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I. ABSTRACT 

Methods to improve the speed and reduce the cost of enterovirus detection in water 

were developed. A new positively-charged filter was evaluated for its ability to 

concentrate enteroviruses from tapwater. Both viable and inactivated viruses were 

detected by RT-PCR. It was demonstrated that the concentrate from filters could be 

reduced in volume to increase the sensitivity of RT-PCR detection of viruses. Finally, 

combination of RT-PCR and cell culture methodology was applied to the detection of 

enteroviruses in groundwater. 

Microporous filters are used for the concentration of enteric VIruses from large 

volumes of water. A new type of electropositively charged filter, MK zeta-plus, was 

evaluated and compared to the commonly used IMDS filter. Recovery of poliovirus 

type 1 from tapwater using MK filter and IMDS filters was 73.2 ± 26% and 90.2 ± 

5.9%, respectively. Recovery of coxsackievirus B3 from tapwater using MK and 

IMDS filters was 32.8 ± 34.5% and 95.8 ± 12.0%, respectively. 

Inactivation of poliovirus type 1 by 1 N HCI, 1 N NaOH, 0.5 and 1.0 mg of free 

chlorine per liter, and UV light was compared using infectivity in cell culture and RT

seminested PCR. A minimum contact time of 45 min with HCI, 3 min with NaOH, 3 

and 6 with 1.0 and 0.5 mg of free chlorine per liter, respectively, ~as required to render 

poliovirus undetectable by RT -seminested PCR. Viruses inactivated by UV light could 

still be detected by RT-PCR. 

Application of reverse transcriptase (RT)-polymerase chain reaction (PCR) to detect 
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enteroviruses in concentrated tap water samples was studied. The final volume of 

concentrates of 378 liters of tap water was successfully reduced from 25 ml to 5 ml 

without loss of virus. Direct phenol-chloroform-isoamyl alcohol (PCl) extraction was 

found to be sufficient to remove inhibitory substances for RT-seminested PCR with a 

sensitivity of 0.2 plaque-forming units/} OJlI (0.2 PFU/liter of tap water). 

Groundwater samples were assayed by both cell culture and RT-PCR. Nine of 48 

samples were enteroviruses positive by cell culture assay (19%). Cell culture harvests 

of groundwater samples were assayed by RT-PCR (for positive samples) or RT

seminested PCR (for negative samples) and the results were identical to those of cell 

culture assay. Fifteen out of 37 samples were positive by direct RT-PCR (40.5%), 

while only 8 of the 37 samples were positive by cell culture (21.6%). However, one 

method was not superior to the other in demonstrating the presence or absence of 

enteroviruses in groundwater based on statistical analysis (P>0.05). These data 

indicated that RT-PCR can be used as a confirmation procedure of cell culture assay, 

however, it can not yet be used independently of cell culture. 
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2. INTRODUCTION 

Problem definition 

More than 130 human enteric viruses can be excreted in feces and may contaminate 

water resources, drinking water and recreational water. Evaluation of the public health 

significance of human enteric viruses in water requires the development, evaluation and 

utilization of simple, reliable and rapid methods to detect small amounts of enteric 

viruses in water. 

A large volumes of water (100 L-lOOO L) need to be concentrated to a small volume 

(25-30 ml) for virus detection since viruses are often present in small amounts and cell 

culture assay is expensive. Filter adsorption-elution methods are most commonly used 

for virus concentration from water. Positively charged filters such as Virosorb 1 MDS 

(CDNO Inc., Meriden, Conn.) are preferred because they do not require the 

preconditioning of the water and give good recovery of virus. However, the advantages 

of the positively charged filters are partially offset by their high cost. Recently, a new, 

much less expensive, positively charged filter, MK filter (CDNO Inc., Meriden, Conn.) 

became available. Evaluation of its ability to adsorb viruses and modification of 

procedures to achieve high virus recovery are necessary before application of this new 

filter. 

As PCR detects viral nucleic acid regardless of their infectivity, the equipment and 

materials used for sample collection and processing must be rendered free of 
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contaminating viral nucleic acid as well as infectious virus if PCR is to be used to 

monitor the water quality. However, the current disinfection procedures which inactivate 

virus efficiently do not necessary degrade viral nucleic acid or render it undetectable 

by PCR. Thus, it is important to evaluate the disinfection procedures for their ability . 

to render viral nucleic acid undetectable by PCR. 

As an alternative to cell culture for detection of viruses in water samples, polymerase 

chain reaction (PCR) has been studied by many researchers. However, organic materials 

and metals concentrated along with the viruses in the sample often inhibit amplification. 

Although methods such as chromatography, phenol-chloroform extraction have been 

used to remove inhibitory substances, comparative studies are needed to find the most 

efficient, reliable method to remove inhibitory materials for PCR detection. Because 

of the small reaction volume of PCR, further reduction of filter concentrate volume is 

required to test sufficient equivalent volumes of water. 

The applicability of PCR as a virus detection method needs to be assessed because 

the presence of inhibitory substances in samples, the small assay volume, and the 

inability to differentiate infectious and noninfectious viruses may affect the reliability 

of PCR detection. Comparison of data of enterovirus occurrence in water determined 

by PCR and cell culture will be able to address this issue. PCR detection of cell 

cultures of water samples can be used as a confirmation procedure of cell culture assay 

to shorten the assay time, the reliability also can be evaluated by comparing the results 

of two methods. 
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Literature review 

Waterborne viral diseases 

According to Schwartzbrod and Boher (1993), more than 130 pathogenic vIruses 

may be excreted through human feces (Table 1) and will eventually find their way into 

sewage. These viruses cause a wide spectrum of diseases including paralysis, 

meningitis, poliomyelitis, herpangina, myocarditis, pleurodynia, diarrhea, encephalitis, 

conjunctivitis, infectious hepatitis and gastroenteritis. 

It has been estimated that an individual with an enteric virus infection may excrete 

as many as 1011 viral particles per day (Feachem et aI., 1983). The concentration of 

viruses in wastewater varies according to numerous factors: disease incidence within 

the community, socio-economic, seasonal and water usage, etc. (Schwartzbrod and 

Boher, 1993). Rao and Melnick (1986) reported that the concentration of enterovirus 

in raw sewage varied from 100 to 1000 plaque-forming unit (PFU)1100 ml and in 

wastewater from 1 to 10 PFU/lOO mI. 

Human popUlations are exposed to enteric viruses through a variety of routes: 

shellfish that grow in contaminated oceans and estuaries; food crops grown in land 

irrigated with wastewater or conditioned with sludge; recreational waters, and even 

drinking waters that have been polluted (Rao and Melnick, 1986). 

The outcome of enteric viral exposure depends on preexisting immunity, age, 

nutrition, ability to elicit an immune response, and nonspecific host factors (Gerba and 
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Rose, 1993). Not all individuals will develop clinical illness after infection. 

Outbreaks of viral disease involving drinking water have been associated with 

echovirus, hepatitis A and E virus (Craun, 1986; Gust and Purcell, 1987), Norwalk 

virus (Kaplan et aI., 1982), rotavirus (Craun, 1986), and astrovirus (Kurtz and Lee, 

1987). In addition, outbreaks associated with recreational contact have been 

documented for adenovirus, coxsackievirus, and possibly poliovirus (Dufour, 1986). 

Rao and Melnick (1986) believed that waterborne outbreaks due to enteroviruses and 

other enteric viruses are not easily recognized and are difficult to document because 

many of these viruses cause subclinical infection and epidemiological techniques are not 

sufficiently sensitive to detect low-level transmission of virus disease through water. 

According to Gerba and Rose (1993), it is believed that the actual number of outbreaks 

documented represents a small number of those that actually occur for a number of 

reasons. First, investigation of possible outbreaks and reporting of such outbreaks are 

not required by any government agency in the United States. Second, until recent years, 

methods for detecting many of the agents in water have not been generally available. 

Finally, the necessary epidemiological investigation is costly and results in a major 

commitment of resources at the local level. 

Nevertheless, there are still up to 12% of outbreaks of waterborne diseases from 

drinking water in the U.S. documented for the period 1946-1980 (Lippy and Waltrip, 

1984) and 1989-1990 (Herwaldt et aI., 1992) caused by viruses. It is noteworthy that 

the cause of about 50% of the outbreaks which are classified as gastroenteritis could not 



15 

be identified. Many of these illnesses are believed to have a viral etiology (Kaplan et 

aI., 1982). 

Because long-tenn exposure to low-levels of pathogens in water may have a 

significant impact on the health of individuals within the community and the 

significance of exposure to low-level contamination is difficult to determine 

epidemiologically (Gerba and Rose, 1993), risk assessment has been applied to evaluate 

the risk associated from pathogens in our water supply (Rose et aI., i 991; Rose and 

Gerba 1991 a, b). This approach allows for a quantitation of risks and an assessment of 

costlbenefits of various control strategies (Gerba and Rose, 1993). 

Waterborne viral pathogens 

Enteroviruses 

Human enteroviruses, which are in the Picornaviridae family, include polioviruses 

(1-3), coxsackieviruses A (1-22, 24) and B (1-6), echoviruses (1-9, 11-27, 29-34), and 

high numbered enteroviruses (68-71). Enteroviruses are icosahedral viruses, 24- to 30-

nm in diameter, containing a positive sense, single-stranded RNA genome with the size 

I)f about 7.5 kb (Rueckert, 1990). 

Enteroviruses are the most commonly studied viruses in water. Numerous studies 

have demonstrated the presence of enteroviruses in sewage, in effluents from sewage 

treatment plants, in contaminated rivers and lakes, and in treated drinking waters from 
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developing as well as developed countries ( Rao and Melnick, 1986). 

Enteroviruses can cause a wide variety of diseases (Table 1). However, waterborne 

outbreaks due to enteroviruses are not easily recognized because many of these viruses 

cause. inapparent infection and usual epidemiology methods are not sufficiently 

sensitive to detect low-level transmission through water (Rao and Melnick, 1986). 

Waterborne outbreaks due to echovirus, coxsackievirus, and poliovirus have been 

reported (Craun, 1986; Dufour, 1986). 

Hepatitis A virus 

Hepatitis A virus (HA V) is a nonenveloped, 27- to 32-nm virus that is 

morphologically indistinguishable from other picornaviruses. HA V also has a positive 

sense, single-stranded RNA genome. It was provisionally classified as enterovirus type 

72. However, HAVis now classified to a separate genus of the Picornaviridae family 

because (1) the nucleotide and amino acid sequences of HA V are dissimilar from those 

of other picornaviruses, (2) HA V is difficult to adapt to growth in cell culture and 

usually replicates slowly without cytopathic effect, (3) HAV is resistant to temperature 

and drugs that inactivate many picornaviruses, (4) HA V has only one serotype and a 

single immunodominant neutralization site, and (5) an enteroviral-specific monoclonal 

antibody does not react with HA V (Hollinger and Ticehurst, 1990). 

The epidemiology of hepatitis A is markedly influenced by the level of sanitation 

or hygiene of a community. In populations where living conditions are crowded and 
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sanitation is inadequate, infections occur at an early age and about 100% of children 

acquire immunity during the first decade of life. In contrast, in modem urban societies 

or in developing nations where improvements in sanitation and personal hygiene have 

delayed exposure and thus delayed infection, a reduction in anti-HA V prevalence 

among younger persons have been found. Large segments of the population remain 

susceptible, and outbreaks may result whenever the virus is introduced (Hollinger and 

Ticehurst, 1990). 

HA V has been proven to be responsible for waterborne epidemics traced to sewage 

contamination. Surveillance in the United States revealed fifteen outbreaks of water 

associated hepatitis A between 1971 and 1978, which accounted for 6% of 224 

outbreaks of waterborne disease in the USA during that period (Rao and Melnick, 

1986). The consumption of raw or inadequately cooked oysters and clams obtained 

from water polluted with sewage has resulted in several outbreaks of hepatitis A (Rao 

and Melnick, 1986; Hollinger and Ticehurst, 1990). 

Hepatitis E virus 

Hepatitis E virus (HEV) is a 27- to 34-nm nonenveloped VlruS containing a 

polyadenylated positive-strand RNA genome of about 7.6 kb and belongs to the 

Calciviridae family (Purcell and Ticehurst, 1988; Reyes et aI., 1990). HEV is the agent 

that causes the enterically transmitted non-A, non-B hepatitis, which is now called type 

E hepatitis or hepatitis E. 
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To date, HEV isolates can be broadly grouped into two serotypes, one represented 

by the Mexico archetype, and the other represented by the Burma isolate. The latter 

'serotype' appears to be the most common, since all isolates cloned and sequenced to 

date, with the exception of the Mexico isolate, demonstrate a high degree of homology 

at both the nucleotide and amino acid levels (Bradley et aI., 1991). However, cross 

challenge studies conducted in cynomolgus macaque (cyno) have shown that animals 

infected with the Burma isolate are immune to re-infection by the Mexico isolate 

(Bradley et aI., 1991). 

Hepatitis E was first described in India in 1955 (Viswanthan, 1957). Subsequently 

documented epidemics of hepatitis E have be described in the USSR, Nepal, Burma, 

Pakistan, Borneo, Somalia, Sudan, Ivory Coast, Algeria, China, Costa Rica, Mexico, 

and countries in Africa (Gust and Purcell, 1987; Bradley, 1990; Cao et aI., 1989). 

Hepatitis E has shown to occur in both epidemic and sporadic patterns in developing 

countries. The epidemic outbreaks can generally be traced to fecal contamination of 

drinking water (Bradley, 1990). Outbreaks of HE V infection have occurred periodically 

and were first noticed in New Delhi, India, in 1955 following contamination of drinking 

water (Jothikumar et aI., 1993). In the outbreak of 1955, 29,000 cases of hepatitis were 

reported (Viswanthan, 1957). In 1991, a hepatitis E outbreak involved about 79,000 

people in Kanpur, India (Ray et aI., 1991). 

Sporadic hepatitis E is not as well documented as epidemic outbreaks. However, 

recent development of new techniques for detection of antibodies to hepatitis E virus 
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has increased the documentation of sporadic hepatitis E. Lok et ai. (1992) reported a 

retrospective study in Hong Kong in which they tested serum from 394 patients with 

acute viral hepatitis and 355 healthy subjects for antibodies to HEV (IgM and IgG) with 

a recombinant-based enzyme immunoassay. They found that hepatitis E accounts for 

a third of non-A, non-B, non-C hepatitis in Hong Kong and that co-infection of 

hepatitis A and E can occur. Hyams et ai. (1992a,b) studied acute sporadic hepatitis 

E in Sudanese children and children living in Cairo, Egypt with a newly developed 

Western blot assay for IgM antibody to HEV. Hepatitis E was found to be the most 

common cause of acute sporadic hepatitis in children living in an urban area of Africa. 

Hepatitis E has some characteristics that are distinct from hepatitis A: (1) highest 

attack rate in youth adults (with equal sex distribution), (2) the potential for large 

epidemic outbreaks, (3) an association with the rainy season and implicated point-source 

outbreaks, and most notably (5) particular severe consequences in pregnant women with 

mortality rates of 10-20% (Reyes et aI., 1991). 

Neither epidemic nor sporadic cases of hepatitis E have been reported in developed 

countries, except among travelers returning from endemic areas (Gust and Purcell, 

1987). 

Rotaviruses 

Rotaviruses are in the Reoviridae family, the members of which posses a double

layer of icosahedral shells of approximately 70-nm in diameter, with a core of double-
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stranded ribonucleic acid (ds RNA) (Christensen, 1989). 

Rotaviruses contain a ds RNA genome consisting of 11 segments, rangmg m 

molecular weight from 0.4 x 106 to 0.6 x 106 (Offit et aI., 1983). Each segment encodes 

a single protein (Estes and Cohen, 1989). These 11 segments can be separated by 

polyacrylamide gel electrophoresis (PAGE) (Espejo et aI., 1979). Different rotavirus 

isolates frequently exhibit differences in the electrophoretic mobilities of their 11 

segments. 

Rotaviruses can be serologically classified into 6 groups (A-F) which share cross

reacting antigens located on VP6 (Schwab and Shaw, 1993): Group A, B and C have 

been found in humans and animals, while the others have been found only in animals 

(Estes and Cohen, 1989). 

