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ABSTRACT

The primary objective of this study was to evaluate the applicability of

polymerase chain reaction (PCR) for the detection of enteroviruses in groundwater

impacted by reclaimed wastewater. Samples were analyzed by conventional cell culture

assay and the reverse transcriptase polymerase chain reaction (RT-PCR), semi-nested

PCR, sequencing and dot blot probe hybridization. Viruses were detected in 4/20 samples

by cell culture compared to 9/20 by RT-PCR. Semi-nested PCR and probe hybridization

increased detection sensitivity to 11/20 and 12/20, respectively. Sequencing of semi-

nested PCR products confirmed enteroviral origin of the amplified sequences, suggesting

no cross-reactivity of the primers. Chlorine inactivated viruses were not concentrated as

efficiently as cell culture detectable virus (90 percent less efficient). Their ability to be

detected by PCR decreased by 90% after five days in secondary effluent and nine days in

tap water. These results suggest that PCR is a more sensitive approach for the detection

of enteroviruses in the environment. Also, chlorine inactivated viruses are less likely to

be detected by PCR than cell culture infectious viruses.
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CHAPTER 1

INTRODUCTION

In the arid Southwest where water elevations are rapidly declining, reuse of the

wastewater for groundwater recharge is becoming a realistic alternative. Approximately

20 percent of the total water consumed in the United States is drawn from groundwater

sources and it is estimated that this usage will increase to 33 percent in the year 2000

(Gerba, 1985). Soil aquifer treatment (SAT) involves the application of either secondary

or tertiary effluent over spreading basins for the purpose of removing inorganic, organic,

and microbial contaminants from the wastewater and recharging the groundwater. Field

investigations on the effectiveness of this treatment are being conducted by the L.A

County Sanitation Department at Montebello Foregrounds, and by the University of

Arizona at the Tucson Sweetwater Recharge facility.

One of the specific objectives for researchers is to evaluate the microbiological

quality of the groundwater underneath these basins. The potential transmission of human

enteric viruses via renovated wastewater is a considerable public health concern. A

number of well documented disease outbreaks have been traced to contaminated

groundwater (Craun, 1979). However, there is a lack of documentation of viral presence

in groundwater impacted by reclaimed wastewater. This may be due to limitations in

methodology for the detection of viruses in water.

The focus of this thesis is on the comparison of methods for detection of

pathogenic enteroviruses in groundwater intended for reuse. Currently, standard methods



12

for the detection of enteroviruses involves cell culture assays which are expensive and

time-consuming. Sensitivities of detection are limited to viable and infectious viruses, but

not all viruses are infectious in lab cultures and, therefore, not detectable. An alternative

method for detection of enteroviruses is the polymerase chain reaction (PCR). PCR is the

enzymatic amplification of nucleic acids from target microorganisms. PCR is faster and

cheaper than conventional cell culture. It also allows for specific identification of viruses

present in samples and increased detection sensitivity of low concentrations of viruses,

including non-infectious viruses. However, it also detects nonviable viruses and does not

allow for the quantitation of virus concentrations.

Groundwater samples were also analyzed for enteroviruses, indicator bacteria,

phage, and other viruses in order to assess the general microbiological quality of

groundwater at these sites. Detection methodologies for enteroviruses were compared

and PCR was further analyzed to assess if current concentration procedures select for

only viable viruses. This study will present implications for the interpretation of PCR

results and discuss the potential PCR can have in future studies on viral occurrence and

movement in the environment.
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CHAPTER 2

LITERATURE REVIEW

Soil Aquifer Treatment Technology

In the arid Southwestern region of the United States where rainfall is infrequent,

water table elevations are declining and populations are increasing. Consequently, water

reuse is rapidly becoming a realistic and practical consideration in public water supply.

Soil aquifer treatment (SAT) is one technology that has been investigated to utilize the

valuable resource of reclaimed wastewater. During SAT, either secondary or tertiary

effluent is applied at a higher rate to soils within a water-spreading area. Effluent is

recharged to the groundwater, using the soil as a filter to improve the quality of the water

as it percolates through the vadose zone (Alberts, 1994). Mechanisms include sorption

(adsorption onto organic matter and soil colloids), biodegradation of organic compounds,

and filtration and inactivation of microorganisms. Studies by the US Water Conservation

Laboratory in Phoenix demonstrated that, depending on site-specific conditions,

renovated effluent recovered from SAT systems tends to meet the public health,

agronomic, and aesthetic requirements for unrestricted irrigation. Thus applying

secondary effluent to SAT systems may be a cost effective alternative to expanding

existing tertiary plants as demands for turf-grass irrigation increase (Wilson, 1992).
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Public Concern with Soil Aquifer Treatment

Although it is an attractive option for wastewater reuse, soil aquifer treatment

presents several potential health concerns and must be managed to ensure public safety.

