clay Loam soils when viruses 

were added after amendment. Therefore, the error was on the side of predicting 

a longer inactivation time in the field for this virus. 

Field studies: 

The inactivation rates for MS-2, PRD1 and polio in the winter and summer 

field studies, in general, did not correlate well with the controlled laboratory studies 

most likely due to additional environmental factors. The winter study lasted only 

run for 7 days, and PRD1 was also not available at the time. Soil moisture was 
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maintained above 10% at all times as both rain and snow followed by warm (low 

20's°C) temperatures. Because of maintenance of soil temperature and possibly 

due to the colder temperatures, the inactivation rate in the field was approximately 

1/3 of that observed in the 15°C laboratory studies. No significant reduction of 

poliovirus was observed. However it was observed that significant reduction of 

poliovirus did not occur until 10 days to 2 weeks post amendment in the 15°C 

laboratory study. Even during the above average summer monsoon rainy season 

of 1990 significant evaporation occurred by day 7 of the study. As was predicted 

by the drying studies, complete inactivation of all three viruses corresponded to 

desiccation to less than 5% moisture. 

The field studies suggest that other environmental factors influence 

inactivation of these viruses. An advantage of surface spreading of sludge by 

tankers or rain guns is that viruses in the sludge exposed to sunlight might be 

inactivated whereas this benefit would be lost by injection beneath the soil surface 

(Pedersen, 1983). Temperature closer to the surface is also more variable. 

Adsorption to clay minerals may help to stabilize viruses against inactivation by 

large temperature variations. Rainfall events would be expected to lower the ion 

content in soils so that viruses which are normally adsorbed could be mobilized 

by the difference in ionic concentration under saturated flow conditions. Both of 

these studies were performed in soils similar to Pima Clay Loam so no conclusions 

could be drawn virus survival between the two soil types in the field. 
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The reduction of these three viruses in sludge amended soil with respect 

to increasing temperature and drying was most likely irreversible inactivation and 

not tighter binding of the virus to the soil particle. The basis for this speculation 

is work done by Ward and Ashley (1976) and Yeager and O'Brien (1979). In both 

of these studies the protein coat and viral genome was radioactively labeled. 

Ward and Ashley (1976) showed some of the protein coat is degraded followed 

by ejection of the viral genome. The RNA is then rapidly hydrolyzed. This was 

determined by loss of radioactivity from the RNA. Yeager and O'Brien (1979) 

reported similar losses in radioactivity in the viral genome when amended soils 

were dried to 2.9% moisture. The hydrolysis of RNA would mean irreversible 

inactivation of the virus. In fact, upon re-wetting the soil, no virus was recovered. 

Sephadex Studies: 

One problem involved in the concentration of viruses from soil and sludge 

is that many of these samples are toxic to cell lines to heavy metal concentrations 

and/or organic compounds. Van Sluis et al. (1977) reported that sludge samples 

were toxic to the point that cell death occurred within minutes of inoculation. 

Similar problems of cell death were also seen in Soares's study (1990) using 

sludge from the Ina Road Wastewater Treatment Facility. Berg and Berman (1982) 

reported that freon extraction was effective in removing these toxic compounds. 

Van Sluis et al. (1977) and Soares (1990), however, found that freon extraction 

alone was not totally effective. Van Sluis and associates (1977) found that a 
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combination of dithizone suspended in chloroform was totally effective in removing 

toxic compounds. The problem with this is that these chemicals require special 

fume hoods for their use and dithizone is carcinogenic. Soares (1990) washed 

cells with fetal calf serum in addition to freon extraction, but the trade off was loss 

of infectious virus (Soares, personal communication). The criteria for reducing 

toxicity is that the method used is effective and should not result in loss of viral 

titer. Since an average of 100% of the pfu for both MS-2 and poliovirus was 

recovered from 1.4 ml_ of column eluate in the blue dextran fraction (initial sample 

volume = 1 mL), dilution was relatively slight. A combination of freon extraction, 

passage through Sephadex, and filter sterilization offers a safe and effective 

alternative for consistently reducing toxicity to cell culture lines with these samples. 
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Conclusions 

The main conclusions concerning virus survival in sludge amended soil 

observed in this study were: 

1. When soil moisture was maintained above 5%, temperature 

significantly enhanced the inactivation of MS-2, PRD1 and poliovirus 

as the temperature increased from 15°C to 27°C to 40°C. 

2. None of the three viruses were recovered after desiccation to less 

than 5% soil moisture, regardless of temperature. 

3. Temperature was the overriding factor determining virus survival for 

MS-2 and poliovirus at 40°C 

4. Of the three viruses tested, PRD1 was the most resistant to 

inactivation due to temperature, followed by poliovirus 1 and MS-2. 

5. With the exception of PRD1, adsorption of viruses either to sludge 

solids or soil enhanced virus survival. 

6. Passage of sewage sludge sample concentrates through a 

Sephadex column was shown not to retain viruses and may be a 

useful method reducing toxicity to cell culture lines. 

The combination of warm temperatures and arid conditions common to 

Southern Arizona would favor reduction of viral pathogens in sludge amended 

soils within 24 to 48 hours. Additional protection may come from the type of soil 

that sludge is amended. Clay soils have been shown to retain viruses in the upper 
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soil layers where they may inactivated before they can reach the water table. Also 

viruses may be retained in the sludge:soil matrix which constitutes the upper 10 

cm of soil. With information obtained on the survival of viruses in sludge amended 

soils, the next step would be to determine transport rates of these three viruses 

in packed soil columns using sludge amended clay and sandy soils under 

saturated flow conditions. The effects of different ionic concentrations and pH may 

determine if viruses like poliovirus, normally retained in the sludge soil matrix, could 

be mobilized. 
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Appendix A 

Soil Chemical Data 

Pima Clay Loam Brazito Sandy Loam 

Texture Analysis 
% Sand 
% Silt 
% Clay 

pH (saturated paste) 

Electrical Conductivity 
(mmho/cm) 
(saturated paste) 

Soluble Basic Cations 
(mg/L) (in saturated 
paste) 

Na 
K 
Ca 
Mg 

Total Organic C 
(%(w/w) 

45.1 
30.6 
24.3 

8.14 

1.60 

112 
45.4 
220 
17.7 

0.456 

74.7 
14.6 
10.7 

8.03 

0.820 

24.6 
71.2 
109 
8.77 

0.304 

Total N (%(w/w) 0.052 0.034 

Extractable P04-P 
(Olsen) (mg/Kg) 

14.7 20.2 
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