Although group A rotaviruses have been responsible for all of the rotavirus 

infections in both the young and the elderly in North American and Europe, group B 

rotaviruses have been responsible for large outbreaks of severe rotavirus diarrhea 

occurring in adults of all ages in China (Hung et aI., 1983, 1984). 

In both developed and developing countries, rotavirus is considered to be the single 

most common cause of dehydrating diarrhea illness, accounting for up to 71 % of those 

episodes requiring hospitalization in children less than two years of age (Cook et aI., 

1990). 

However, infection with rotavirus is common in all age groups, including adults 

(Hrdy, 1987). Rotavirus infection of adults is seen in five settings: (l) secondary 
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contacts from pediatric cases, with variable attack rate in adults, (2) waterborne 

outbreaks, which are often characterized by higher attack rates in adults than in 

children, (3) traveler's diarrhea, (4) epidemic spread in isolated or closed population, 

often in the absence of contact with children, and (5) endemic infection, which may 

account for 5-10% of sporadic cases of diarrhea in adults. 

A number of outbreaks of waterborne rotaviral infection have been reported. Hung 

et aI.(1983, 1984) reported two epidemics of diarrhea occurred in coal-mining districts 

of China in 1982-1983. These epidemics, which involved more than 12,000 cases in 

adults, were traced to water contaminated with feces. The report mentioned that 

rotavirus has been implicated in at least 10 outbreaks of non-bacterial diarrhea in China 

since 1982. The attack rates were highest among persons 10 to 40 years old. 

Lycke et aI. (1978) reported an epidemic related to drinking water contaminated with 

rotavirus in Sweden, with the attack rate of >30% among both adults and children. In 

an outbreak of rotaviral gastroenteritis due to inadequate water treatment in Vail, 

Colorado, the attack rate among adults was 43.8% (Hopkins et aI., 1984). An outbreak 

of diarrhea caused by both rotavirus and Shigella sonnei in a school in Rio de Janeiro 

was associated with attack rates of >70 % among students up to age of 18 years 

(Sutmoller et aI., 1982). Zamotin et aI. (1981) reported a waterborne outbreak of 

rotaviral diarrhea in 155 adults and 18 children in the USSR. 

Rotavirus is a relatively uncommon cause of waterborne disease in the United States, 

although the disease may be underreported because rotavirus is not detected by routine 
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culturing techniques (CDC, 1983). 

A direct relation between the amount of water consumed and the attack rate was 

found in the outbreak in Vail (Hopkins et aI., 1984). Hence, Hrdy (1987) suggested that 

a possible explana~ion for high attack rates among adults during waterborne outbreaks 

may be the inoculum effect --- adults being more likely than children to drink a large 

amount of contaminated water. However, according to Ward et aI. (1986), the 

probability of developing clinical illness, at least for rotavirus, does not appear to be 

related to the dose an individual receives via ingestion. 

The shedding of rotavirus has been documented both during and after the diarrhea 

stage (Pickering et aI., 1988). In the Western hemisphere, rotavirus infection has a 

seasonal pattern, usually occurring in the winter month (LeBaron et aI., 1990). It has 

often been shown that several different strains of rotavirus may circulate and cause 

disease in a community at the same time (Konno et aI., 1984; Ruggeri et aI., 1989) 

although one strain usually predominates (Beards et aI., 1989; Urasawa et aI., 1989). 

Norwalk and Norwalk-like viruses 

Norwalk virus, Norwalk-like viruses and other small, round, structured viruses 

(SRSV) are probably members of the Caliciviridae because of their protein and nucleic 

acid properties (Greenberg and Matsui, 1992). They are RNA viruses approximately 30-

nm in diameter, and have 32 cup-shaped depressions on the surface of the virion 

(Christensen, 1989; Blacklow and Greenberg, 1991). Norwalk virus was first identified 
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by Kapikian from the examination of stools with electron microscopy during an 

outbreak of illness in Norwalk, Ohio (Kapikian et aI., 1972). 

Norwalk virus contains a single-stranded RNA (ssRNA) of positive sense with a size 

of at least 7.5 kb (Jiang et aI., 1990) and a single structural protein with a weight of 59 

kDa (Schwab and Shaw, 1993). Other Norwalk-like viruses have been discovered 

which share similarities of morphology, epidemiology, and clinical diseases. This group 

of viruses includes the Hawaii, Snow Mountain, Montgomery County, and Otofuke 

viruses (Schwab and Shaw, 1993). Besides Norwalk and Norwalk-like viruses, there are 

at least three different caliciviruses causing gastroenteritis in infants and young children 

(Schwab and Shaw, 1993). 

While rotavirus predominantly affects infants and young children, Norwalk and 

Norwalk-like viruses primarily, affect older children and adults. 

Norwalk virus has been associated with outbreaks of diarrhea in families, schools 

and colleges, nursing homes, communities, and camps and cruise ships (Schwab and 

Shaw, 1993). It also caused infection among troops during Operation Desert Shield 

(Hyams et aI., 1991). Norwalk and Norwalk-like viruses have accounted for more than 

30% of outbreaks of gastroenteritis in several studies (Christensen, 1989; Blacklow and 

Greenberg, 1991). Sources of infection have included municipal water systems, 

swimming pools, contaminated seafood and person to person transmission (Schwab and 

Shaw, 1993). Taylor et aI. (1993) reported two successive outbreaks of gastroenteritis 

in south Africa. The SRSV UK3IHawaii virus was identified as the causative agent in 



24 

the first outbreak and Norwalk in the second outbreak. Pontefract et ai. (1993) reported 

an outbreak of gastroenteritis in late October 1991, following the consumption of raw 

oysters that involved more than 200 people in Quebec, Canada. Norwalk-like virus was 

considered as the causal agent of the outbreak. 

. Warner et a1. (1991) reported a large nontypical outbreak of Norwalk virus due to 

the celery component of chicken salad exposed to nonpotable water. The overall attack 

was 48%, involving approximately 3000 cadets and the staff of the US Air Force 

Academy. Serum samples implicated Norwalk virus as the most probable cause of this 

outbreak. 

Between 19 and 27 September 1987, a cluster of outbreaks of Norwalk virus 

gastroenteritis associated with consumption of commercial ice occurred among persons 

who attended a museum fund-raiser in Wilmington, Delaware, and an intercollegiate 

football game in Philadelphia (Cannon et aI., 1991). Ice consumed at the events was 

traced to a manufacturer in Southeastern Pennsylvania whose wells had been 

contaminated when flooded by a nearby creek after a torrential rainfall. 

A survey of the role of "Norwalk agent" in outbreaks of acute nonbacterial 

gastroenteritis (Kaplan et aI., 1982) recorded that, in the period 1976-1980, 17 outbreaks 

were associated with water. Municipal water supplies were implicated in two 

outbreaks, semi-public supplies in seven, stored water on cruise ships in two, and 

another two involved recreational swimming water. An extensive outbreak affecting 

over 4000 persons (Morens et aI., 1979) was traced to contamination of a public water 
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supply by seepage of sewage. Subsequent studies (Dolin et aI., 1982) identified the 

causative agent as a new strain of SRSV, "Snow Mountain agent". 

Tayler et ai. (1981) and Kaplan et ai. (1982) reported outbreaks of Norwalk virus 

gastroenteritis involving several hundred school children and teachers, and 1500 cases 

in Georgia, respectively, due to breakdown of water distribution system. 

Lawson et ai. (1991) reported a waterborne outbreak of Norwalk virus gastroenteritis 

developed in about 900 people during a visit to a new resort in Arizona from April 1 7 

to May 1, 1989. Of 240 guests surveyed, 110 had a gastrointestinal illness that was 

significantly associated with the drinking of tapwater from the resort's well. Water 

contaminated with faecal coliforms was traced back to the deep water well, which 

remained contaminated even after prolonged pumping. It was found that effluent from 

the resort's sewage treatment facility seeped readily through fractures in the subsurface 

rock directly into the resort's deep well. 

According to Cubbit (1991), although there are only a few laboratories can diagnose 

SRSV infection, there is substantial evidence from studies in the United Kingdom, 

North America, Australia, and Japan that SRSVs are a major cause of waterborne 

infection. 

Adenoviruses 

Adenoviruses are 70- to 75-nm, nonenveloped, icosahedral, linear double stranded 

DNA viruses classified in the family Adenoviridae. There are 41 known distinct 
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serotypes of human adenoviruses, now considered to be 41 species (Christensen, 1989). 

The first adenovirus was originally isolated from adenoid tissue, and adenoviruses 

have been associated primarily with respiratory disease, as well as with ocular and 

genitourinary tract infection. During the last two decades, adenoviruses have been 

detected in stools of patient with gastroenteritis using the technique of electron 

microscopy, but often, they could not be isolated in routine cell cultures. These viruses 

that are not readily cultivable are called enteric or fastidious adenoviruses and represent 

new types, 40 and 41 (Christensen, 1989). 

Adenoviruses 'have been associated with outbreaks of diseases due to contamination 

of swimming water. D'Angelo et al. (1979) reported an outbreak of 

pharyngoconjunctival fever (PCF) occurred at a private recreational facility in Georgia 

during the summer of 1977. A total of 72 cases of PCF was identified. Adenovirus 

type 4 was recovered from conjunctival or pharyngeal swab specimens from 20 of 26 

persons and from two concentrated swimming pool water samples. Martone et al. 

(1979) reported an outbreak of illness due to adenovirus type 3 occurred in residents 

ofa suburban community, Dekalb County, Georgia in the period June 6- July 24,1977. 

Frequent use of a private swimming pool was associated with the illness. Both the 

outbreaks coincided with inappropriate maintenance of chlorine levels in the pool water. 

Enteric adenovirus (40 and 41) that leads to endemic disease of infants and young 

children may be the second most common cause of paediatric viral gastroenteritis after 

rotavirus (Schwab and Shaw, 1993). It primarily affects children under 2 years of age 
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and seems to have no seasonal predisposition (Uhnoo et aI., 1984; Kim et aI., 1990; 

Blacklow and Greenberg, 1991). The incubation period is longer than for the other 

gastroenteritis, about 8-10 days, and the mode of transmission is generally person-to

person (faecal-oral) (Blacklow and Greenberg, 1991). 

Outbreaks of diarrhoea in children due to enteric adenovirus 40 and 41 in United 

Kindom and Japan have been documented (Whitelaw et aI., 1977; Richmond et aI., 

1979; Chiba et aI., 1983). Richmond et al (1979) reported that 17 children from 15 

families living in a camp were affected by enteric adenovirus 40. In 14 families, the 

illness was confined only to children and did not spread to older siblings and parents. 

Chiba et aI. (1983) reported an outbreak of diarrhea caused by enteric adenovirus 40 

in an orphanage in Sopporo, Japan. Seven of the 11 children housed in a single room 

developed diarrhea. However, all 11 seroconverted, as demonstrated by immune 

electron microscopy. No waterborne outbreak has been documented yet, although the 

feces shedding property of the viruses implies the potential of waterborne transmission. 

Astroviruses 

Astroviruses contain a single-stranded RNA (ssRNA) of positive sense, with a size 

of 7.9 kb. The virion is nonenveloped, 27- to 32-nm in diameter. The electron 

microscopic appearance is that of a five or six-pointed star, with a distinct outer margin 

forming a rim (Greenberg and Mastsui, 1992). There are five human serotypes which 

can each be cultured in vitro (Blacklow and Greenberg, 1991). 
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Astroviruses are most commonly seen in infants and children up to age of seven, 

and have also been associated with outbreaks of diarrhea in nursing home (Blacklow 

and Greenberg, 1991). Astroviruses have been isolated in the United Kingdom, Norway, 

Federal Republic of Germany, Japan, and North America. They are responsible for 

about 5% of infantile gastroenteritis (Christensen, 1989). 

There are only anecdotal accounts of water-associated outbreaks (Appleton and 

Pereira, 1987). Cubitt et al. (Cubitt, 1991) investigated one outbreak in which school 

children and teachers became ill 24-48 hours after drinking water from a stream. 

Astrovirus particles were detected in samples from the children and high titers of IgG 

suggestive of recent infection were detected by radioimmunoassay. 

Coronaviruses 

Coronaviruses belong to Coronaviridae family. Coronaviruses are enveloped, 

approximately 80 to 150 nm in diameter and are round or pleomorphic with club-shaped 

projections on the surface known as peplomers. They contain a single-stranded RNA 

(ssRNA) of positive sense 

(Chris~ensen, 1989). 

The clear association of coronaviruses as causative agents in human gastroenteritis 

has not yet been established (Blacklow and Greenberg, 1991). Although several studies 

have correlated the presence of coronavirus-like particles (CVLPs) in the stool with the 

presence of gastroenteritis, others have not (Schwab and Shaw, 1993). Infections caused 
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by coronavirus, not limited to gastrointestinal infections, tend to cluster in the drier 

autumn and winter months and are more common in the western USA. Infections occur 

mainly in infants (Mortensen et aI., 1985). 

Concentration of viruses from water 

Mechanism of virus adsorption to surfaces 

The most useful methods for concentrating virus from water have been those which 

depend on virus adsorption to a surface and subsequent desorption by a small volume 

of eluent. The microporous filter adsorption-elution techniques have seen greater 

application than any other method. Virus adsorption to microporous filter surfaces is 

controlled by both electrostatic and hydrophobic interactions. The electrostatic forces 

can be controlled by altering various environmental factors such as pH and electrolyte 

concentration. Hydrophobic interactions are a major factor in virus adsorption to 

microporous filters at high pH, whereas electrostatic forces are dominant at low pH. 

Thus, substances which weaken hydrophobic interactions such as detergents and 

chaotropic salts can be used to deadsorb viruses from surfaces where these types of 

interactions are significant (Gerba, 1987). 

Microporous filter methods 

There are two types of filters used for the concentration of viruses from water: 
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negatively charged and positively charged filters. The negatively charged filters are 

composed primarily of either fiberglass or cellulose esters with or without polymeric 

resin binder. Electropositive filters are composed of a cellulose-diatomaceous earth 

"charge-modified' resin mix (Zeta Plus filters) or fiberglass-surf ace-modified reSIn 

(lMDS) (Gerba, 1987). 

Wallis and Melnick (1967) developed the first practical microporous filter system 

for concentration of viruses from water and wastewater. Wallis et al. (1972) found that 

adsorption of viruses to nitrocellulose filters could be greatly enhanced by addition of 

trivalent (AICI3) and divalent (MgCI 2) salts and adjustment of the pH of water to 3.5. 

However, clogging and low flow rate became problems when wastewater and other 

turbid water were tested. Moreover, humic acid and other organic compounds were· 

concentrated along with the virus. These substances seriously interfered with 

reconcentration of the initial eluates on membrane filters (Gerba, 1987). To overcome 

these limitations, Farrah et al. (1976) tested a variety of membrane filters and found that 

Filterite fiberglass membrane (10-inch long, pleated cartridge) filters were far less easily 

clogged than other negatively charged filters. This filter adsorbed greater than 90% of 

poliovirus added to tapwater at pH 3.5, with flow rates of up to 37.8 IImin (10 gal/min). 

Conditioning of water by pH adjustment and additton of cations to increase virus 

adsorption to electronegative filters is technically cumbersome and expensive, and may 

cause clogging and loss of virus infectivity. To reduce the need for preconditioning the 

water, Sobsey and co-workers (Sobsey and Jone, 1979; Sobsey and Glass, 1980) tested 
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filters which carry a less negative net charge in the pH range· of most natural and tap 

waters. They found the Zeta-plus filters (AMF/CUNO, Meriden, CT) remain positively 

charged up to about pH 6 and may adsorb 99% of added poliovirus from water at pH 

7.5 without the addition of salt (Sobsey and Jones, 1979). Sobsey and Glass (1980) 

compared positively charged, double-layered, pleated-sheet cartridge IMDS filter with 

the negatively charged Filterite cartridge filter for virus adsorption. They found 

adsorption of viruses from tapwater between pH 3.5 and 7.5 was more efficient with 

IMDS filters than Filterite filters. 