Not least among these concerns is the removal and inactivation of pathogenic

microorganisms by the soil during this process. Specifically, pathogenic viruses such as

enteroviruses, adenoviruses, and Hepatitis A have been observed to travel relatively far in

groundwater under certain conditions and are often present in wastewater, even following

secondary treatment and disinfection as it is commonly practiced (Bitton, 1994). Rapid

infiltration through highly permeable soils offers the least protection against groundwater

contamination than all other land treatment systems (Berg, 1983). High infiltration rates

can compromise the normal treatment of the soil percolation process (adsorption to soil,

sieving, etc.) Because of the relatively long survival times and potentially extensive travel

distances of viruses in the environment, virus transport and removal during SAT is an

essential factor in evaluating the safety of the soil-aquifer treatment process. The mere

presence of viral pathogens should be viewed as a potential health hazard considering the

great number of people relying on groundwater for their drinking water source and the

unknown disease potential of certain human viruses.
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Microbial Removal and Survival Through the Vadose Zone

Parasitic protozoa and helminths are usually efficiently removed by filtration

through soil and do not reach the groundwater. Bacteria removal by soils occurs also

largely via filtration, although adsorption is also involved (Gerba, 1985). In a study

conducted by Pepper et al., (1991), fecal coliform indicator bacteria were detected at a

200-cm depth on a day of sewage sludge land application, but decreased approximately 2-

log/week thereafter. After seven weeks, fecal coliforms were detected only in 0- to 100-

cm depths. Thus, bacterial indicators often do not adequately reflect the quality of

groundwater under long application, especially if the groundwater table is deep.

Virus removal by soils during land application of wastewater is primarily by

adsorption (Gerba, 1984). Adsorption, in the context of virus removal by soil, refers to a

reversible attachment of viruses to soil particles. The factors that can control adsorption

of viruses to soil particles include the properties of the suspending solution (ionic

strength, pH, and organic matter content), soil characteristics (particle size, cation

exchange capacity, fraction of organic carbon, clay content, and moisture-holding

capacity), the dynamics of flow through the medium (detention time or flow rate), and

properties of the virus itself that will affect its affinity for soil particles (Gerba, 1984).

Virus adsorption to soil particles and a high soil organic carbon content seem to prolong

virus survival, although these relationships have not to date been quantified (Yates et al.,

1987). Unfortunately, however, viruses have been shown to elute and migrate further in

soil than other larger microbes. Several investigators have reported the isolation of
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viruses from groundwater and several outbreaks of viral hepatitis have been attributed to

viral contaminated groundwater (Gerba, 1985).

Virus survival in the environment should be considered an important parameter

during removal in SAT. The most important determinant of virus survival is temperature

(Yates et al., 1987). Research has indicated that bacteriophage such as MS-2 and PRD-1

can survive for very long periods (>90 days) at 4°C, but decay from 10 6/mL to levels

below detection after shorter time periods (10 to 25 days for MS-2 and 50 to 90 days for

PRD-1) at 23°C (Yahya, et al., 1993). The activity of aerobic soil microorganisms has

also been shown to have an adverse effect on virus survival (Hurst, 1988). Other factors,

like water quality, play a role in the stability of these viruses in the aquatic environment.

Organic matter has been shown to protect enteroviruses from inactivation (LaBelle and

Gerba, 1980).

Yaeger and O'Brien (1979) compared the degree of poliovirus inactivation in

eight different soils saturated with river water, groundwater, or septic wastewater and in

the same soils that were allowed to dry. Upon drying, none of the initial viruses were

detectable in any of the dried soils (>99.99% inactivation), but considerable quantities

were still present in the same types of saturated soils. They found that the loss of

poliovirus infectivity in moist and dried soils resulted from the irreversible damage to the

virus particles, including (1) dissociation of viral genomes and capsids, and (2)

degradation of viral RNA. In both moist and dried non-sterile, viral RNA was released

from capsids and found in a degraded form. In dried, sterile soils, viral II\IA was released
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but remained largely as intact molecules. Viral capsid components were not readily

recoverable from drying soils due to irreversible binding, but could be recovered as

empty capsids from moist soils. Further experiments with dried viruses showed that their

capsids become isoelectrically altered.

It has been shown also that survivability differs among different viruses, and even

among closely related viruses. Bagdasaryan and Abieva (1971), reported that adenovirus

type 5 survived longer than both poliovirus 1 and echovirus 7 in tap water, at either 4 or

18°C, and Sobsey et al., (1986), found that HAV in groundwater was more stable than

polio 1 at different temperatures. It has been suggested (Sobsey et al., 1986) that

hepatitis-waterborne outbreaks caused by HAV may be related to the higher survivability

of this agent in water.

Differences in survival among members of the same adenovirus type have been

reported. Bagdasaryan and Abieva (1971), who observed that the survival of two clinical

isolates of adenovirus type 5 in tap water at room temperature was longer than that

recorded for a laboratory strain. When these researchers compared the survival of

adenovirus type 5 with that of poliovirus 1 in tap water at 4 and 22°C, they found that

poliovirus 1 was inactivated faster at both temperatures. They reported that adenovirus 5

survived better in the presence of bacteria. This is in contrast to results reported by Yates

et al., (1990), in which they could not find a significant correlation between survival of

poliovirus 1 or bacteriophage MS-2, and the presence or absence of bacteria in water
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samples. Therefore, caution should be taken when extrapolating survivability data from

one type of virus to another.

Enteric Viruses 

Human enteric viruses are excreted in high numbers in the feces of infected

individuals (106 - 10 9 per gram of feces). The enteric viruses include the enteroviruses,

rotaviruses, enteric adenoviruses, Hepatitis A, Norwalk, reovirus, and others. Nine

percent of waterborne disease outbreaks between 1971 and 1985 were due to enteric

viruses, but limitations in current diagnostic and monitoring procedures may have

underestimated this number (EPA, 1992).