Dizer et al.(1980) reported another positively charged filter, MK tube cartridge filter, 

capable of adsorb 99.9% of poliovirus from 10 liters of tap water at a flow rate of 1 

liter/min. The MK filter is composed of molded waste fibers containing a positively 

charged melamine resin and is less expensive than other positively charged filters 

(Gerba, 1987). 

Recently, Vilagines et al. (1993) used oiled so do calcic glass wool filter (Saint 

Gobain R. 725) to concentrate enteroviruses from large volumes (100 to 1000 liters) of 

water at ambient pH without addition of cations. These filters recovered from 62 to 

75% of several enteroviruses and rotavirus SAIl from tapwater, and 62% and 57% of 

poliovirus from river water and treated wastewater, respectively. 

Elution of viruses from filters and reconcentration 

Elution of viruses from filters usually depends on weakening the electrostati9 and 
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hydrophobic interactions that bind viruses to filter surfaces or is achieved by addition 

of substances that compete with viruses for adsorption sites. High pH buffers, which 

weaken electrostatic interactions, proved very useful for some groups of viruses but 

could not be used with other groups sensitive to inactivation at pH levels above 10. As 

a replacement for high pH, basic amino acids, casein, tryptose phosphate broth, bovine 

serum albumin, chaotropic agents, beef extract, urea, etc. have been tested (Gerba, 

1987). 

Techniques that have been used for reconcentration include: two-phase separation, 

hydroextraction, precipitation with inorganic salts, continuous-flow ultracentrifugation, 

readsorption to and elution from successively smaller diameter filters, and 

bioflocculation (Gerba, 1987). 

Katzenelson (1976) described a simple and efficient organic flocculation method. In 

this method, viruses are efficiently eluted from filters by 3% beef extract solution at pH 

9. The pH of the eluate is then lowered to 3.5. This results in flocculation of proteins 

that are concentrated by centrifugation. The sediment obtained from flocculation of the 

beef extract is solubilized in 0.15 M Na2HP04• 

10thikumar et al. (1990) reported an optimum concentration of urea (1.5)-arginine 

phosphate (0.2:0.008 M) buffer (PH 9.0) for effective desorption and eluti .. on of viruses 

from negatively charged filters. The primary eluate is further reconcentrated by the 

precipitation of MgHPO 4 on addition of MgCI2• The flocs are centrifuged, the pellet is 

dissolved in McIlvaines buffer (pH 5) and neutralized with sodium bicarbonate (8.8%) 
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prior to assay on cell culture. This method results in 92-100% and 88-93% recovery for 

poliovirus 1 and bacteriophage, respectively. 

Detection of viruses 

Cell culture 

Viruses are obligate, intracellular parasites, hence require live host cells to detect 

their infectivity. So far, the use of cell cultures remains the most reliable and functional 

tool for the detection of viable human enteric viruses in environmental samples. From 

comparative studies concerned primarily with enteric virus detection in water and waste 

samples, a number of convenient and sensitive host systems have been suggested. The 

Buffalo Green Monkey (BOM) kidney cell line was reported to be more sensitive than 

primary monkey kidney cells for virus recovery from water (Dahling et aI., 1974). 

Other studies indicated that BGM cells were satisfactory for detecting polioviruses and 

group B coxsackieviruses, but not group A coxsackieviruses, or reoviruses (Schmidt et 

aI., 1978). A continuous line of human domyosarcoma cells, RD, has been suggested 

as a substitute for suckling mice for the detection of group A coxsackieviruses (Schmidt 

et aI., 1975), and has also been found to be sensitive to a wide variety of other 

enteroviruses (Schmidt et aI., 1978). However, other workers have found RD cells to 

be less sensitive than BOM cells for enteric virus detection in water (Morris and Wait, 

1980). 
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The two most widely used methods for virus isolation and assays in cell cultures are 

quantal and enumerative (plaque) methods. The plaque method is considered more 

preCIse than the quantal method because relatively large numbers of individual 

infectious units can be counted directly as discrete localized areas of infection (plaques). 

However, in comparisons between plaque and quantal methods for enteric virus 

recovery from environmental samples, the quantal method has generally yielded more 

viruses and it is considered more sensitive. Some viruses, such as adenoviruses, do not 

efficiently form plaques under any condition (Sobsey, 1982). 

The limitations of cell culture as a virus detection method are: (1) it takes a long 

time (3 days to 3 weeks) to observe cytopathogenic effects (CPE), (2) there is no single 

type cell line that permits the replication of all enteric viruses, (3) some enteric viruses, 

such as hepatitis A virus, can grow in cells but do not produce CPE, and (4) some 

viruses that grow and produce CPE in cells may not grow well and produce CPE when 

they are isolated from the environmental samples at first passage. 

Molecular methods 

The advent of recombinant DNA technology made it possible to detect enteric 

viruses in water samples using dot-blot hybridization assay (Jiang et aI., 1986 and 1987; 

Richardson et aI., 1988). The dot-blot hybridization saves time (it takes only 3 to 4 

days). However, it cannot distinguish between infectious and noninfectious viruses 

because it also detects the nucleic acid of noninfectious viruses present in the sample. 



35 

In addition, it has a low sensitivity (it requires 103 to 104 viral particles). 

Amplification of a specific target nucleic acid sequence using polymerase chain 

reaction (PCR) results in an improved sensitivity so that one specific target sequence 

can be detected after amplification. PCR also gives an alternative of rapid detection of 

viruses (less than 12 hr). The application of PCR technique for detection of enteric 

viruses in environmental samples has been reported by several research groups 

(Abbaszadegan et aI., 1993; Jothikumar et aI., 1993; Kopecka et aI., 1993; Tsai et aI., 

1993; Straub et aI., 1994). One problem encountered by these researchers, however, 

was that inhibitory substances such as organics and metals present in the environmental 

samples sometimes completely inhibit amplification making viruses undetectable, 

therefore decreasing the sensitivity of PCR. Abbaszadegan et aI. (1993) found that 

humic acid inhibits RT -PCR amplification of enteroviruses. Metal ions in the sample 

also reduce the specificity of PCR primers, resulting in nonspecific amplification (Saiki 

et aI., 1988). So far, studies have been mainly focused on how to remove inhibitory 

substances in the environmental samples for PCR detection. Abbaszadegan et aI. (1993) 

and Straub et aI. (1994) reported that Sephadex G-100 and G-50 in combination with 

Chelex-l00 were effective in removing inhibitory factors for the detection of 

enteroviruses in groundwater concentrates and sludge-mended soil samples by RT-PCR. 

Jothikumar et aI. (1993) reported that as few as 120 PFU of virus in water concentrate 

can be detected by RT-PCR after phenol-chloroform-isoamyl alcohol extraction. Graff 

et aI.(1993) used an antigen-capture PCR (also called immune-capture PCR) to detect 
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hepatitis A virus in sewage sludge samples and found that inhibitory substances can be 

eliminated by the antigen-capture procedure. 

Up to date, there is no PCR method which can differentiate infectious virus from 

noninfectious virus, or quantitate viruses in environmental samples reported. Alexander 

and Morris (1991) commented that until the issues of adaptability in water company 

laboratories, inhibition, infectivity, and quantification have been addressed, it is unlikely 

that PCR can be applied reliably, on a routine basis, to the detection and monitoring of 

enteric viruses in the environmental water samples. 

Virus inactivation by water disinfectants 

Molecular mechanism of viral inactivation by water disinfectants 

Viruses can be potentially interact with disinfectants in a variety of ways (Thurman 

and Gerba, 1988). There are six possible disinfectant-virus interactions: (1) nontarget 

sites attacked, (2) reversible adsorption of disinfectant to capsid receptors or 

nonreversible adsorption resulting in inactivation of the virus, (3) reversible 

conformation change of virus due to reversible adsorption of disinfectant, (4) capsid 

destroyed, releasing infectious nucleic acid, (5) capsid destroyed and nucleic acid 

rendered noninfectious, and (6) nucleic acid rendered noninfectious while capsid 

remains intact. 
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Chlorine 

Chlorine is used in many water treatment facilities because it is an effective 

oxidizing agent. However, the mechanism of viral inactivation due to chlorine seems 

to be unresolved. Two schools of thought revolve around the action of chlorine: one 

assumes that viral capsid proteins are attacked, the other that viral nucleic acids are 

attacked (Thurman and Gerba, 1988). Chang (1970) stated that chemical agents denature 

the protein shell of viruses leaving the nucleic acid unaffected. The conformation of a 

virus may be reversible if the virus has not become stabilized in one conformation state 

by ultraviolet light or heat (Mandel, 1971). On the other hand, Dennis et aI. (1979) 

noted that chlorine has an affinity for RNA at a pH of 5.6-9.9, which is greater than its 

affinity for protein. 

Taylor and Butler (1982) and O'Brien and Newman (1979) showed that cleaved 

viral RNA is released from the poliovirus capsid following treatment with chlorine. The 

viral sedimentation coefficient changes from 156 S for native poliovirus to 80 S after 

treatment with chlorine, due to the release of its RNA (Alvarez and O'Brien, 1982a). 

The IEP and cell attachment capabilities of the virus, however, remain unchanged 

(Olivieri et aI., 1971). This seems to indicate that no major capsid conformational 

changes occurred during chlorine inactivation. O'Brien and Newman (1979) maintained 

that chlorine inactivation occurs due to RNA degradation before release of the degraded 

RNA and that the RNA release is a secondary event (Alvarez and O'Brien, 1982b). 
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Ultraviolet light 

Ultraviolet light has been used to disinfect public water supplies since 1909. The 

most effective wavelengths range from 253.7 to 265 nm. In order for photochemical 

reactions to inactivate a virus, the light energy must be absorbed by a target molecule 

that possesses a bond of importance to the function of the virus. A sufficient amount 

of excitation energy of the absorbed photo must alter this vulnerable bond such that the 

normal function of the molecule is permanently altered. Ultraviolet irradiation may act 

in this way on viral capsid proteins or the viral nucleic acids (Thurman and Gerba, 

1988). 

The effects of ultraviolet light on nucleic acids may be more significant than on 

viral capsid proteins. Any alteration in the genetic information may cause an inability 

to replicate or alter the genetic information and thus effectively inactivate the organism 

or cause mutation. Mutations may occur through misreplication or pyrimidine dimers 

or pyrimidine (6-4) pyrimidine lesions (Bourre and Sarasin, 1983), which would 

indicate that target mutagenesis is the most probable event, while pyrimidine dimers 

may directly obstruct transcription (Eglin et aI., 1980; Ross et aI., 1972). 

Katagiri et aI. (1967) studied in detail the changes that occur to poliovirus virions 

after exposure to ultraviolet light. Analysis of the exposed viripns showed that there 

were four stages in the morphological appearance and biological properties of the virus. 

In the first stage, virus particles lose their infectivity. In the second stage, the viral RNA 

is rendered RNase sensitive. The alteration of viruses by ultraviolet light is a 
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prerequisite for development of sensitivity of virus RNA to RNase. In the third stage, 

the viral RNA is no longer enclosed, but is still adherent to the capsid. In the fourth 

stage, viral particles become empty shells. 
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Dissertation format 

The research reported in the appendices of this dissertation consists of four related 

experiments designed and undertaken by the candidate: 1) Evaluation of MK filters for 

recovery of enteroviruses from tap water; 2) Cell culture and PCR determination of 

poliovirus inactivation by disinfectants; 3) Increased sensitivity of poliovirus detection 

in tap water concentrates by RT-PCR; and 4) Comparative detection of enteroviruses 

in groundwater by cell culture and RT-PCR. This format offers the advantage that 

candidates for the advanced degree in the Department of Microbiology and Immunology 

are expected to submit their original research to peer review scientific journals for 

publication. By using this format, these papers will essentially be ready for publication. 

Each of these papers represents the candidate's research. Preparation and submission 

of the manuscripts were undertaken by the candidate. Dr. Ian L. Pepper and Dr. 

Charles P. Gerba served as coeditors of the manuscripts. 
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3. PRESENT STUDY 

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

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

findings. 

Filter adsorption-elution methods are most commonly used for concentrating viruses 

from large volumes of water. Electropositively charged filters (such as IMDS filter) 

remain positively charged up to pH 8 and may adsorb 99% of the poliovirus from most 

waters at pH 7.5 without the addition of cations. However, the advantages of the 

IMDS filter are partially offset by its high cost (currently aboilt $70 per filter). 

Recently, a new filter, MK filter, which is capable of processing volumes of water 

similar in size to those processed by the IMDS filter but cost only $12 is available. The 

first article compared the recovery of enteroviruses from 378 liters of tap water using 

the MK and IMDS filters. Viruses were eluted from filters with 3% beef extract 

buffered with 0.05 M glycine (PH 9.5) and reconcentrated via organic flocculation. At 

high virus inputs (approximately 106 PFU), the overall recovery (after elution and 

reconcentration) of poliovirus 1 (PV1) and Coxsackievirus B3 (CB3) from tap water 

with the MK filters was less than that achieved with the 1 MDS filters (P<0.05). 

Recovery of PVl from tapwater using MK filter and IMDS filter was 73.2 ± 26% (N 

= 5 trials) and 90.2 ± 5.9% (N=5 trials), respectively. Recovery of CB3 from tapwater 

using MK and IMDS filter was 32.8 ± 34.5% (N=4 trials) and 95.8 ± 12.0% (N=4 

trials), respectively. This study indicated that MK filter consistently provided lower 
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recovery, with wider variability, for PVI and CB3 from tapwater than the IMDS filter. 

Polymerase chain reaction (PCR) is an attractive alternative to cell culture for the 

detection of viruses in water samples. However, issues such as inhibition, sensitivity, 

contamination, and finally the reliability of PCR need to be addressed. The next three 

papers discussed this issues from different aspects. 

The second paper evaluated decontamination procedures currently used in 

environmental virology for their ability to render viral nucleic acid undetectable by 

PCR. Inactivation of poliovirus type 1 by I N HCI, I N NaOH, 0.5 and 1.0 mg of free 

chlorine per liter, and UV light was compared by using cell culture and seminested PCR 

(30 cycles of reverse transcriptase-PCR plus 30 cycles of semi nested PCR). A minimum 

contact time of 45 min with HCI, 3 min with NaOH, 3 and 6 with 1.0 and 0.5 mg of 

free chlorine per liter, respectively, was required to render 1.64 x 102 PFU of poliovirus 

type 1 per ml undetectable by seminested PCR. In cell culture, a minimum contact time 

of 5 min to HCI, 30 s to NaOH, and 1 min to either chlorine concentration was required 

to render the viruses undetectable by the plaque assay method. No correlation was 

observed between results by PCR and cell culture when viruses were exposed to UV 

light. These data suggested that inactivated virus with intact nucleic acid sequences can 

be detected by PCR. However, degradation of viral nucleic acid is possible in both the 

field and laboratory applications. Of the methods tested, chlorine at a concentration of 

at least 0.5 to I mg/liter was the most effective disinfectant. 

The third paper found that the sensitivity of PCR can be increased by reducing the 



43 

volume of water concentrates, applying seminested PCR, and removing PCR inhibitory 

substance. Poliovirus 'I and coxsackievirus B3 were seeded into 378 liters of tapwater, 

concentrated with IMDS filters, and reconcentrated by organic flocculation. The volume 

of concentrates was successfully reduced from 25 ml to 5 ml without loss of virus 

recovery. The sensitivity of reverse transcriptase (RT)-seminested PCR increased at 

least 2 loglo compared with that of RT-PCR. RT-seminested PCR detection of virus 

after treatment of a water concentrate (1.1 x lOS-fold concentration) with a Sephadex 

G-IOO plus Chelex-IOO column, or Sephadex G-50 plus Chelex-IOO column, followed 

by heat treatment to release viral RNA, was compared with direct phenol-chloroform

isoamyl alcohol (PCI) extraction of viral RNA. The Sephadex G-50 plus Chelex-IOO 

column did not remove inhibitory substances efficiently. The Sephadex G-IOO plus 

Chelex-IOO column could remove inhibitory substances, however, 99% of the viruses 

were alsl? removed by the column. PCI extraction was found to be sufficient to 

remove inhibitory substances for RT-seminested PCR with a sensitivity of 0.2 plaque

forming unitS/IOIlI (0.2 PFUlliter tap water). 