The enteroviruses are members of the Picornaviridae family and are represented

by poliovirus (3 serotypes), coxsackievirus A (23 types), coxsackievirus B (6 types),

echovirus (32 types), and enteroviruses (4 types). Enteroviruses are naked viruses of

approximately 27 to 32 nm in diameter. Their nucleic acid consists of positive sense

ssRNA (Voyles, 1993). The enteroviruses can cause a variety of illnesses ranging from

gastroenteritis to myocarditis and aseptic meningitis (Table 1). Paralytic poliomyelitis is

caused by poliovirus; aseptic meningitis, and paralysis by coxsackie virus A, B, and

echoviruses; herpangina, by coxsackievirus A; epidemic pleurodynia, by coxsackievirus

B; and diarrhea, by echovirus (Voyles, 1993).
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Table 2-1. Human enteroviruses

Virus group
	

Serotypes	 Major illnesses

Poliovirus

Echoviruses

Coxsackie A

Coxsackie B

Enteroviruses

1, 2, and 3	 Paralytic poliomyelitis,
meningitis

1-9, 11-27, 29-34 1 	Meningitis, common cold

	

1-22, 24 2 	Meningitis, herpangina,
common cold

	

1-6	 Myocarditis, congenital
heart defects, pleurodynia,

common cold

	

68-71	 Meningitis, common cold

l Echovirus 10 was classified as reovirus 1, and echovirus 28 as rhtnovirus 1; 2coxsackievirus A23 was
classified as echovirus 9.

Hepatitis A Virus (HAV) is an important waterborne virus. Because of the

severity of the disease, it may cause in susceptible individuals. HAV is the cause of acute

infectious hepatitis and was shown to survive for more than four months at both 5°C and

at 25°C in water, wastewater, and sediments (Sobsey, 1988). Adenoviruses are the only

human enteric viruses that contain DNA and are important human pathogens. Many

adenovirus serotypes are difficult to culture in regular cell lines and for this reason their

presence in environmental waters has probably been underestimated.

Waterborne transmission may be considered a form of fecal-oral transmission in

which the responsible vehicle is water instead of hands or fomites. Although enteric

viruses are readily found in fecal contaminated drinking or recreational waters,
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waterborne enteric virus infection has been rarely documented. Waterborne outbreaks due

to enteric viruses are difficult to document because many infections by these agents are

subclinical (Block, 1983). Therefore, a waterborne-infected individual without overt

disease may infect others, who in turn may become ill, spreading the infection further. It

has been estimated that asymptomatic infections by enteroviruses far outnumber overt

disease (1:10 to 1:2). Numerous studies have documented the presence of enteric viruses

in raw and treated drinking water, wastewater and sludge (Berg, 1983; Straub, 1994;

Puig, 1994). Enteric viruses in the environment pose a public health risk because these

viruses can be transmitted via the fecal-oral route through contaminated water and low

numbers are able to initiate an infection in humans.

The lack of documentation of waterborne viral disease may also be ascribed to

limitations in methodology for the detection of viruses in water and relative insensitivity

of the conventional techniques to detect low levels. Many pathogenic enteric viruses like

HAV, enteric adenoviruses, Norwalk virus, and other small round viruses are difficult to

grow in conventional cell lines, and thus may be viable but for some reason not always

easily culturable.

Conventional and Molecular Methods for Detection 

Currently, the standard method for the detection of enteroviruses in water

samples involves cell culture assays which are expensive and time-consuming Usually

results take two weeks to be known. The minimum detection level of viruses in any
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sample by cell culture is, by definition, one PFU- a quantity of virus particles that may

range from just a few or more- at least some of which are infectious. When a sample tests

positive for viral infectivity using cell culture, the infectious agent is not known. The

BGM cell line, routinely used for enterovirus assays, is also susceptible to infection by

reoviruses (such as rotavirus), a pathogen often present in environmental samples in

numbers greater than enteroviruses (Puig et al., 1994). Additionally, cell culture protocols

have yet to be developed for all viruses known to infect man. Norwalk virus, for instance,

has yet to be successfully grown in cell cultures and therefore samples cannot be assayed

for this pathogen. Finally since each environmental sample is unique, little is known of

what possible components of the sample my inhibit the viral pathogen as infectious, and

of being widely accepted as the standard method for viral detection.

An alternative method for the detection of enteroviruses in environmental

samples is the polymerase chain reaction (PCR) which is the in vitro enzymatic

amplification of target nucleic acids directed by a specific pair of oligonucleotide

primers. The primers bind to the separated strands of DNA or cDNA at a homologous site

and enable a polymerase enzyme to amplify a nucleic acid sequence of specific size and

specificity. PCR assays have been applied to the detection of enteroviruses and other

pathogens in clinical (Hyypia et al., 1989; Rotbart, 1990) and environmental samples

(Abbaszadegan et al.,1997; Abbaszadegan et al; 1993; Pillai et al., 1991; DeLeon et al.,

1990). The advantages of PCR are numerous. When compared to techniques such as cell

culture for the detection of viruses, the time required for the assay can be reduced from
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days or weeks to hours. Both the initial and recurring costs for PCR are much less than

cell culture techniques and the technique is easily performed. Additionally, PCR can be

used to identify a specific pathogens found in water. It cannot, however, be used to detect

the infectious state of an organism; only the presence or absence of pathogen-specific

DNA or RNA. Using repeated cycles of PCR, a 106-fold amplification of a single copy

of target DNA can be completed within a few hours thus allowing the detection of low

numbers of target DNA and RNA usually found in environmental samples.

The two techniques also differ in time and cost requirements. Most cell culture

protocols call for a 14-day initial passage and for a 14-day second passage of the sample

on cells, followed by a seven-day confirmation passage of putative positive samples. To

test for different viruses, multiple cell lines must be maintained, different growth media

must be purchased and stored, and different protocols followed. The cost of a cell culture

assay of one sample is approximately $625. A RT-PCR virus assay of one water sample

can easily be accomplished in two or three days, including the confirmation phase, and

costs less than $225. This includes the cost of a large volume sample collection using the

1 MDS filter, elution, and concentration.
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Table 2-2. Comparison Between Cell Culture and PCR

Cell Culture	 Polymerase chain reaction (PCR)

Quantifiable

Assay large volumes (>2000L)

Viability Test

Non-infective viruses not detected

2-4 weeks to confirm

Expensive ($625)

Non-specific identification of strains

Sensitivity 1 PF1.1 1

Confirm with >1 passage or PCR

Non-quantifiable

Assay smaller volumes (5-10L)

Non-viable organisms detected

Detects non-infectious viruses

24-48 hours to confirm

Less costly ($225)

Specific identification of strains

Sensitivity 0.1- 0.01 PFU )

Confirm with probe or semi-nested PCR

' Plaque forming unit

While the detection of viral RNA does not show the level of infectious organisms,

the presence of viral RNA does suggest a source of viral contamination and thus the

potential for a health risk. The most sensitive method of detection would be the most

desirable, even without the ability to confirm infectivity of the sample contamination.

Semi-nested PCR, which is a second round of PCR to amplify a sequence internal

to the original PCR product, can increase the sensitivity of PCR while confirming PCR

products, but has been criticized for its high frequency of false positives. This can occur

through laboratory contamination when opening microfuge tubes with PCR products and

during transfer to new microfuge tubes for the second round of amplification.
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Another confirmation of PCR is sequencing the nucleotide composition of PCR

products. As genomic sequence databases continue expanding for all classes of

microorganisms, sequencing of PCR products allows specific identification of viruses in

environmental sampling. By using computer assisted nucleic acid analyses, unique

genetic fragments of microbial pathogens can be identified. A specific fragment can then

be used as a diagnostic tool for the detection of pathogens in water samples. Probing PCR

products with a labeled homologous internal nucleotide sequence also increases

sensitivity of detection and can be used to confirm PCR products. The use of molecular

techniques could lead to vastly improved methods for the rapid identification of

microorganisms in water. Beyond occurrence information, molecular methods can

determine species diversity, help in the identification of emerging pathogens in the

environment, decrease assay times and costs, and increase sensitivity and specificity of

detection.

Recently a combined cell culture PCR (ICC-PCR) was standardized which utilizes

the advantages of conventional and molecular methods to overcome each of their separate

limitations (Reynolds, 1996). It involves PCR on the cell culture supernatant and allows

for a rapid, sensitive, specific identification of only viable and infectious viruses. Further

research may prove this combined assay to be the technique of the future.
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CHAPTER 3

OBJECTIVE

This project was part of a larger effort to assess water quality changes during soil

aquifer treatment. The goal of the microbiological analyses was to gather data on

pathogen presence in recharged groundwater to produce a framework or model within

which soil aquifer treatment (SAT) systems can be designed and operated to meet

regulatory criteria. Field investigations and sample collections were being performed

using recharge sites located in South California and Tucson, Arizona.

The specific research objectives at the University of Arizona include

investigations on the occurrence of enterovirus in groundwater at recharge sites by

polymerase chain reaction (PCR), evaluation of the PCR methodology in comparison to

the standard cell culture methodology, persistence and detection of conventionally

inactivated virus, ability of inactivated viruses to be concentrated from water by current

methodologies and their detection by PCR, usefulness of bacteria and coliphage as an

indicator of SAT removal of viruses and occurrence of other types of viruses.

Enteric virus contamination is of the greatest concern during land application of

reclaimed water because their small size presents the greatest risk to groundwater

contamination. The fate of bacterial and protozoan pathogens is also important but these

organisms are not likely to impact deep alluvial aquifers. Ongoing virus monitoring

programs in both Arizona and California and epidemiology studies at the Montebello

Forebay site in California have not revealed any evidence of virus contamination but it is
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recognized that the monitoring approaches have limitations. PCR can potentially increase

the sensitivity for detecting viruses in groundwater by many orders of magnitude

compared to conventional assays, but there are potential limitations to the interpretation

of PCR results.

One criticism of PCR is its inability to differentiate between infectious and non-

infectious viruses. Non-infectious viruses may be physically disrupted, thereby

preventing them from infection. If a virus has some physical barrier preventing infection,

such as a defect in the viral capsid, this may prevent the virus from withstanding the

extreme pH changes necessary for concentration on microporous filters. If this is the case,

non-infectious viruses would not survive concentration procedures and thus would not be

detected in PCR assays. This would lend more credibility to this assay as it could

potentially distinguish non-infectious and infectious virus samples. To test this

hypothesis, viruses were inactivated by chlorination and added to groundwater and

concentrated. The ability to detect viruses by PCR after each process was then

determined. Also, information is lacking on how long the nucleic acid of enteroviruses

persists in reclaimed water and groundwater after the virus has been inactivated. The

results of this work can be used to better assess the presence of viable virus in

groundwater by PCR and allow an assessment if PCR can be a useful monitoring tool.

Also, little is known about the ecology or occurrence of indicator bacteria and

indicator coliphages in groundwater or the correlation of these indicators with viral

pathogen presence. One purpose of this project is to gain additional data on the
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occurrence of indicators at water reclamation sites. Information on the occurrence of other

viruses in reclaimed water is also largely limited to enteroviruses.