The last paper assessed the applicability of RT-PCR for detection of enteroviruses 

in groundwater by comparing it with cell culture. Groundwater samples collected across 

the United States were concentrated with 1 MDS filters and organic flocculation. Nine 

of 48 samples were positive for enteroviruses by cell culture (19%). Cell culture 

harvests of 27 samples were assayed by RT-PCR (for 8 positive samples) or RT

semi nested PCR (for 19 negative samples) and the results were identical to that of cell 
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culture. Sample concentrates were extracted with PCI, purified with Sephadex 0-100 

gravity column and Chelex-lOO resin before direct RT-PCR assay. A sensitivity of 1 

PFU was achieved by RT-PCR following this treatment. Fifteen out of 37 samples 

were positive by direct RT-PCR (40.5%), while only 8 of the 37 samples were positive 

by cell culture (21.6%). However, one method was not superior to the other in 

demonstrating the presence or absence of enteroviruses in groundwater based on the 

statistical analysis (P>0.05). These data indicated that RT -PCR can be used as a 

confirmation procedure of cell culture assay, however, it can not yet be used 

independently of cell culture. 
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Abstract 

The MK filter is an electropositively charged filter that can be used to concentrate 

enteroviruses from large volumes (400 to 1,000 liters) of water. This filter is less 

expensive than the commonly used 1MDS electropositive filter. In this study we 

compared the recovery of poliovirus 1 (PV1) and coxsackievirus B3 (CB3) from 3.78 

liters of tapwater using both the MK and 1MDS filters. Viruses were eluted from the 

filters using 3% beef extract buffered with 0.05M glycine, pH 9.5, and reconcentrated 

via organic flocculation. At high virus inputs (approximately 106 PFU), overall 

recovery (after elution and reconcentration) of PV1 and CB3 from tapwater using the 

MK filter was less than that achieved with the 1MDS filter (P<0.05). Recovery of PVl 

from tapwater using MK filter and 1MDS filter was 73.2 ± 26% (N = 5 trials) and 

90.2 ± 5.9% (N=5 trials), respectively. Recovery of CB3 from tapwater using MK and 

1MDS filter was 32.8 ± 34.5% (N=4 trials) and 95.8 ± 12.0% (N=4 trials), respectively. 

This study indicated that MK filter consistently provided lower recovery, with wider 

variability, for PV1 and CB3 from tapwater than the 1MDS filter. 
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Introduction 
, 

Enteric viruses in human faeces may eventually find their way to water resources 

used for drinking water or recreation (14). Even in low concentrations, they are still 

capable of causing illness when ingested. Enteric viruses may cause severe diseases, 

such as paralysis (poliovirus), meningitis (echovirus), myocarditis (coxsackievirus), or 

infectious hepatitis (hepatitis A and E virus). Evaluation of the public health 

significance of human enteric viruses in water requires the development, evaluation, and 

utilization of simple, reliable, and rapid methods to detect, on a quantitative basis, 

relatively small amounts of enteric viruses in water (12). 

Filter adsorption-elution methods are most commonly used for concentrating viruses 

from large volumes of water. There are two types of filters used for the concentration 

of viruses from water: negatively charged and positively charged (4). The negatively 

charged filters are composed primarily of either fiberglass or cellulose esters with or 

without a polymeric resin binder (4). Electronegative filters require conditioning of the 

water by pH adjustment and addition of cations (MgCI2, AICI3) to optimize virus 

adsorption. This limits the application of electronegative filters because acidifying the 

water may cause filter clogging due to presence of humic acid. Also, chemical 

conditioning requires technically cumbersome and expensive chemical addition system 

when processing large sample volumes and it may actually result in loss of virus 

infectivity (12). 

Electropositive filters are composed of cellulose-diatomaceous earth II charge 
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modified II resin mix (zeta-plus filters) or fiberglass Isurface-modified resin (lMDS) (4). 

Electropositive filters remain positively charged up to about pH 8 and may adsorb 99% 

of the poliovirus from most waters at pH 7.5 without the addition of cations (3,10,11). 

The double layer pleated cartridge 1 MDS filter has been demonstrated to be very useful 

for virus concentration from large volumes of water (1,8,11). The advantages of the 

IMDS filter, however, is partially offset by its high cost (currently about $ 70 per 

filter). 

Therefore we evaluated another positively charged filter, the cylinder cartridge MK 

filter, which is only one-sixth cost of the IMDS. The MK filter is a lO-inch (25.4 cm) 

long tube-cartridge filter composed of molded waste fibers containing a positively 

charged melamine resin (4). It has a larger porosity (nominal 5 J.lm) than IMDS 

(nominal 0.2 J.lm) and is capable of processing similar-sized large volumes of water 

same as the IMDS filter (Le. 100-250 gal). This study was designed to evaluate the MK 

filters for concentrating enteroviruses from large volumes of tapwater. 

Material and Methods 

Virus propagation. Poliovirus type 1 (strain LSc-2ab) and coxsackievirus B3 were 

propagated separately in the Buffalo Oreen Monkey kidney (BOM) cell line. BOM cells 

were grown to confluent monolayer in 175-cm2 flasks and then inoculated with 0.5 ml 

of poliovirus 1 or coxsackievirus B3. After incubation at 37°C for 45 min, 60 ml of 

media containing 2% fetal bovine serum was added to each flask. The .cells were 
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incubated at 37°C until most of the monolayer had been destroyed. The flasks were then 

frozen and thawed three times. The virus solution was purified by adding an equal 

volume offreon (trichlorotrifluoroethane, Fisher Chemical Co., Fair Lawn, N.J.), mixing 

until an emulsion had formed, and centrifuging at 15,300 g for 10 min, to remove 

cellular debris and reduce virus clumping. The upper (aqueous) phase containing the 

virus was aseptically pipetted into sterile 20 ml vials and frozen at -20°C. 

Virus assay. Virus stocks and samples were assayed by plaque assay method. Serial 

10-fold dilutions of the stocks or samples were made in pH 7.4 sterile Tris buffered 

saline (Sigma Chemical Co., St. Louis, Mo.). Appropriate dilutions were inoculated in 

triplicate onto BOM cells in 6-well-trays after confluent monolayers had formed. They 

were then incubated at 37°C with 5% CO2 for 45 min, and 4 ml of overlay media 

(Eagles MEM containing 2% fetal bovine serum and 0.5% melted agar) was added to 

each well. After they were incubated at 37°C with 5% CO2 for 48 h, the overlay media 

was removed and cells dyed with 0.1 % crystal violet. The plaques were counted and 

PFU/ml calculated. The staining with crystal violet was performed by adding 3 ml of 

0.1 % crystal violet to each well at room temperature, discharging the crystal violet after 

2-3 minutes incubation, and washing the cells three times with 3 ml of distilled water. 

Optimization of recovery of poliovirus using MK filter. Conditions for optimal 

recovery of enteroviruses from tapwater using MK filter were determined using PV I 

seeded in dechlorinated tapwater (PH 7.2-7.5). Parameters considered were flow rate, 

elution and reconcentration method. 
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Because adsorption of viruses to MK filter might be affected by flow rate, virus 

adsorption at different flow rates was evaluated. Tapwater (53 liters) dechlorinated by 

addition of 60 ml of 10% sodium thiosulfate was seeded with poliovirus and adjusted 

to pH 7.2. A sample was then collected for virus assay. The remainder of the water was 

then pumped through a MK filter (Zeta Plus, CUNO Inc., Meriden, Conn.) inside a 

filter housing with the aid of a utility submersible pump (Flotec, Delavan, Wisc.). A 

gate valve was connected between the pump and the filter housing to control the flow 

rate, and a flow meter was connected to the outlet side of the filter housing to verify 

flow rate. A volume of 7.6 liters of water was pumped through the filter at each flow 

rate tested. Samples of effluent were collected at different flow rates for virus assay to 

determine the extent of virus adsorption. 

Three eluents were tested for their ability to recover poliovirus adsorbed to MK 

filters. They were 1.5% beef extract V (Becton Dickinson, Cockeysville, Md.), 3% beef 

extract and 3% beef extract containing 10 mM MgCI 2• All eluents were buffered with 

0.05 M glycine, pH 9.5. 

For each test, approximately 378 liters (100 gallons) of tapwater and 40 grams of 

sodium thiosulfate were poured into a 100-gallon plastic tank and mixed with a 

submersible pump for 15 J]lin. After the pH was adjusted to 7.5, 400 ml of water was 

placed in a 1000-ml polyproylene plastic beaker (Nalge Co., Rochester, NY) containing 

a stir bar and 1 ml of poliovirus added. A 4-ml sample was collected after mixing. The 

remaining water in the beaker was then added to the water in the tank and mixed for 
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15 min with a submersible pump. The pump was then connected to the filtration 

apparatus (pump-gate valve-filter housing containing filter-flow meter-effluent) and the 

entire volume of water was pumped through the filter. The filtration apparatus was then 

disconnected and the excess water i~side the housing decanted. 

Viruses were eluted from the filters at room temperature by adding 900 ml of eluent 

to the filter housing containing the filter. The eluent remained in contact with the filter 

for 5 min. It was then passed through the filter under nitrogen gas pressure. The eluate 

was collected in a 1000-ml sterile beaker containing a stir bar and one drop of antifoam 

A (Sigma Chemical Co., St. Louis, Mo.) and immediately adjusted to pH 7.2-7.3 with 

IN HCI. A 4-ml sanlple was then collected. 

Eluates were divided into two equal parts to compare two different reconcentration 

methods. The first reconcentration method tested was the organic flocculation method 

described by Katzenelson (6). In this method, the eluate was adjusted to pH 3.5 with 

IN HCI , it was then centrifuged at 15,300 g for 10 min. The pellet was resuspended 

in 1I45th of the original volume of beef extract (10 ml) with 0.1 M Na2HP04• The 

concentrate was adjusted to pH 7.2 - 7.3 with 1 N HCI and assayed. 

The second reconcentration method tested was the diatomaceous earth reconcentration 

method described by Dahling and Wright (2). Briefly, diatomaceous earth Grade II 

(Sigma Chemical Co., St. Louis, Mo.) was added to the eluate to a final concentration 

of 0.1 % (w/v). After it was dispersed evenly, the mixture was adjusted to pH 4.0 with 

IN HCI and centrifuged at 15,300 g for 10 min. The pellet was resuspended in 10 ml 
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(l/4sth original volwne) of 0.1 M Na2HP04• It was centrifuged again at 15,300 g for 10 

min. The supernatant was collected and adjusted to pH 7.2 to 7.3 with 1 N HCI and 

assayed. 

Comparison of MK filters and IMDS filters for recovery of PVl and CB3 from 

tapwater. To compare the recovery ofPVl and CB3 from 378 liters of tap water using 

MK and IMDS (Zetapor, CUNO Inc., Meriden, Conn.) filters,S trials of PVI and 4 

trials of CB3 were conducted for each filter type. The procedure of virus concentration 

by filter and elution was the same as described previously. The 3% beef extract with 

0.05 M glycine, pH 9.5 was used as the eluent. Samples (4 ml) were taken from initial 

water sample (400 ml) and eluate (900 ml) for viral assay. 

Results 

The adsorption of poliovirus 1 to the MK filter was first determined by comparing 

the concentration of virus in the water before and after filtration through the MK filter. 

The difference in titer was preswnably due to adsorption. Table I shows that virus 

adsorption to the MK filter was not effected by flow rates ranging from 1.1 to 9.5 liter 

per min. The average adsorption of PVI was 86.7%. Because flow rate did not 

significantly affect adsorption ofPVl to MK filters, the maximwn flow rate, 9.5 Llmin, 

was used for all subsequent experiments. 

Two reconcentration procedures, organic flocculation and diatomaceous earth, were 

tested. Table 2 shows that, for both the tapwater and wastewater, 3% beef extract 
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resulted in higher recovery than 1.5% beef extract by both organic flocculation and 

diatomaceous earth reconcentration. When using 1.5% beef extract, the virus recovery 

for the diatomaceous earth procedure was higher than that of organic flocculation. 

However,when using 3% beef extract as the eluent, the virus recovery by the organic 

flocculation procedure was greater than that with diatomaceous earth. The organic 

flocculation procedure with 3% beef extract resulted in the greatest virus recovery. 

Table 3 compares the recovery of poliovirus from tapwater by MK filters with three 

different eluents and IMDS filters with 1.5% and 3% beef extract. The organic 

flocculation reconcentration method was used for all the tests. The use of 3 % beef 

extract resulted in a significant increase of both elution efficiency from MK filters and 

final recovery (P< 0.05) compared to the use of 1.5% beef extract. The use of 3% beef 

extract containing 10 mM MgCI 2, however, decreased the elution efficiency compared 

to the use of 3% beef extract (P< 0.05). The recovery of poliovirus at lower virus input 

(6.69 x 103
) by MK filter with 3% beef extract was not significantly different from that 

at high virus input (P>0.05). 

Table 3 also compares the recovery of poliovirus from tapwater using the MK and 

IMDS filters. Both elution efficiency and final recovery using MK filters with 1.5% 

beef extract were significantly less than these achieved with IMDS filters (P<0.05). The 

use of 3% beef extract with MK filters resulted in an average elution efficiency as great 

as that achieved with IMDS (P>0.05), but with a lower average final recovery (P<0.05). 

MK filters had a wider variation in both elution efficiency and final recovery than the 



54 

1 MDS filters. 

Table 4 shows the recovery of coxsackievirus B3 from tapwater by MK and 1MDS 

filters with 3% beef extract as an eluent. The average recovery of CB3 by MK filters 

was 32.8%, much lower than that (95.8%) achieved by 1MDS filters (P<0.05). 

Discussion 

The most important property of a filter used as a virus adsorbent is its capability to 

efficiently adsorb viruses. Sobsey and Glass (11) reported that a double layer of 

Virozorb 1MDS could adsorb an average of 95% of poliovirus from small volumes of 

tapwater (3.8 L) at pH 7.5. They also found that a 10 inch (25 cm) cartridge filter of 

the same material adsorbed 90.5% of poliovirus from 1000 liters of tapwater (PH 7.5). 

Dizer et al (3) reported that the MK cartridge filter could adsorb 99.9% of poliovirus 

from 10 L of tapwater at a flow rate of 1 Llmin (3). We found that the adsorption of 

PV1 to MK filters was comparable to the results reported by Sobsey and Glass (11) 

indicating that the MK filter is capable of adsorbing PV1 as well as 1MDS filter 

regardless of flow rate. 

A 1.5% beef extract-glycine solution is usually used for eluting virus from 1 MDS 

filters and reconcentration by organic flocculation procedure in our laboratory. 

However, when it was used for eluting poliovirus from MK filters, the elution 

efficiency was low and no heavy precipitate was formed after the organic flocculation 

procedure. This may be due to a greater surface area of the MK filters which results in 
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greater adsorption of the beef extract. Therefore, a greater concentration of beef extract 

(3%) and addition of 10 mM MgCl2 to eluent were tested. Also, the addition of 0.1 % 

diatomaceous earth to the eluate followed by the procedure described by Dahling and 

Wright (2) was compared to organic flocculation. Results showed that 3% beef extract 

increased elution efficiency. However, the addition of 10 mM MgCl2 to 3% beef extract 

resulted in a decrease of virus elution efficiency. This is in contrast to what was 

reported by Dizer et al (3) who observed enhanced elution of poliovirus from MK 

filters in the presence of MgCI2• The addition of diatomaceous earth to 1.5% beef 

extract eluates increased virus recovery from eluates compared to 1.5% beef extract 

eluates alone. However, the addition of diatomaceous earth to 3% beef extract eluates 

did not increase virus recovery compared to 3% beef extract eluates alone. Dahling and 

Wright (2) reported that recoveries of 85 to 96% for poliovirus when 3% beef extract 

was supplemented with 0.1 % diatomaceous earth. Using this procedure, poliovirus 

recoveries were 83% and 69% from tapwater and wastewater (Table 2). The likely 

greater amount organic material concentrated from our water samples may have 

interfered with virus adsorption to the diatomaceous earth and caused lower virus 

recovery. The organic flocculation procedure with 3% beef extract resulted in the 

greatest virus recovery. 