In summary, specific objectives are:

1. Assess presence of enteroviruses in groundwater by PCR and cell

culture and compare the different technologies.

2. Assess how long inactivated viruses can be detected by PCR

methodologies in different waters.

3. Determine if current concentration methods select for only viable

viruses.

4. Assess the occurrence of indicator organisms.

5. Assess the occurrence of hepatitis A and adenovirus.
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CHAPTER 4

MATERIALS AND METHODS

Experimental Overview

Groundwater samples were collected seasonally from wells at the Sweetwater site

near Tucson, AZ and the Montebello Forebay recharge site in Los Angeles County.

Assays for enterovirus, different bacterial and phage indicators, and other viruses were

conducted to assess their presence and correlations. Conventional and molecular methods

for enteroviral analysis were compared. Persistence of inactive virus was analyzed with

PCR in secondary effluent and tap water. Ability to concentrate inactive virus was studied

as well.

Site Description 

The Sweetwater Underground Storage and Recovery Facility (SRF) is located on

the west bank of the Santa Cruz River approximately 0.4 km from Pima County's Roger

Road Wastewater Treatment Plant (RRWTP). Water sources available at the site are

chlorinated secondary effluent from the RRWTP and the tertiary effluent from the Tucson

Wastewater Reclamation Plant. The water spreading facility consists of four spreading

basins, excavated approximately 3.05 m below land surface.

The wells selected for this study are within an area under influence of the recharge

basins (see Table 4-1 for distance from recharge basin). Wells WR92A and WR198A are
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upgradient of the basins. WR92A is along the Santa Cruz river and WR198A is along

Silverbell Road. Both are located within the perimeter of a golfcourse which is irrigated

with secondary effluent and well WR198A is 200 ft from a leach pipe. Wells WR69A and

WR199A are alongside of and within the spreading basin, respectively. Well ML002 is

northwest of the spreading basins across Silverbell Road. This is an old domestic well

that has had a history of total coliform bacterial contamination, which may come from the

subflow of nearby residents or a nearby leachfield. Control sites were selected to assess

normal background impacts independent of intentional recharge with reclaimed water.

Well SC33 is a control well (potable drinking water well) south of Tucson which is far

from sewer lines and human activity.

The principal water bearing units of the Tucson basin are (from top to bottom) the

recent alluvium, the Fort Lowell formation, the Upper, Middle, and Lower Tinaja Beds,

and the Pantano Formation. The recent alluvium is comprised of gravels, sands, and silts

deposited in terrace, flood plain, and stream channel environments. These deposits overlie

the Fort Lowell Formation, which is comprised of clayey silts, sands and sandy gravel.

Composition of the Tinaja Beds from the silty gravel and conglomerate (lower), to

gypsiferous and anhydritic clayey silt, mudstone, and cemented sands and gravels

(middle), to sand and gravels (upper). Finally, the Pantano Formation consists of

conglomerate, sandstone, and mudstone.
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Table 4-1: Tucson Water Recharge Well Statistics

Well/ Distance Distance Sample Screen Water Water
Location from Basin from Dates Depth Table Table

#1 (ft) Lysimeters (ft) Depth- Depth
(ft) Static Pump

Level Level
(ft) (ft)

WR 69A 175 630 4/8/96 90-135 108 121
Northeast
of basin

WR 92A 850 1050 4/8/96 95-135 116 121
Upgradient
of basin

WR 198A 1010 1075 4/9/96 108-200 127 129
Upgradient
of basin

7/15/97

ML 2 306 NA1 4/8/97 110-218 144 146
West of
basin

7/15/97

WR 199A In basin 96 4/1/97 88-206 114 128
In basin

SC33 >10 miles NA' 7/24/97 410-750 264 NA'
Production
control
well
South of
Tucson

from basin
and >1
mile from
any source
of contam-
ination

10/24/97

'NA= not available. 2 Secondary effluent was treated by air activated sludge treatment, sedimentation, flocculation,

filtration, and disinfection. Tertiary effluent was treated by disinfection.
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At the Sweetwater Recharge Facility (SRF), only the recent alluvium and the

upper Fort Lowell Formation are found above the groundwater table. In this vadose zone,

some perching of groundwater may occur over the low permeable lenses and near the

contact between the alluvium and the Fort Lowell Formation. However, it is thought that

perched zones axe discontinuous and are not a significant hydraulic barrier for water

traveling downward. Therefore, the geological units of the Tucson basin together form a

thick, water-table aquifer. However, the differences in hydraulic conductivities permit

division of the aquifer into layers, giving a real three-dimensional aspect to the model.

Regional groundwater flow in the vicinity of the SRF site is toward the

Northwest, parallel to the Santa Cruz River. In the absence of stresses such as recharge

and pumping, flow is nearly horizontal and heads are approximately uniform with depth.

Since the 1940's, groundwater pumping in the Tucson basin has caused the regional

aquifer to decline. Currently, the groundwater table in the vicinity of the SRF site is up to

120 feet below the ground surface.

Hydrological stresses in the area consist mainly of pumping from municipal and

domestic wells, effluent recharge through the Santa Cruz River Bed, and artificial

recharge. Mountain-front recharge to the west of the site has been shown to be

insignificant for this part of the Tucson basin. Rainfall in the region does not add

significantly to the to the recharge volume. There is significant groundwater underflow

from the southeast and discharges groundwater to the northwest. Groundwater may enter
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or exit the system to the northeast, where the aquifer thickens. A no-flow boundary exists

to the southwest at the edge of the Tucson Mountains.

The Montebello Forebay groundwater recharge basins consist of the San Gabriel

River (SGR) and the Rio Hondo River (RHR) spreading grounds. The spreading grounds

are south of, and hydraulically downgradient of the Whittier Narrows region; they have

been used for several decades for replenishment of aquifer systems with local storm

water, imported surface water, and reclaimed water. Natural rainfall runoff from rivers

and/or reclaimed water can be diverted into these basins for recharge. During the wet part

of the year all water recharged is rainfall runoff. Reclaimed water is recharged during the

dry parts of the year and/or draught periods. Preliminary testing at the Montebello

Forebay site revealed that the impacts of water sources other than reclaimed wastewater

on the site were very significant. Since these areas are located in densely populated areas,

wells in this area are subject to urban influences in addition to reclaimed water, je.

leaking sewer lines or the urban homeless population (William Yanko, personal

communication). At this site one monitoring well (Rio Hondo 1590 Al) and two potable

wells (South Montebello I.D. well and La Habra Heights #8) are being sampled. The

Rio Hondo site has the advantages of not being impacted greatly by the other water

sources and a deeper vadose zone exists here.

The hydrogeology of the Montebello Forebay and the entire Los Angeles basin is

far more complex than that of Tucson. Authors have divided the water bearing units of

the basin into as many as 11 discrete aquifers separated in some places by confining or
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semi-confining units. In addition, faulting has displaced some units vertically such that an

aquifer of one particular unit may be adjacent to a different aquifer. Lastly, the areal

extent of each aquifer is different, and few of the aquifers may be considered continuous

throughout the whole Montebello Forebay.

At the site of the spreading grounds, the top several aquifers are merged and the

potentiometric surface is an unconfined water table. However, downgradient of the

spreading grounds, the aquifers may be confined and the upper potentiometric surface is

confined conditions. Regional groundwater flow in the vicinity of the spreading grounds

is toward the south-southwest, roughly parallel to the Rio Hondo and the San Gabriel

River. The main source of groundwater in the forebay is from Whittier Narrows, a gap in

the hills that separates the San Gabriel basin from the Los Angeles basins. However,

since the 1930s, spreading ground activity has recharged significant quantities of water to

help curb the deficit brought on by pumping. Hydrological stresses in the area consist

mainly of pumping from municipal and private wells, infiltration through the San Gabriel

River bed, and artificial recharge. Rainfall in the region does not add recharge on an areal

scale because urbanization prevents infiltration. The forebay receives significant

groundwater underflow from the north at Whittier Narrows and discharges groundwater

to the south, southeast, and southwest.

The East Valley is a generic name for a recharge site operated by the Los Angeles

Department of Water and Power. It is in the Sepulveda Basin, a flood control basin

located in the eastern part of the San Fernando Valley area of Los Angeles County,
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approximately 20-25 miles west of the Montebello Forebay site. This site recharges only

runoff water. No reclaimed water is currently used at east valley. This is the control site

for this area. It is subject to the same potential urban virus sources as the Montebello

Forebay sites, je. leaking sewers and urban homeless. One monitoring well (EV-01) and

two potable wells (Tujunga and Rinaldi) are sampled here.
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Figure 4-2 Spreading Ground Monitoring Wells in the Montebello Forebay
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Table 4-2: Montebello Sample Statistics

Water Source Water Type Sample # Date Sampled Depth to
Groundwater
(ft)

San Jose Creek (SJC) Secondary M3642 4/29/97
East Stage II Effluent M3643 NAP3

M3736 6/11/97

SJC East Tertiary Effluent M3674-1 5/12/97 NAP
M3674-2
M3874 8/25/97

SJC West Tertiary Effluent M3681 5/14/97 NAP
M3845 8/11/97

East Valley MW' EV-01 4

(not on map)-
Groundwater-
control (no
reclaimed water
here)

M3859 8/19/97 240

Whittier Narrows Tertiary Effluent M3689 5/20/97 NAP
M3826 8/4/97

Rio Hondo MW 1590 Al Groundwater- M3705 5/28/97 30
(see map) impacted by M3851 8/13/97

Tertiary Effluent

So. Montebello I.D. Well Groundwater M3714 6/3/97 47
#5

D.C. Tillman Tertiary Effluent M3732 6/10/97 NAP

LaHabra Heights Well #8 Potable Well M3761 6/25/97 60
Montebello'
(not on map)-

Tujunga Well #6 4

(not on map)
Potable Well-
native groundwater

M3766 6/30/97 340

Rinaldi/ Tolucu #5- East
Valley4 (not on map)

Potable Well-
native groundwater

M3807 7/22/97 NA2

Tap from local Tap-disinfected M3668 5/7/97 NAP
groundwater M3669

I MW= Monitoring well. 2 NA= Not available. 3 NAP= Not applicable. ° In Sepulveda basin in San Fernando Valley.

5 z300 meters from Rio Hondo recharge basin. 6 Secondary eflluent was treated by air activated sludge treatment,
sedimentation, flocculation, filtration, and disinfection. Tertiary effluent was treated by extended disinfection (3.5
mg/L residual chlorine after 90 min).
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Sampling and Processing

For indicators, a total of 50 liters were collected in sterile containers and were

processed the same day. Viruses were captured via the Filter Adsorption Method, using 1

MDS Virasorb filters (CUNO, Meriden, CT) (Dahling, 1984). One thousand gallons of

groundwater were passed through an electropositive filter and the filter was brought back

to the lab on ice and processed the same day. The sampling kit included hoses,

connectors, 1 MDS filters, filter housing, gloves, ice packs, sample bottles, sample data

sheets, water meter, Homelite water pump, ziplock bags, bleach (for sanitizing

equipment), 10% sodium thiosulfate (for dechlorinating the equipment), free and total

chlorine tests, pH strips, Teflon tape, and sanitized garbage cans (holding tanks for

dechlorinating water) (Dahling, 1984; Gerba, 1982).