Since there are differences in virion surface net charge or hydrophobicity between 

different virus types and strains (5), filters may adsorb one virus more efficiently than 

others. Nupen and Bateman (8) tested the recovery of different viruses from 100 . liters 
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of drinking water by means of an in-line electropositive cartridge filter (IMDS) with 

3% beef extract (PH 9.5) as an eluent. They recovered 75.9% of poliovirus 1, 63.3% 

of poliovirus 2, 22.9% of rotavirus (SA-ll), 16.5% of reovirus and 31 % of coliphage 

in eluates respectively. Sobsey et al (13) evaluated enterovirus recoveries from 380 

liters of tapwater by a two-step tentative standard method ( primary adsorbents were 

four negatively charged filters respectively and secondary adsorbents were 47 mm 

diameter Cox filter series) with low virus inputs (less than 111 PFU). They reported 

recoveries of 22% for poliovirus 1, 2.4% for coxsackievirus B3, 6.7% for echovirus 

7, 25% for coxsackievirus A9 and 21 % for bovine enterovirus 1. Chang et al (l) 

reported that mean recoveries of 98% and 97% were achieved for poliovirus 1 and 

coxsackievirus B3 respectively from 19 liters of activated sludge effluent, by using 

positively charged disk Zeta Plus 30S filter. The mean overall recoveries after elution 

and two concentration steps were 49% and 44% for poliovirus 1 and coxsackievirus B3, 

respectively. This study indicated that the poliovirus 1 in tapwater adsorbed to the MK 

filter efficiently at pH 7.5 and could be eluted efficiently with 3% beef extract at pH 

9.5. Under the identical conditions, however, coxsackievirus B3 either did not adsorb 

to MK filter efficiently or was not eluted efficiently from MK filter. Coxsackievirus B3 

recovery in the organic flocculation reconcentration step was very high (about 100%, 

data not shown), and agreed with that (98%) reported by Morris and Waite (7). 

Additional work would be necessary to determine if the low recovery of coxsackievirus 

B3 was due to poor adsorption or failure to be eluted efficiently. 
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In conclusion, this study demonstrated that the MK filter adsorbed poliovirus 1 

efficiently and 3% beef extract (PH 9.5) could efficiently elute poliovirus 1 from MK 

filter. Therefore, MK filter provides an alternative for concentrating viruses from large 

volumes of water with the advantage o(low cost. However, MK filter had lower overall 

recovery of both PVl and CB3 compared to IMDS filter. More studies are needed to 

determine the optimal condition for MK filter to concentrate viruses that either can not 

adsorb well or can not be eluted efficiently under the condition described here . 



58 

References Appendix A 

1. Chang, L. T., S. R. Farrah, and G. Bitton. 1981. Positively charged filters for 

virus recovery from wastewater treatment plant effluents. Appi. Environ. Microbioi. 42: 

921-924. 

2. Dahling, D. R., and B. A. Wright. 1986. Recovery of viruses from water by a 

modified flocculation procedure for second-step concentration. Appi. Environ. 

Microbioi. 51: 1326-1331. 

3. Dizer, H., E. Tischer, and J. M. Lopez. 1982. Concentration of viruses from 

tapwater: results with positively charged filters which can be regenerated and used 

repeatedly. P. 96-100. In M. Butler, A. R. Medlen and R. Morris (ed.), Viruses and 

disinfection of water and wastewater. University of Surrey. Surrey, United Kingdom. 

4. Gerba, C. P. 1987. Recovery viruses from sewage, effluents, and water. P. 1-51. 

In G. Berge (ed.), Methods for recovering viruses from the environment. CRC Press, 

Boca Raton, FI. 

5. Gerba, C. P. 1984. Applied and theoretical aspects of virus adsorption to surfaces. 

Adv. Appi. Microbioi. 30: 133-168. Academic Press, Inc., New York. 



59 

6. Katzenelson, E., B. Fattal, and T. Hostovesky. 1976. Organic flocculation : an 

efficient second-step concentration method for the detection of virus in tapwater. Appl. 

Environ. Microbiol. 32: 638-639. 

7. Morris, R., and W. M. Waite. 1980. Evaluation of procedures for recovery of 

viruses from water--- I, concentration systems. Water Res. 14: 791-793. 

8. Nupen, E. M., and B. W. Bateman. 1985. The recovery of viruses from drinking 

water by means of an in-line electropositive cartridge filter. Wat. Sci. Tech. 17: 63-69. 

9. Rose, J. B., S. N. Singh, C. P. Gerba, and L. M. Kelly. 1984. Comparison of 

Microporous filters for concentration of viruses from wastewater. Appl. Environ. 

Microbiol. 47: 989-992. 

10. Sobsey, M. D., and B. L. Jones. 1979. Concentration of poliovirus from tapwater 

using positively charged microporous filters. Appl. Environ. Microbiol. 37: 588-595. 

11. Sobsey, M. D. and J. S. Glass. 1980. Poliovirus Concentration from tapwater with 

electropositive adsorbent filters. Appl. Environ. Microbiol. 40: 201-210. 

12. Sobsey, M.D. 1982. Quality of currently available methodology for monitoring 



60 

viruses in the environment. Environ. Internation. 7: 39-51. 

13. Sobsey, M. D., J. S. Glass, R. J. Carrick, R. R. Jacobs, and W. A. Rutala. 1980. 

Evaluation of the tentative standard method for enteric virus concentration from large 

volumes of tapwater. 1. Am. Water Works Assoc. 72: 292-299. 

14. Rao V. C. and J. L. Melnick. 1986. Environmental Virology. Aspects of 

Microbiology. American Society for Microbiology, Washington, D.C. 



61 

Table 1. Effect of Flow Rate on Poliovirus Adsorption to MK Filters 

Flow rateD 

Gallons/min 

0.28 

0.60 

1.05 

1.70 

2.50 

Liters/min 

1.06 

2.27 

3.98 

6.44 

9.47 

PFU/ml filtrateb 

(x 103
) 

7.57 

6.43 

4.77 

6.77 . 

8.57 

Adsorption efficiencyc 

(%) 

85.2 

87.4 

90.7 

86.8 

83.2 

D A volume of 7.6 liters of tapwater was passed through the filter at each 

indicated flow rate. 

b PFU/ml before filtration was 5.10 x 104
• 

c It was assumed that the difference in viral titer before and after filtration of the 

water sample was due to adsorption alone. 
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Table 2. Comparison of Recovery of Poliovirus by Two Reconcentration 

Procedures· 

1 

2 

3 

4 

5 

Exp. Eluentb Water type 

no. % beef 

extract 

1.5 

1.5 

1.5 

3.0 

3.0 

Tapwater 

Tapwater 

Wastewater 

Tapwater 

Wastewater 

Total virus 

in eluate 

(PFU) 

4.56 x 106 

2.14 x 106 

5.50 x 105 

7.88 x 106 

9.22 x 103 

Virus recovery from eluate (%) 

Organic 

flocculation 

45.6 

64.9 

20.0 

91.9 

80.3 

Diatomaceous 

earth 

48.2 

71.0 

27.3 

83.1 

69.0 

a MK filters were used in all the experiments and 378 liters of water were passed 

through each filter. 

b Eluents contained 10 mM MgCI1, buffered with 0.05 M glycine, pH 9.5. 
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Table 3. Comparison of Eluents for Recovery of Poliovirus from MK and IMDS 

Filters 

Filter Eluenta No. of 

trials 

MK 1.5% BE 3 

MK 3% BE 5 

MK 3%BE+ 6 

10 mM MgCl l 

MK 3% BE 2 

IMDS 1.5% BE 2 

IMDS 3% BE 5 

Average total 

viruses seeded 

6.99 x 106 

9.14 x 105 

7.25 x 105 

6.69 x 103 

5.29 x 105 

2.26 x 106 

% total input virusc 

Elutedd RecoveredC 

47.3 (±37.2) 8.3 (±9.8) 

101.4 (±57.0) 73.2 (±26.0) 

51.9 (±33.8) 43.9 (±27.4) 

------r 62.6 (± 6.80) 

90.6 (±1.2) 89.8 (±1.7) 

100.4 (±17.7) 90.2 (±5.9) 

a All eluents were made in 0.05 M glycine, pH 9.5. 

b Geometric mean. Viruses were see~ed into about 378 liters of tapwater, flow 

rate was about 9.4 liters per minute. 

C Organic flocculation reconcentration was used. Results were expressed as 

arithmetic mean and 95% confidence interval (mean ± 1.96 S). 

d Percentage recovery for the filter adsorption-elution process without 
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reconcentration. 

e Percentage recovery for the entire treatment process of filter adsorption

elution and reconcentration. 

r Virus concentration below detection level 



Table 4. Comparison of MK and IMDS Filters for Recovery of CB3 from 

Tapwater 

Filter No. of trials Average total viruses 

seeded (pFU)b 

Recovery (%) 

65 

MK 

IMDS 

4 

4 

1.89 X 105 

1.71 X 106 

32.8 (±34.5) 

95.8 (±12.0) 

83% beef extract buffered with 0.05 M glycine, pH 9.5, was used as eluent. Flow 

rate was about 9.4 liters per minute. Organic flocculation reconcentration was 

used. 

b Geometric mean. Viruses were seeded into 378 liters of tapwater. 

C Percentage recovery for the entire treatment process of filter adsorption-elution 

and reconcentration. Results were expressed as arithmetic mean and 95% 

confidence interval (mean ± 1.96 S). 
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Abstract 

Inactivation of poliovirus type 1 by 1 N HCI, 1 N NaOH, 0.5 and 1.0 mg of free 

chlorine per liter, and UV light was compared by using cell culture and seminested PCR 

(30 cycles of reverse transcriptase-PCR plus 30 cycles of semi nested PCR). A minimum 

contact time of 45 min with HCI, 3 min with NaOH, 3 and 6 with 1.0 and 0.5 mg of 

free chlorine per liter, respectively, was required to render 1.64 x 102 PFU of poliovirus 

type 1 per ml undetectable by seminested PCR. In cell culture, a minimum contact time 

of 5 min to HCI, 30 s to NaOH, and 1 min to either chlorine concentration was required 

to render the viruses undetectable by the plaque assay method. No correlation was 

observed between results by PCR and cell culture when viruses were exposed to UV 

light. These data suggested that inactivated virus with intact nucleic acid sequences can 

be detected by PCR. 
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Note 

Polymerase chain reaction (PCR) based detection methods for enteric viruses in 

environmental samples including water (1,6), wastewater (10), sewage sludge (4) and 

sewage sludge amended soils (13), have documented the usefulness of this procedure 

in terms of significantly reduced detection time and greater sensitivity compared to cell 

culture methods. This increased sensitivity is due mostly to the ability of the assay to 

detect intact nucleic acid sequences from viruses regardless of their infectivity (11). 

Therefore, equipment and materials used for sample collection and processing must be 

rendered free of contaminating nucleic acid sequences as well as infectious virus, for 

each sample collected and processed, if PCR is to be used as an integral part of an 

environmental monitoring program. 

Current protocols for disinfecting equipment and materials used for collection and 

processing environmental samples include: 1) autoclaving small materials, media, and 

reagents, 2) disinfection of large equipment (pumps and large vessels) using chlorine 

or iodine, and 3) disinfection of sensitive equipment such as pH electrodes with strong 

acids (2). These procedures effectively inactivate virions; however, with the advent of 

extremely sensitive gene amplification methods (PCR), there is the possibility that viral 

nucleic a~id sequences may not be destroyed by these disinfection practices. 
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The purpose of this study was to evaluate decontamination procedures currently used 

in environmental virology for their ability to render viral nucleic acid undetectable by 

PCR. This data could subsequently be used to optimize the conditions for each 

disinfectant's use, .for equipment decontamination. 

Poliovirus type 1 (PVl) strain LSc was used for all disinfection experiments. It was 

propagated by infection of BGM cells and purified by freon extraction and 

ultracentrifugation (100,000 x g for 3.5 h) to minimize disfectant residual demand, and 

titer was determined by the plaque assay method as previously described (8). Viruses 

were seeded into disinfectant solutions to achieve an initial concentration of 1.64 x 102 

or 1.64 x lOs PFU/ml, depending on the experiment. 

The following disinfectants were tested for their ability to render viruses undetectable 

by both PCR and cell culture: IN HCI, IN NaOH, 1.0 and 0.5 mg of free chlorine per 

liter, and UV light. For chemical disinfectants, concentrated stock solutions were diluted 

in reagent-grade (high-performance liquid chromatography [HPLC]) distilled water to 

achieve the desired starting test concentration. 

All experiments were conducted at room temperature to approximate assay 

conditions in the field and an environmental vir~logy laboratory. In addition, a 

minimum of duplicate experiments was performed for each disinfectant evaluated. 

For acid or base disinfection experiments, 10 ml of either 1 N HCI or 1 N NaOH 

was seeded with PVl (1.64 x 102 PFU/ml). At selected time intervals, a 0.2-ml aliquot 

was neutralized with 0.2 ml of the opposite chemical and buffered to pH 7.2 (±0.2) 
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with 0.2 ml of aIM HEPES buffer (N-2-hydroxyethylpiperazine-N '-2-ethanesulfonic 

acid; Research Organics, Cleveland, Ohio). 

Chlorine disinfection experiments were conducted at 0.5 and 1.0 mg of initial free 

chlorine per liter and two initial concentrations of PVI, 1.64 x 102 and 1.64 x lOs 

PFU/ml. Experiments determining the minimum contact time for undetectability by PCR 

used the lower virus input whereas comparison studies examining the correlation 

between cell culture infection versus loss of nucleic acid sequences used the higher 

virus input. In the latter case, only the I-mg/liter concentration was tested. At selected 

time intervals, free chlorine was neutralized by the addirion of sodium thiosulfate (2). 

The initial and final free chlorine concentrations were measured in a Hach (Loveland, 

Colo.) DRl2000 spectrophotometer (530 nm) by DPD (N,N-diethyl-p-phenylenediamine) 

method (2). 

Solutions for UV disinfection were prepared by the addition of PV 1 to 50 ml of 

Tris-HCI-buffered water (PH 7.2 ± 0.2) to achieve a starting concentration of 1.66 x lOs 

PFU/ml. The 50-ml stock solution ws distributed into 10 quartz glass dishes (5 ml per 

dish), and the intensity of the UV light was measured to calculate selected applied 

doses. Applied UV doses from 0 to 30,000 Il W/s/cm2 were tested. 

Samples were assayed by PCR and cell culture. PCR were conducted by using the 

protocols described by Abbaszadegan et al. (1) and Straub et al. (13). For low-input-titer 

experiments, an additional 30 cycles of seminested PCR was performed by using the 

methods described by Straub et al.(13), with the exception that the Mg and 
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deoxynucleoside triphosphate concentrations were lowered to 1 and 0.2 mM, 

respectively, and the annealing temperature was increased to 60°C. For high-input-titer 

experiments, only 30 cycles of PCR was performed, and estimates of the viral titer by 

PCR were made by making serial IO-fold dilutions of the sample in HPLC-grade 

distilled water and subjecting them to PCR. The endpoint was the most-dilute sample 

resulting in positive amplification. Hence, the approximate titer was the inverse of that 

dilution. PCR products were visualized by agarose gel electrophoresis as described as 

previously (1, 13). Cell culture assay were conducted by using a presence or absence 

test for low-titer experiments and the plaque assay method for high-titer experiments 

(2). 

The sensitivity of the PCR for the detection of PV 1 in distilled water was conducted 

by making 10-fold dilutions of the virus in HPLC-grade distilled water and subjecting 

these dilutions to reverse transcriptase (RT)-PCR and seminested PCR. sensitivities of 

1.4 and 0.02 PFU were obtained for RT-PCR (30 cycles) and seminested PCR 

(additional 30 cycles), respectively (Fig.!). 

Results of experiments in which poliovirus was exposed to either IN HCI or 1 N 

NaOH revealed several interesting findings. A minimum of 45 min was required to 

render poliovirus nucleic acid non-detectable via semi nested PCR (Table 1) when the 

virus was exposed to 1 N HCl. However, cell culture results from the same experiment 

revealed that total loss of infectivity occurred after 5 min of exposure to 1 N HCl. 

Exposure to 1 N NaOH destroyed nucleic acids more efficiently than did exposure to 
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1 N HCl (Table 2). Here, only a minimum of 3 min was needed to render the viruses 

undetectable by seminested PCR. Loss of cell culture infectivity occurred 30 s after 

exposure to 1 N NaOH. 