All equipment was disinfected by passage of 100 L of 10 mg/L free

chlorine water after each use to ensure no transmission of virus or viral nucleic acid to the

next sample. Chlorine was neutralized by addition of 25 mg/L sodium thiosulfate. To

ensure no laboratory contamination had occurred, 1-2 L of beef extract was passed

through the housing and processed along with samples (Gerba, 1978). As a control, blind

samples (unknown to the researcher) of blank and sample reconcentrates were sent from

L.A County Wastewater Dept. and PCR was performed on these samples in order to

determine the reproducibility of the entire procedure



      

Filter, Elute and Reconcentrate Sample                                       

PhenoV Chloroform Extraction	 Cell Culture
Sephadexl Chelex Column                                                       

PCR, Double PCR                          

Semi-nested PCR   Hybridization with Labelled Probe                                                                   

Sequencing                           
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Figure 4-3. Sample Processing for Enterovinis
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Groundwater samples of 3780 liters (1000 gallons) were collected using an

electropositive 1 MDS cartridge filter (AMF CUNO, Meriden, CT) placed within a

plastic filter housing and connected to a flow meter and pump. Separate filter housings

and tubing were used for each well. Flow rate did not exceed 4 gallons (15 liters) per min.

The filter was placed in a ziplock bag on ice and transported to the laboratory for

processing, within 24 h.

The filter was placed in a filter housing and excess water was flushed from the

filter with nitrogen gas. Viruses adsorbed to the filter are eluted by adding one liter of

autoclaved 1.5% beef extract V (Becton Dickinson, Cockeysville, MD) with 0.05 M

glycine (pH 9.5), and letting sit for one min. The solution was then forced out with

nitrogen gas into a sterile 2-liter beaker and the eluent is passed again through the filter,

keeping foaming to a minimum. The eluate was immediately adjusted to pH 7.1-7.3 with

1 N HC1 and stored at -20°C if reconcentration was to be done within a week or placed at

4°C if done the next day. Otherwise, the pH is adjusted to 3.5 and stirred for 15 min to

begin the reconcentration. The pH of the eluate was adjusted immediately after elution to

prevent virus inactivation due to the high pH of the eluent. The one liter eluate was

reconcentrated by organic flocculation. The eluent was placed in centrifuge bottles,

balanced, and centrifuged for 4000 x g for 30 min at 4°C. The supernatant was discarded

and resuspended in 30 mL of 0.15 M Na2HPO4 (pH 9.4) buffer. It was then transferred

to a sterile 50 mL beaker, the pH was adjusted to 7.2-7.3 and stirred for 10 min. The

sample was cleaned through vortexing and centrifugation at 2700 x g for 30 min with an
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equal volume of Freon (Fisher Scientific, Pittsburgh,PA and Aldrich Chemical,

Milwaukee, WI) and the upper aqueous layer was transferred to a new tube. Bacteria

were removed by passing the sample through a 0.22- um pore size syringe filter through

which 10 mL of 1.5% Beef Extract has been passed, and treated with Kanamycin,

Gentamicin Sulfate, Penicillin G Sodium (United States Biochemical Co., Cleveland,

OH) and Nystatin (Sigma) antibiotics. Three mL of the reconcentrate were stored at -

20°C for PCR analysis and 12 mL was assayed via cell culture. Seven mL of the

reconcentrate was stored at -80°C for archiving. Samples for phage and bacteria assays

were processed as described below. Positive and negative controls were conducted for

each sampling and processing event, and for virus culture, polymerase chain reaction,

bacterial and phage assay.

Enterovirus Analysis

Cell Culture

Cell culture assays were done as in Smith et al., (1982). Poliovirus-1 was

propagated on Buffalo Green Monkey Kidney cells (BGM) and virus infectivity was

determined by a plaque assay (Smith, 1982). Poliovirus type 1 (LSc-2ab strain) was

obtained originally from the American Type Culture Collection (ATCC) (Rockville,

MD).

The standard cell line used to assay environmental samples for enteroviruses is the

BGM cell line. BGM cells were grown to confluent monolayers (5-7 days) in 75-cm'
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plastic flasks using Eagle's minimum essential media with Earle's salts (Irving Scientific,

Irving, CA), containing ten percent fetal bovine serum (Sigma Chemical, St. Louis, MO),

100 units/mL Streptomycin (BRL Life Technologies, Gaithersburg, MD). Before

exposure to the sample, the growth medium was poured off and the cell monolayer was

washed twice with Tris (Sigma Chemical Co., St. Louis, MO) buffer saline solution. Two

replicates of a 3-, 2-, and 1- mL volumes each of the final concentrate (12 mL total) were

inoculated into six 75-cm2 tissue culture flasks.(An equivalent volume of 150 L of sample

volume if 1500 L is reconcentrated in 15 mL). Also, six T25 cm2 - flasks were inoculated

with 0.5 mL each of the remaining inoculum (3 mL). A negative with sterile water and a

positive control with one mL of 10 PFU (plaque forming units) were exposed to BGM

cells as well. The flasks were incubated at 37°C for 60-90 min and rotated every 15 min

to allow virus adsorption to the cells. Twenty mL of maintenance medium for the 75cm 2

tissue culture flasks (8 mL for the 25 crn2 tissue culture flasks) consisting of Eagle's

minimum essential media with two percent fetal bovine serum and one mL of gentamicin