Results similar to those in the experiments using 1 N NaOH were obtained when 

viruses were exposed to free chlorine (Table 3). After 5 min of exposure to 0.5 mg 

of free chlorine per liter, no viruses were detected after seminested PCR. Chlorine 

demand ranged from 0.02 to 0.15 mglL after 10 min. Loss of PCR detectability 

occurred twice as fast when the initial free chlorine concentration was doubled to 1 

mgIL (Table 3). A minimum of 3 min was required for the loss of detectability by 

seminested PCR. Chlorine demand was similar to that in the experiments using 0.5 

mg/liter. No virus was detected using cell culture after 1 min exposure to either 0.5· 

or 1 mg of initial free chlorine per liter. 

Chlorine and UV light disinfection studies correlating loss of cell culture infectivity 

with loss of PCR detectability are shown in Fig.1 and 2, respectively. Because of the 

higher initial input of virus (1.64 x lOs and 1.66 x lOS PFU/ml for chlorine and UV, 

respectively), only 30 cycles of PCR was required to determine the loglo reduction of 

the virus. Good correlation was observed between the loglo decrease in virus titers in 

RT-PCR and cell culture when viruses were exposed to 1 mg of free chlorine per liter. 

However, this was not the case for UV disinfection experiments. The titer in RT-PCR 

decreased by only 1 loglo after an applied dose of 2,500 JlW/s/cm 2
, and no further 
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decrease in the titer in RT-PCR was observed with prolonged dosages. In contrast, the 

titer in cell culture consistently decreased with increasing UV doses. 

PCR is becoming an increasingly popular method to detect viruses in environmental 

samples. False positives can arise from the lack of quality control during the method, 

and this has been reviewed extensively. However, no study has adequently addressed 

the possibility of false positives arising from contaminated equipment used to collect 

and process samples. Assumptions that the equipment, after adequate disfection, is free 

of viruses have been based on cell culture assays (2) but require reevaluation when PCR 

is also used as a method t9 detect viruses in a sample. The purpose of this work was 

to determine if previous assumptions concerning disinfection of field and laboratory 

equipment used to process environmental samples for virus detection held true for PCR

based detection as well as detection by cell culture. 

In all experiments, the initial concentration of poliovirus was 1.64 x 1 (f or 1.64 x 

lOS PFU/ml. These concentrations of virus are well above the expected concentration 

of enteroviruses typically found in water or wastewater samples. For example, the 

maximum concentration of virus isolated from surface water that has been reported is 

620 PFU/liter (9). Assuming that 400 liters of this sample was concentrated to 30 ml, 

as in the uaual practice (2), this would represent a titer of approximately 8.3 x 103 

PFU/ml. Undigested sewage sludge typically contains between 102 to 104 viruses per 

g (dry weight) of sludge (14). However, only 10 to 20 g (dry weight) is typically 

analyzed (12). 
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Environmental virology laboratories frequently collect mUltiple field samples for 

water and wastewater, on the same day, using the same hoses, pumps, filter housings, 

reservoirs, and other eqipment. Disinfection of the equipment in the field, between 

samples, is necessary to prevent cross-contamination. In the field, equipment is 

disinfected using chlorine at an initial concentration of approximately 1 - 5 mglL free 

chlorine with a contact time of 15 to 30 min (2). This protocol was proven to be 

effective inactivating viruses that may be present in the sample based on cell culture 

assays. The current study demonstrated that degradation of contaminating nucleic acids 

also occurs and can be accomplished within the time required in the protocol, provided 

that a minimum of 0.35 to 0.50 mg free chlorine residual per liter remains after 10 min 

of disinfection. In addition, degradation of nucleic acid sequences correlated to loss of 

cell culture infectivity based on high titer experiments. 

The filter elution and reconcentration procedures used for processing water and 

wastewater samples require several pH adjustment step. Sensitive equipment, such as 

pH probes, must be disinfected between these steps, especially when multiple samples 

are processed on the same day. The current protocol for probe disinfection suggests 

that glass probes be soaked or washed in a 1 N Hel solution for 5 min (2). Our 

studies indicated that cell culture infectivity was lost within 5 min exposure to 1 N He!. 

However, after seminested peR, a minimum of 45 min was required to completely 

degrade nucleic acid sequences. Therefore, the current procedures for probe 

disinfection must be reevaluated, since contamination of the probes with inactivated 
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viruses still containing intact viral nucleic acid sequences, could also be a source of 

false positive results by PCR. 

As an alternative to HCI, we evaluated the efficacy of IN NaOH to degrade viral 

nucleic acid sequences, with great success. These results are not surprising since RNA 

is extremely sensitive to degradation by dilute alkali (7). The major disadvantage of 

using sodium hydroxide to disinfect glass probes is that, over time, the glass becomes 

etched, thereby damaging the probe. 

We also evaluated the efficacy of UV light to degrade nucleic acid sequences. 

Several molecular biology techniques recommend using UV irradiation to prevent carry 

over contamination from PCRs (3). In the environmental virology laboratory, we 

commonly use UV light to decontaminate surfaces in laminar flow hoods. In terms of 

cell culture, UV effectively decontaminated a high titer of poliovirus (1.64 x 105 

PFU/mL) in water. However, corresponding degradation of nucleic acid sequences was 

not realized. Similar results have been observed for bacterial inactivation by UV light 

(5). 

In conclusion, degradation of nucleic acid sequences is possible in both the field 

and laboratory application. Of the methods tested, we concluded that chlorine at a 

concentration of at least 0.5 to 1 mg/liter is the most effective disinfectant for 

equipment used in the field, laboratory surfaces, and pH probes. This was judged in 

terms of the time required to decontaminate nucleic acid sequences, potential corrosion 

problems from high or low pH solutions, and ability to easily neutralize its action. In 
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contrast, UV light should not be relied on as a method of decontamination since it does 

not degrade viral nucleic acid and can result in false positives with peR. 
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TABLE 1. Degradation of poliovirus type 1 nucleic acid by 1 N HCI I 

Trial Number Contact time (minutes) 

0 5 10 15 20 30 45 60 

1 + + + 

2 + + + + NT2 NT NT NT 

3 + + + + NT NT 

4 + + + + + + NT NT 

5 + + + + + 

6 + + + + 

7 + + + + 

8 + + + 

Percent positive 100 100 100 75 29 14 0 0 

Number positiveltotal trials 8/8 8/8 8/8 6/8 217 117 0/5 0/5 

Initial concentration of poliovirus was 1.64 x 102 PFU/mL. peR results based on semi nested peR (30 cycles 
normal peR + 30 cycles seminested). No viruses were detected in cell culture after 5-min exposure to HeI. 

2 NT = no sample taken. 
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TABLE 2. Degradation of poliovirus 1 nucleic acid by 1 N NaOHI 

Trial Number Contact time (minutes) 

0 0.5 1 3 5 10 15 

1 + NT2 + NT 

2 + NT + NT 

3 + + + 

4 + + + 

Percent positive 100 100 100 0 0 0 0 

Number positive/total trials 4/4 2/2 4/4 0/2 0/4 0/4 0/4 

Initial concentration of poliovirus was 1.64 x 102 PFU/mL. peR results based on seminested peR (30 cycles 
normal peR + 30· seminested). No viruses were detected in cell culture after 30-sec exposure to IN NaOH. 

2 NT = no sample taken. 
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TABLE 3. Degradation of poliovirus nucleic acid by free chlorinel 

2 

J 

Initial chlorine Contact time (minutes) . Residual 
concentration chlorine2 

0 1 2 3 4 5 6 7 8 9 

1 mglL + NTJ NT 0.90 mglL 

1 mglL + + + 0.94 mglL 

1 mglL + + + 0.98 mgIL 

0.5 mglL + NT NT NT NT + 0.35 mglL 

0.5 mgIL + + + + + + 0.44 mglL 

0.5 mglL + + + + + 0.48 mglL 

Initial concentration of poliovirus was 1.64 x 102 PFU/mL. peR results based on seminested peR (30 cycles 
normal peR + 30 seminested). No viruses were detected in cell culture after I-min exposure to either 1 mglL or 
0.5 mglL free chlorine. 

Final residual concentration after 9-min exposure to free chlorine. 

NT = no sample taken. 
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FIGURE la: Sensitivity of poliovirus detection by PCR in HPLC reagent 
grade water. 

M 1 2 3 4 5 6 

149 

Lanes from left to right: M. 123 base pair marker, 1. 1,400 PFU, 2. 140 
PFU, 3. 14 PFU, 4. 1.4 PFU, 5. 0.14 PFU, 6. negative control. Samples 
were subjected to reverse transcription and 30 cycles of peR. 



84 

FIGURE Ib: Sensitivity of poliovirus detection by PCR in HPLC reagent 
grade water. 

M 1 2 3 4 5 6 7 

105 

Lanes from left to right: M. 123 base pair marker, 1. 200 PFU, 2. 20 PFU, 
3. 2 PFU, 4. 0.2 PFU, 5. 0.02 PFU, 6. 0.002 PFU, 7. negative control. 
Samples were sUbjected to reverse transcription and 60 cycles of peR (30 
cycles + 30 seminested cycles). 



FIGURE 2: Cell culture and PCR comparison of poliovirus inactivation by 1 mgIL free chlorine l 
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Initial concentration of poliovirus was 1.64 x lOs PFU/mL. peR results based on 30 cycles of peR. 
., peR trial 1; ., peR trial 2; ~, plaque assay trial 1; x, plaque assay trial 2. 
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FIGURE 3. Cell culture and PCR comparison of poliovirus inactivation by UV Iight
l 
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Initial concentration of poliovirus was 1.66 x lOs PFU/mL. PCR results based on 30 cycles of PCR. 
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Abstract 

This study developed a methodology to increase the sensitivity of enteric virus 

detection in tap water concentrates. Polymerase chain reaction (PCR) detection of virus 

in reduced volumes of virus containing water concentrates was successful following 

removal of PCR inhibitory substances. Poliovirus 1 and coxsackievirus B3 were seeded 

into 378 liters of tapwater, concentrated with IMDS filters, and reconcentrated by 

organic flocculation. The volume of concentrates was successfully reduced from 25 ml 

to 5 ml without loss of virus recovery. PCR detection of virus after treatment of a 

water concentrate (1.1 x lOS-fold concentration) with a Sephadex G-lOO plus Chelex-

100 column, or Sephadex G-50 plus Chelex-l00 column, followed by heat treatment 

to release viral RNA, was compared with direct phenol-chloroform-isoamyl alcohol 

(PCI) extraction of viral RNA. The Sephadex G-50 plus Chelex-l00 column did not 

remove inhibitory substances efficiently. The Sephadex G-lOO plus Chelex-l00 column 

could remove inhibitory substances, however, 99% of the viruses were ,also removed 

by the column. PCI extraction was found to be sufficient to remove inhibitory 

substances for reverse transcriptase (RT)-seminested PCR with a sensitivity of 0.2 

plaque-forming units/l O~l (0.2 PFUlliter tap water). 

Key words: Water; Poliovirus; Coxsackievirus; RT-PCR, Concentration 
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1. Introduction 

Detection of enteric viruses in water currently depends on animal cell culture. This 

requires assay times of 3 days to 3 weeks or longer. No single cell type permits the 

replication of all enteric viruses, and no appropriate cell line is available for replication 

of some viruses. Therefore, the detection of enteric viruses in water using polymerase 

chain reaction (PCR) which does not require cell culture has become an attractive 

alternative, and has been studied by several groups (Abbaszadegan et al.,1993; Atmar 

et aI., 1993; Graff et aI., 1993; Jothikumar et aI., 1993; Kopecka et aI., 1993; Straub et 

aI., 1994; Tsai et aI., 1993). However, PCR detection may be limited by large sample 

volumes or inhibition of enzymatic amplification due to the presence of organic matter 

and / or metals in environmental samples (Abbaszadegan et aI., 1993; Atmar et aI., 

1993; Graff et aI., 1993; Kopecka et aI., 1993; Straub et aI., 1994). 

To overcome these difficulties, different methods of sample treatment have been 

studied. Abbaszadegan et al. (1993) and Straub et al. (1994) found that Sephadex G-

100 and G-50 in combination with Chelex-l 00 resins were effective in removing humic 

acids and other compounds that inhibited PCR detection of enteroviruses in groundwater 

and sludge-amended soil samples, respectively. Atmar et ai. (1993) reported that the use 

of cetyltrimethylammonium bromide precipitation reduced PCR inhibitors in oyster 

samples prepared by organic flocculation and polyethylene precipitation followed by 

phenol-chloroform extraction. Graff et ai. (1993) applied an antigen-capture PCR to 

eliminate inhibitory substances present in sewage sludge samples. However, Jothikumar 
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et a1. (1993) reported detection of poliovirus in concentrated water samples by reverse 

transcriptase (RT)-PCR following phenol-chloroform-isoamyl alcohol (PCI) extraction 

of viral nucleic acid, without additional treatment. They showed that water samples 

could be concentrated 1 x lOs-fold by two three-step concentration procedures: 

membrane filtration, elution with urine-arginine phosphate buffer and precipitation with 

MgCI2• The pellet was dissolved in 400-600 III of McIlvaine's buffer. The viral RNA 

was extracted from the sample with PCI and detected with RT-PCR. As few as 120 

plaque-forming units (PFU) per 50 liters of water could be detected by this procedure 

(Jothikumar et aI., 1993). The other major limitation of the PCR technology is the 

small assay volume used for each PCR reaction. For a 100-lll PCR reaction, usually less 

than 50 III of sample can be assayed. For detection of enteric viruses from 

environmental samples by RT-PCR, Abbaszadegan et a1. (1993) and Straub et a1. (1994) 

reported an assay volume of 10 III without viral RNA extraction. Graff et a1. (1993) 

reported an assay volume of 80 III using the antigen-capture PCR procedure. However, 

with PCI extraction of viral nucleic acid, an equivalent assay volume of 500-600 III was 

reported by Jothikumar et a1. (1993). The purpose of our study was to enhance the 

sensitivity of enteric virus detection by PCR by reducing the volume of water 

concentrates and removing PCR inhibitory substances. 

2. Materials and Methods 

2.1. Virus preparation and plaque assay 
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Poliovirus type 1 (strain LSc-2ab) and coxsackievirus B3 were used. Virus 

propagation, purification and plaque assay method were described previously (Ma et aI., 

1994). 

2.2. Virus concentration from water 

A volume of 378 liters (100 gallons) of tap water seeded with virus was concentrated 

by passage through a IMDS filter (Zetapor, CUNO Inc., Meriden, CT). Virus adsorbed 

to the filter was eluted with 900 ml of 1.5% or 3% beef extract V (Becton Dickinson, 

Cockeysville, MD) buffered with 0.05 M glycine, pH 9.5 (Ma et aI., 1994). 

Reconcentration of viruses in the eluate was via organic flocculation (Katzenelson, 

1976). The eluate was adjusted to pH 3.5 with IN HCI, centrifuged at 15,300 x g for 

10 min, the pellets resuspended in 0.1 M Na2HP04, and adjusted to pH 7.2-7.3 with IN 

HCI and IN NaOH. A water concentrate without virus was prepared by passing 567 

liters (150 gallons) of tap water through a IMDS filter, eluting the·filter with 1.5% beef 

extract, and reconcentrating the eluate to a 5-ml final volume via organic flocculation. 

All equipment was disinfected with chlorine. This sample was used to evaluate 

treatments for removal of substances inhibitory for RT-PCR. 

2.3. Removal of PCR inhibitory substances by Sephadex columns 

Before heat treatment was used to release viral RNA for RT -PCR, samples ,were 

treated with Sephadex G-I00 (Pharmacia Biotech Inc., Piscataway, NJ) plus Chelex-l00 

(Bio-Rad Laboratories, Richmond, CA) or Sephadex G-50 plus Chelex-l00 spun 

columns to remove inhibitory substances. The bottom of a I-ml disposable syringe was 
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plugged with a small amount of sterile silane-treated glass wool (Supelco, Bellefonte, 

PA) and filled with 0.4 ml of Chelex-lOO. Next, 0.5 ml of Sephadex 0-100 or 

Sephadex 0-50 was added on top of the Chelex-lOO. The syringe was inserted into a 

IS-ml disposable polypropylene conical tube and centrifuged at 1,600 x g for 10 min 

at room temperature in a swinging-bucket rotor in a bench-top centrifuge (International 

Equipment Co., Needham, MA). More Sephadex was added, and the column was 

centrifuged until the volume of the packed column was 0.8 to 0.9 ml. A I.S-ml 

microcentrifuge tube without a cap was placed in the bottom of the IS-ml tube. A 100-

JlI sample was layered on top of the column, and the column was centrifuged at 1,600 

x g for 10 min to allow sample recovery in the I.S-ml microfuge tube. Viral RNA was 

subsequently released from viral capsid by heat treatment or phenol-chloroform-isoamyl 

alcohol extraction. 

2.4. Heat treatment to release viral RNA 

A 10-JlI sample was added to a 0.6-ml polypropylene microcentrifuge tube (Robbins 

Scientific Corp., Sunnyvale, CA), covered with 100 JlI of mineral oil. The sample was 

then heated at 99°C for 5 min to liberate viral RNA from the viral capsid. 

2.5. Phenol-chloroform-isoamyl alcohol (PCI) extraction of viral RNA 

A 10-JlI or 100-JlI sample in a 1.7-ml siliconized microtube (Phenix Research 

Products, San Leandro, CA) was treated with proteinase K (10 Jlg/JlI, Sigma, St. Louis, 

MO) and 20% sodium dodecyl sulfate (Sigma) to final concentrations of 0.5 Jlg/JlI and 

1 %, respectively. The sample was incubated at 37°C for 30 min. An equal volume of·· 
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PCl (25:24:1, Sigma) was .added to the sample, mixed to form an emulsion and 

centrifuged at 7,000 x g for 10 min. The upper aqueous phase was transferred to a fresh 

tube. An equal volume of 1 x Tris-EDT A buffer (Sigma) was added to the remaining 

organic phase, centrifuged at 7,000 x g for 10 min after mixing. The upper aqueous 

phase was combined to the aqueous phase in the fresh tube and the organic phase was 

discarded. The combined aqueous phase was extracted with an equal volume of 

chloroform (Sigma). The resultant aqueous phase was transferred to a fresh tube, mixed 

with 2.5 to 3.0 times volume of cold ethanol (4°C) and 0.3 M sodium acetate. After 

storing at -20°C overnight, the sample was centrifuged at 7,000 x g for 30 min. The 

resulting pellet was dried at 60°C for 15 to 20 min and resuspended in 10 f.ll of 1 x 

Tris-EDTA buffer. 

2.6. Primers for enteroviruses 

Three 17- to 20-base sequences used as primers for RT-PCR and semi nested PCR 

were derived from 5' end of the noncoding region of enteroviruses (Abbaszadegan et 

aI., 1993). These primers are specific for all three types of poliovirus, coxsackievirus 

AI, coxsackievirus B 1 through B6, and seven strains of echovirus. 

2.7. Amplification of viral nucleic acids 

A 10 f.ll of viral sample was subjected to RT-PCR according to the protocol 

described by Abbaszadegan et aI. (1993). The resultant product was 149 bp. 

2.8. Seminested PCR 
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A 1 J.11 volume of product following initial RT-PCR amplification was added to a 

98.5 J.11 PCR reaction solution containing 1 x PCR buffer (10 x PCR buffer containing 

500 mM KCI and 100 mM Tris-HCI, pH 8.3), 1 mM MgCI2, 0.2 mM each dNTP and 

0.5 J.1M each primer (upstream and internal primers). following a "hot start" protocol 

at 80°C, 2.SU (0.5 J.11) of Arnpli Taq DNA polymerase was added. Thirty cycles of 

amplification were applied with a temperature profile of 94°C for I min, 60°C for 45 

sec and 72°C for 45 sec, followed by a final elongation at 72°C for 7 min to complete 

all strands. The resultant seminested product was 105 bp. All products were analyzed 

by 1.6% agarose (Fisher Chemical, Fair Lawn, NJ) gel electrophoresis followed by 

ethidium bromide staining. 

3. Results 

3.1. Recoveries of virus in concentrates of different volumes 

As PCR reactions consist of small volumes of sample, the smaller the final volume 

of water concentrate, the more sensitive the PCR detection. Table 1 shows the 

recoveries of poliovirus and coxsackievirus B3 in different volumes of final water 

concentrates as assayed by cell culture. No statistically significant difference in virus 

recovery from normal concentrate volumes (24 ml) (Ma et aI, 1994; APHA, 1992) and 

smaller concentrate volumes (6 ml) was observed for either virus (P>0.05). This 

indicated that the volume of the final water concentrate could be reduced without loss 

of virus recovery. 
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3.2. Sensitivity of RT-seminested PCR 

The sensitivities of RT-PCR with heat treatment to release viral RNA or PCI 

extraction of viral RNA were first evaluated. Ten fold dilutions of poliovirus were made 

with HPLC grade water. A volume of 10J.lI of poliovirus dilutions was heated at 99°C 

for 5 min and subjected to RT-seminested PCR. Also viral necleic acids were extracted 

from 100J.ll of poliovirus dilutions with PCI, resuspended in 10 J.lI of 1 x TE and 

subjected to RT -seminested PCR. Table 2 shows that a sensitivity of 0.02 PFU and 0.2 

PFU was achieved with RT-seminested PCR following heat treatment and PCI 

extraction, respectively. However, the PCI extraction method had the advantage of 

testing larger volumes of sample because the viral nucleic acid in the sample was 

extracted and resuspended in a small volume of buffer (10J.lI). 

3.3. Sensitivity of detection of poliovirus in a water concentrate by RT-seminested 

PCR 

A water concentrate was divided into several portions and treated differently to 

remove inhibitory substances prior to RT -seminested PCR. Poliovirus was added to 

each portion of concentrate before or after treatment. Table 3 shows that virus seeded 

in an untreated sample could not be detected by RT-seminested PCR following heat 

treatment to release viral RNA even when 200 PFU of virus were present in the 

reaction. However, virus seeded in an untreated sample could be detected by RT

semi nested PCR following PCI extraction of viral RNA, with a limit of sensitivity of 

0.2 PFU/I0J.ll. Similar sensitivity was achieved with virus seeded in the PCI extracted 
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sample and followed by heat treatment. Virus seeded in Sephadex G-IOO plus Chelex-

100 column treated samples could be detected by RT-seminested PCR following heat 

treatment, with a sensitivity of 0.2 PFU/10fll. However, a lower sensitivity (20 

PFU/10fll) was observed when the virus was seeded in the sample before treatment with 

Sephadex G-100 plus Chelex-100. When virus was seeded into a sample either before 

or after treatment with Sephadex G-50 plus Chelex-100 column, the sensitivity was 200 

PFU/lOfll. 

4. Discussion 

Enteric viruses in water are usually concentrated by membrane filtration followed 

by elution and reconcentration using either beef extract and organic flocculation 

(Katzenelson et al., 1976; Standard Methods, 1992; Ma et al., 1994), or other eluent 

such as urea-arginine phosphate buffer and MgCl2 precipitation (Jothikumar et al., 

1990, 1993 ). With the beef extract elution and organic flocculation reconcentration 

procedure, the pellet formed in flocculation is usually resuspended in 1/20 to 1145 the 

original volume of beef extract with 0.1 M N~HPO 4 (Katzenelson et al., 1976; Ma et 

al., 1994). The concentration of beef extract varies depending on which filter is used, 

and the commercial brand of the beef extract (Hurst et al., 1984; Sobsey et al., 1980; 

Ma et al., 1994). The final sample volume is normally about 25 ml when the pellet is 

resuspended in 1145 the original beef extract volume. We compared virus recovery with 

1MDS filters using 1.5% and 3% beef extract (Becton Dickinson) as eluents and found 
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no difference in virus recovery as assayed by tissue culture before (Ma et aI., 1994). As 

PCR is conducted on small volumes of sample (10-50 J.11), a small final water 

concentrate volume is desired. Here we found that when 1.5% beef extract was used, 

the pellet could be easily resuspended in a smaller volume of 0.1 M N~HP04' Virus 

recovery did not decrease when the final volume was 5-6 or 11 ml (Table 1). 

Heat treatment provides an effective method of exposing or liberating viral genomes 

for probing (Richardson et aI., 1988) or RT-PCR detection in water concentrates 

(Abbaszadegan et aI., 1993; Graff et aI., 1993; Straub et aI., 1994; Tsai et aI., 1993). 

Compared with the classic phenol-chloroform-isoamy alcohol (PCI) extraction of viral 

nucleic acid, heat treatment is simple, rapid and effective. We believe that heat 

treatment is the preferred method to liberate viral nucleic acid for PCR detection when 

the water sample is free of inhibitory substances. However, an extra treatment such as 

passage through Sephadex and Chelex columns needs to be applied before heat 

treatment, when the sample contains inhibitory substances (Abbaszadegan et aI., 1993; 

Straub et aI., 1994). This may cause virus loss and subsequent decrease in sensitivity 

of detection. We observed that 99% of poliovirus were removed by the Sephadex G-I00 

plus Chelex-l00 column. In contrast, PCI extraction of viral nucleic acid can also 

eliminate inhibitory substances in the sample at the same time, and no extra treatment 

is needed for PCR detection. The results of this study showed that PCI extraction was 

sufficient to remove inhibitory substances in a 1.1 x lOs-fold concentrated water sample 
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for RT-seminested PCR detection. A high sensitivity of 0.2 PFU/lO/l1 (0.2 PFUlliter 

tap water) was achieved. 

In conclusion, large volumes of tap water (378 to 567 liters) can be concentrated 

to 5-6 ml sample by filtrati.on-elution-organic flocculation reconcentration procedure. 

PCI extraction gave the highest sensitivity of 0.2 PFU/liter tap water for detection of 

virus in the concentrated water sample with R T -seminested PCR. 
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Table 1. Efficiency of reconcentration with different final concentrate volumes 

Virus Eluent Volume of final Total virus in Total virus in Recovery No. of 

%BE 

PVl 3.0 

PVl 1.5 

CB3 3.0 

CB3 1.5 

PVl = poliovirus type 1. 

a Arithmetic mean. 

b Geometric mean. 

sample (mW 1 L eluate (PFU)b final sample (PFU)b 

23.9 2.77 X 106 2.48 X 106 

6.0 2.98 X 105 2.80 X 105 

11.3 1.70 X 106 '1.63 X 106 

5.4 3.04 X 106 2.70 X 106 

CB3 = coxsackievirus type B3. 

(%)C 

89.9 (± 17.1) 

94.6 (± 25.5) 

95.6 (± 7.8) 

88.6 (± 2.5) 

trials 

4 

4 

4 

2 

C Percent recovery for reconcentration process. Results are expressed as arithmetic means ± 95% confidence 
intervals (means ± 1.96 S). 



Table 2. Sensitivity of detection of poliovirus in HPLC water with RT
seminested PCR 

Method of releasing Number of virus in each reaction (PFU) 

viral RNA 2 0.2 0.02 0.002 

Heat treatment, 
10p.1 of sample + + + 
tested 

PCI extraction, 
100p.1 of sample + + 
tested 

PFU = plaque-forming units. 
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Table 3. Sensitivity of RT -seminested PCR for detection of poliovirus in water 
concentratesR 

Sample No. of Virus seeded in IOILI sample (PFU) 

. treatmentb trials 200 20 2 0.2 0.02 

No treatment 1 

Sample extracted 
with PCI prior 1 + + + + 
to seeding 

Sample seeded 
with virus before 2 + + + + 
PCI extraction 

Sample passed 
through column 1 c 2 + + + + 
prior to seeding 

Sample seeded 
with virus before 2 + + 
passage through 
column l C 

Sample passed 
through column 2d 1 + 
prior to seeding 

Sample seeded 
with virus before 1 + 
passage through 
column2d 

R A volume of 10 ILl of sample was tested. 
b Heat treatment was applied before RTseminested peR except for samples 
seeded with virus before PCI extraction. 



c Column 1--- Sepbadex G-100 plus Cbelex-100. 
dColumn 2--- Sepbadex G-50 plus Cbelex-100. 
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Abstract 

Groundwater samples collected from across the United States were concentrated with 

1MDS filters and organic flocculation. Both cell culture and RT-PCR were used to 

detect enteroviruses in these samples. Nine of 48 samples were positive for 

enteroviruses by cell culture (19%). Cell culture harvests of 27 groundwater samples 

were assayed by RT-PCR (8 positive samples) or RT-seminested PCR (19 negative 

samples) and the results were identical to that of cell culture assay. Sample concentrates 

were extracted with PCl, purified with Sephadex G-100 gravity column and Chelex-l 00 

resin before direct RT-PCR assay. A sensitivity of 1 PFU was achieved by RT-PCR 

following this treatment. Following removal of inhibitors, fifteen out of 37 samples 

were positive by RT-PCR (40.5%), while only 8 of the 37 samples were positive by cell 

culture (21.6%). However, one method was not superior to the other in demonstrating 

the presence or absence of enteroviruses in groundwater based on the statistical analysis 

(P>0.05). These data indicated that RT-PCR can be used as a confirmation procedure 

of cell culture assay, however, it can not yet be used independently of cell culture. 
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Introduction 

Groundwater can be contaminated by different sources, including septic tanks, leaky 

sewer lines, lagoons and leaching ponds, sanitary landfills for solid wastes, and sewage 

oxidation ponds. It has been estimated that these sources exceed to be over a trillion 

gallons a year in the United States (Gerba and Goyal, 1985). Additional sources of 

pathogens in groundwater may involve artificial recharge of groundwater aquifers with 

renovated wastewater including deep well injection, spray irrigation of crops and 

landscape, basin recharge, and land application of sewage effluent and sludges. There 

were 44% waterborne outbreaks in the United States from 1946 to 1980 attributed to 

contamination of groundwater (Craun, 1979). Many of these outbreaks have been 

attributed to enteric viruses. Nevertheless, data on the occurrence of enteric viruses in 

groundwater is actually very limited. 

While tissue culture is still the most reliable method for virus detection, the 

polymerase chain reaction (PCR) has been applied to the detection of viruses in 

environmental samples by many researchers (Abbaszadegan et aI., 1993; Straub et aI., 

1994; 10thikumar et aI., 1993; Graff et aI., 1993; Schwab et aI., 1995; Ma et aI., 1995) 

because of its high sensitivity, short detection time, and low cost. However, the 

presence of inhibitory substances in the environmental samples, the small assay volume 

of PCR, and the inability to differentiate infectious and noninfectious viruses can offset 

the advantages. Consequently, different methods have been studied to reduce this 

inhibition found in environmental samples. Abbaszadegan et ai. (1993) and Straub et 
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al. (1994) found that Sephadex G-IOO and G-50 in combination with Chelex-IOO were 

effective in removing inhibitory factors for the detection of enteroviruses in 

groundwater concentrates and sludge-mended soil samples by reverse transcription 

(RT)-PCR, respectively. Jothikumar et al. (1993) extracted the viral RNA with 

phenol:chloroform:isoamyl alcohol before RT -PCR. An antigen-capture PCR was 

reported to remove inhibitory substances in sewage sludge samples for the detection of 

hepatitis A virus (Graff et aI., 1993). Schwab et aI. (1995) reported a sample 

concentration and purification procedures that consisted of polyethylene glycol (PEG) 

precipitation, Pro-Cipitate precipitation, a second PEG precipitation, spin-column 

(Sephadex G-200) chromatography, and ultrafiltration. Sample volumes were reduced 

from 1 liter of beef extract-glycine eluate (with or without humic acid) 

to 20-50 III and purified sufficiently for viral detection by RT-PCR. Ma et 

al. (1995) compared phenol:chloroform:isoamyl alcohol extraction, 

Sephadex G-I00 plus Chelex-l00 spin column, and Sephadex G-50 plus Chelex-

100 spin column for treatment of a lOs -fold concentrated tapwater sample before 

RT-PCR and found that the phenol:chloroform:isoamyl alcohol extraction was the most 

efficient procedure. 

In this study, groundwater samples were collected from across the United States to 

determine the occurrence of enteroviruses in groundwater. To assess the applicability 

of PCR for viral detection of groundwater samples, PCR along with cell culture assay 

of the groundwater concentrates were performed and the results compared. The 
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possible application of PCR as a confirmation procedure of cell culture assay was also 

evaluated. 

Materials and Methods 

Cell line. The Buffalo green monkey (BGM) kidney cell line was used for viral 

assay. Eagle's minimum essential medium (MEM; Irvine Scientific, Santa Ana, CA) 

was added with 5% and 2% fetal bovine serum for cell growth and maintenance, 

respectively. The BGM cell stock flasks were subcultured every 7 days. Cells for viral 

assay were prepared by seeding 3 x 104 cells Iml to flasks or 6-well trays. When 

confluent monolayers had formed, the cells were used for viral assay. 

Groundwater sampling and processing. Groundwater samples were taken from 

wells used for drinking water production. IMDS filters (Virosorb; CUNO Inc., 

Meriden, CT) were used for sampling. A volume of at least 1512 liters (400 gal) of 

groundwater from each sampling well was concentrated by passing it through a 1 MDS 

filter. The filter was eluted with 1.5% beef extract V (Becton Dickinson, Cockeysville, 

MD) buffered with 0.05 M glycine, pH 9.5. The eluate was then reconcentrated via 

organic flocculation (APHA, 1992). The pellet was resuspended in 0.15 M Na2HP04 

to a volume of 15 ml. The concentrate was divided into two equal parts (7.5 ml each), 

one for direct RT-PCR assay, and the other for cell assay. The part for cell assay was 

adjusted to a final volume of 15 ml with phosphate buffer and Freon 
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(trichlorotrifluoreothane; Fisher Chemical Co. Fair Lawn, N.J.) extracted to reduce 

toxicity to cells. 

Cell assay of groundwater concentrates. A volume of 12 ml of each concentrate 

was assayed using BGM cells. BGM cell monolayers in 75-cm2 flasks were inoculated 

with 3 ml of concentrate (total 4. flasks). After incubation at 37°C for 60 min, the 

sample was discarded and cells washed with saline containing 2% fetal bovine serum. 

Maintenance medium was then added to the cell flask. Cells were incubated at 37°C for 

14 days and observed for cytopathic effect (CPE) every day. If all four flasks showed 

CPE, a reduced volume of concentrate (1 ml andlor 0.1 ml) was assayed. To confirm 

CPE positive flasks, the cell harvest of CPE positive flask was passed through a 0.2-Jlm 

filter (Acrodisc; Gelman Sciences, Ann Arbor, MI) to remove possible bacterial 

contamination, and 1 ml of filtered cell harvest was inoculated to a cell monolayer in 

a 25-cm2 flask. The CPE negative flasks were confirmed by directly inoculating I ml 

of cell harvest to a monolayer in a 25-cm2 flask (secondary passage). The incubation 

procedure was same as the original assay. To test whether the concentrates significantly 

inhibited virus growth in cells, 0.3 ml of each concentrate was seeded with 5-10 plaque

forming units (PFU) of poliovirus 1 and inoculated to a 25-cm2 BGM cell flask, 

followed by the same incubation procedure. Cells were observed for CPE every day 

over a period of 7 days. 

RT-PCR assay of cell culture harvests of groundwater concentrates. Cell culture 

harvests of groundwater concentrates and negative controls were frozed at -70°C after 
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14 days incubation and thawed before RT-PCR assay. A volume of 10 III of CPE 

positive cell harvest was subj ected to RT -PCR directly. Primers for enteroviruses and 

RT-PCR protocol were described by Abbaszadegan et al. (1993). For CPE negative 

samples, a volume of 100 J.ll of cell harvest was purified using a I-ml Sephadex G-50 

(Pharmacia Biotech Inc., Piscataway, NJ) plus Chelex-l00 (Bio-Rad Laboratories, 

Richmond, CA) spun column and 10 J.lI of purified sample was sUbjected to RT-PCR 

and seminested PCR. The protocol of column purification and seminested PCR was 

described by Ma et al. (1995). Specific bands are 149 bp and 105 bp for RT-PCR and 

RT-:seminested PCR, respectively. All PCR products were analyzed by 1.6% agarose 

(Fisher Chemical, Fair Lawn, NJ) gel electrophoresis followed by ethidium bromide 

staining. 

Direct RT-PCR assay of groundwater concentrates. 1) Sample treatment: A 

volume of 500 J.lI of each concentrate was extracted with an equal volume of phenol

chloroform-isoamyl alcohol (25:24:1) and placed on a pre-prepared 5-ml Sephadex G-

100 column which had been pre-equilibrated in double distilled H20. After the sample 

was drained, 500 J.lI of ddH20 was added to the top of the column and allowed to drain. 

It was repeated one more time and all the drainage was discarded. Another 500 J.lI of 

ddH20 was then added to the top of column and the drainage was collected in a 1.5-ml 

microcentrifuge tube. A small amount (20-40 J.lI) of Chelex 100 was added to the tube, 

mixed with the drainage, and centrifuged to pellet the Chelex 100. The resultant 

supernatant was the treated sample and subjected to RT-PCR. 
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2) Reverse transcription (RT): A volume of 100 JlI of treated sample was placed in a 

0.6-ml polypropylene microcentrifuge tube (Robbins Scientific Corp., Sunnyvale, CA) 

and added with 4 JlI of random hexamers (0.5 Jlg/JlI), 30 JlI of lOX buffer (containing 

35 mM MgCI2, 750 mM KCI, 100 mM Tris-HCI, pH 9.2), 30 JlI of 0.1 M dithiothreitol, 

8 JlI of 10 mM dNTPs, 5 Jll of RNasin (20-40 u/JlI, Promega, Madison, WI) and 2.5 

JlI of Superscript II Reverse Transcriptase (200 u/JlI) to a total reaction volume of 300 

Jll. Each tube was then added with 150 JlI of mineral oil and placed in the thermal 

cycler (Perkin Elmer Cetus, The Perkin-Elmer Corporation, Norwalk, CT) for 10 min 

at 25°C, 45 min at 42°C, and 5 min at 99°C. 

3) Polymerase chain reaction (PCR): Primers used in this PCR were described by De 

Leon et al. (1990). Each RT reaction tube was added with 2 JlI of each upstream ·and 

downstream primer, 2 JlI of AmpiTaq DNA polymerase and 4 JlI of ddH20. Thirty 

cycles of amplification were applied with a temperature file of 94°C for 75 sec, 55°C 

for 60 sec, and 72°C for 75 sec, followed by a final elongation at noc for 7 min to 

complete all strands. The specific band was 169 bp. All PCR products were analyzed 

by 1.6% agarose gel electrophoresis followed by ethidium bromide staining. 

Results 

Cell culture detection of enteroviruses in groundwater. None of 48 samples was 

found to have substances inhibiting virus growth in cells. Enteroviruses were detected 

in 9 samples (19%) by cell culture (Table 1). The most probable number per liter 
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(MPNIL) of viruses of each groundwater sample was calculated using a statistical 

program (Hurley and Roscoe, 1983). Two samples contained greater than 1 MPN 

enterovirus per liter (Table 2). 

RT-PCR assay of cell cultures. To assess the possible inbibition of cell culture 

harvest to RT-PCR, the cell culture harvest of the negative control was seeded with 

poliovirus 1 and assayed by RT-PCR. The cell culture harvest was found to contain 

inhibitory substances which interfered with RT-PCR. Compared to the sensitivity for 

poliovirus in distilled water, the cell culture caused approximately a 2-log reduction in 

sensitivity of RT -PCR. Treatment of cell culture with three different procedures 

increased sensitivity only slightly (Table 3). A detection limit of one PFU was achieved 

by RT-seminested PCR (60 cycles) with treatment of Sephadex 0-50 or 0-100 plus 

Chelex 100 spun column. As Sephadex 0-50 plus Chelex 100 column treatment was 

easier to perform, it was used for the assay of all the CPE negative cell harvests. CPE 

positive cell culture harvests of eight groundwater samples were analyzed by RT-PCR 

without treatment and all showed a specific band (149 bp) after RT-PCR (30 cycles). 

This indicated that virus concentrations in CPE positive cell cultures were greater than 

lOS PFU/ml. Three flasks of cell cultures of each CPE negative groundwater samples 

were randomly selected for RT-seminested PCR analysis, along with the cell harvests 

of their second passage. A total of nineteen groundwater samples were assayed. None 

of the CPE negative cell culture harvests showed a specific band (lOS bp) after RT-
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seminested PCR (60 cycles), indicating that CPE negative cultures contained no virus 

or less than 100 PFU of virus in 1 ml of culture harvest (Table 1). 

Direct RT-PCR assay of groundwater concentrates. Groundwater concentrates 

from different sampling sites might contain different inhibitory substances and show 

different levels of inhibition. Because most of the concentrates inhibited RT-PCR, a 

treament procedure including phenol:chioroform:iaoamyl alcohol extraction, Sephadex 

G-I00 column fraction, and Chelex 100 purification was applied to all the concentrates 

before RT-PCR. This procedure was proved to be efficient and one PFU of poliovirus 

1 in lOO1l1 of groundwater concentrate could be detected by RT-PCR following this 

treatment. To assure that amplification was not inhibited, a positive control (the same 

concentrate seeded with 1-10 PFU poliovirus) for each concentrate was also amplified. 

Fifteen out of 37 concentrates were positive by RT-PCR (40.5%) (Table 1 and 4) while 

only eight of the 37 samples were positive by cell culture assay (21.6%) (Table 4). 

Three samples were positive and seventeen negative by both methods. On the other 

hand, twelve samples were positive by RT-PCR but negative by cell culture, and five 

samples were positive by cell culture but negative by RT-PCR (Table 1 and 4). 

Although RT-PCR resulted in more positive samples than cell culture, it was not 

superior to cell culture' in demonstrating the presence or absence of enteroviruses In 

groundwater based on statistical analysis (P>0.05). 
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Discussion 

Membrane filtration and organic flocculation have been widely used for the 

concentration of viruses from large volumes of water (APHA, 1992). Positively 

charged filters have been preferred because they do not require conditioning of the 

water. The IMDS filter is the most commonly used filter and has been proved very 

efficient in concentration of enteroviruses from water (Sobsey and Glass, 1980; Ma et 

aI., 1994 and 1995). In this study, we used the IMDS filters for all samples. The 

limitations of cell culture for virus detection include length of detection time, the fact 

that there is no single cell line for supporting the growth for all enteric viruses, and that 

some viruses can grow but not produce CPE, especially when they are isolated from 

environmental samples during the first passage. Furthermore, the sensitivity of cell 

culture can be affected by many factors (Dahling, 1991). Cell age, medium, serum, 

other additives such as the amount of NaHC03 and the addition of 5-iodo-

2'deoxyuridine (lDU) may affect the sensitivity (Dahling, 1991). De Leon and Gerba 

(1986) found that the treatment of cell cultures with trypsin prior to inoculation 

increased cell culture sensitivity twofold. The BGM cell line is commonly used for the 

detection of enteroviruses, i.e. polioviruses and group B coxackieviruses. (Schmidt et 

aI., 1978; Guttman-Bass, 1987; Block and Schwartzbrod, 1988). The results of this 

study (Table 1) showed that 9 of 48 (19%) groundwater samples contained 

enteroviruses by BGM cell assay and two of them contained greater than 1 virus per 

liter (Table 2). 
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We applied PCR methodology for the detection of viruses in groundwater concentrates 

to compare it with cell culture. To increase the equivalent volume of water sample, the 

volume of the concentrates was decreased from 30 to 15 ml, and the volume of each 

PCR reaction was increased to 300 III to accomodate larger assay volumes (IOOIlI). 

Inhibition of .RT-PCR required treatment with phenol:chloroform:Isoamyl alcohol 

extraction followed by Sephadex G-I00 fraction and Chelex 100 to allow PCR 

amplification. One PFU of virus in 100 III sample could be detected by RT-PCR 

following this treatment. Among 37 samples assayed by both cell culture and direct RT

PCR, three samples were positive and seventeen negative by both methods. Twelve 

samples were PCR positive but cell culture negative and five were cell culture positive 

but PCR negative (Table 1 and 4). The incomparability of data obtained by two 

methods could be due to a number of factors. The PCR positive but cell culture 

negative results may be caused by the presence of noninfectious viruses or the presence 

of viruses that do not grow in BGM cells. On the other hand, because only 100 III of 

each concentrate was assayed by direct RT-PCR, the sensitivity may have not been 

great enough to detect all the viruses present at such low concentrations. Although a 

total of 15 samples were positive by direct RT-PCR and only 8 samples were positive 

by cell culture out of the 37 samples, the PCR was not superior to cell culture in 

demonstrating the presence or absence of enteroviruses in groundwater based on 

statistical analysis (P>0.05). 
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PCR as a confirmation procedure of cell culture was also assessed. Cell cultures 

were found to have RT-PCR inhibitory substances which are probably different from 

that in environmental samples, because treatment of cell harvests with same procedures 

used for environmental samples only improved the sensitivity slightly. The inhibitory 

substances are likely to originate from the cell lysates, as the medium itself was not 

found to inhibit RT-PCR significantly (data not shown). Nevertheless, when RT

seminested PCR was applied, a sensitivity of 1 PFU could be achieved. All eight CPE 

positive samples gave a specific band (149) after RT-PCR (30 cycles of amplification), 

indicating they contained greater than lOs viruses per ml. All cell harvests (first and 

second passages) of nineteen CPE negative samples did not give a specific band (105 

bp) after RT-seminested PCR (60 cycles of amplification), indicating that virus 

concentration in these cultures was lower than the detection level (103/ml). The results 

indicated that the PCR can be used to confirm cell culture results. 
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Table 1. Results of enteroviruses detection in groundwater by three methods. 

Sample 18 2u 3" Sample 1" 2u 3c Sample e 2D 3c 

1 - - NU 17 - + + 33 + - N 

2 + - N 18 - - - 34 - - N 

3 - - N 19 + - - 35 - - N 

4 - - N 20 - - - 36 + - N 

5 - + + 21 + + + 37 + - N 

6 - + + 22 + - - 38 N - N 

7 - + + 23 + + + 39 N + N 

8 - - - 24 - - - 40 N - N 

9 + + + 25 + - - 41 N - N 

10 - - - 26 + - - 42 N - N 

11 - - - 27 - - - 43 N - N 

12 - . - - 28 - - - 44 N - N 

13 + - - 29 + - - 45 N - N 

14 - + + 30 - - - 46 N - N 

15 - - - 31 + - - 47 N - N 

16. - - - 32 + - N 48 N - N 

DIrect R' -PCR Assa . y, u Cell culture ass a . y, " Rl -PCR ass a y of cell culture 

harvests; d Not assayed. 
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Table 2. Occurrence of enteroviruses in groundwater detected by cell culture. 

Virus concentration 
(MPNIL) No. of Samples Percentage (%) 

0 39 81.3 

0.001 1 2.1 

0.002 4 8.3 

0.003 1 2.1 

0.009 1 2.1 

>1.00 2 4.2 

Total 48 100 
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Table 3. Sensitivity of RT-PCR detection of poliovirus 1 in cell culture 

Sample treatment 

No treatment 

Sepbadex G-50 
and Cbelex 100 

Sepbadex G-100 
and Cbelex 100 

Pbenol:chloroform: 
isoamyl alcohol, 
Sepbadex G-100 
and Cbelex 100 

Sensitivity (PFU per reaction B) 

RT-PCR RT -seminested PCR 

~1000 1 (weak band) 

~100 1 (clear band) 

~100 1 (clear band) 

~100 not tested 

B Sample volume was 10 1'1 except for the reaction witb the sample treatment of 

pbenol:cbloroform:isoamyl alcohol extraction followed by Sepbadex G-100 and 

Cbelex 100 purification (100 1'1). 



Table 4. Comparison of virus detection by RT -PCR and cell culture 

RT-PCR 

Positive 

Positive 3 

Negative 5 

Total (%) 8 (21.6) 

P>0.05. 

Cell Culture 

Negative 

12 

17 

29 (78.4) 

Total (%) 

15 (40.5) 

22 (59.5) 

37 (100) 
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