(5 0 ug/ml) (BRL Life Technologies, Gaithersburg, MD) was added to each flask. The

flasks were incubated at 37°C and examined daily for 14 days for viral cytopathic effect

(CPE). Any flask with suspected viral CPE was confirmed by freezing, thawing, and

filtering through a 0.22- urn pore size syringe filter and passage onto a fresh monolayer of

BGM and observed for CPE. All negative samples were passed a second time on BGM

cells. The most probable number (MPN) was calculated as in Standard Methods (1995),

Table 9221:II, if the sample had any positive CPE flasks and at least one negative flask.
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Polymerase Chain Reaction

Groundwater preparation and analysis by polymerase chain reaction (PCR) was

done as described in Abbaszadegan et al., (1993). PCR was conducted on seeded

reconcentrate and autoclaved, disinfected reconcentrate as positive and negative controls

respectively, for each sample to assess presence of inhibitors of polymerase enzymes.

The selection of the primers and the probe was based on alignments of poliovirus

1, 2, and 3, coxsackie virus Bi, B3 and B4 by a multiple alignment computer program

(Devereux, 1984) and computer-assisted analysis of the genomic RNA sequence of the

six enterovirus serotypes. Sequence analysis of several partial or fully conserved

enteroviruses indicates several highly conserved regions in the 5' end of the enterovirus

genome (DeLeon, 1990). These pan-enterovirus primers were tested against and

amplified 17 of 17 enteroviruses tested (including poliovirus-1, coxsackie viruses A 5, 9,

12, and 17, coxsackie viruses B 3 and 4, echoviruses 1,2,4,5,7, and 12). Three 17 to 20

base regions were derived from this conserved sequence in the 5' end of the non-coding

region of the enteroviruses, within a 149-base pair or 196 bp segment. These oligomeric

strands were synthesized as single-stranded DNA, using an automated synthesizer

(Applied Biosystems, Foster City, CA). For primers amplifying the 149- bp segment the

downstream primer, 577-594 (5'-TGT CAC CAT AAG CAG CC-3') and the internal

probe, 531-550 (5'-CCC AAA GTA GTC GGT TCC GC-3') were synthesized "antisense"

to genomic viral RNA, and the upstream primer, 445-465 (5'-TCC GGC CCC TGA ATG

CGG CT-3') was synthesized "sense" to genomic RNA. (All the map positions refer to
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poliovirus 1 (Mahoney strain). For primers amplifying a 196- bp segment for

enteroviruses the sequences are: 5'- cct ccg gcc cct gaa tg -3', 5'- acc gga tgg cca atc caa

-3', and the internal primer is 5'- ccc aaa gta gtc ggt tcc cgc -3'. The internal primers are

used in seminested PCR with the upstream primers to give a 104- bp product and to

confirm primary PCR products or further amplification of weakly positive samples. The

same internal primer used in the seminested PCR reaction can be used as a DNA probe in

dot blot hybridization.

The Hepatitis A virus (HAV) primers are: 5'- cag cac atc aga aag gtg ag -3'

(upstream), and 5'- ctc cag ant cat etc cane -3' (downstream) They amplify a 192- bp

product from the conserved region of the genome corresponding to the interphase of the

VP1 and VP3 capsid proteins (DeLeon, 1990). The internal probe is 5'- ant gtt tat ctt tea

gca a -3'. HAV primers were evaluated against all HAV strains and amplified consistently

among all strains (DeLeon, 1990).

The adenovirus primers are: 5'-gcc gca gtg gtc tta cat gca cat c -3' (upstream) and

5'- cag cac gee gcg gat gtc ana gt -3 (downstream), and they amplify a 308- bp product

from the 5' nontranslated region of the genome and were evaluated against sequences

from the EMBL databank by the Fast A program of the Genetics Computor Group

package (Devereux, 1984). The specificity of the primers was evaluated against 24

enterovirus strains and 47 human adenovirus strains by Allard et al., (1990).

RNA was extracted from the samples by phenol-chloroform extraction (5:1, pH

4.7) (Amresco Inc., Solon, OH) and then chloroform (Amreseco). The concentrate was



46

combined 1:1 with the phenol:chloroform mixture, vortexed 3 min, and then centrifuged

for 15 min at 1400 x g. The aqueous portion was moved to a new tube and combined with

an equal volume of chloroform, vortexed for one min and centrifuged for five min at

1400 xg. The resulting aqueous portion (500-750u1) was applied to a Sephadex-chelex

column and the samples were purified by chromatography through Sephadex G-100

(Pharmacia Biotech, AB Uppsala, Sweden) drip columns (Maniatis, 1982; Abbaszadegan,

1997), and chelex-100 (Bio-Rad Laboratories, Richmond, CA), which is chelating ion

exchange resin. First, the bottom of a 5-mL disposable syringe was plugged with a small

amount of autoclaved Kim Wipe paper (Kimberly-Clark Corp., Roswell,GA). The

syringe was filled with 5.0 mL of Sephadex G-100. After equilibration in HPLC water,

the 500 mL sample was layered on top of the packed column. The sample was

recovered by adding five 500-uL fractions of sterile HPLC grade water and allowing the

fractions to drain, each in separate 1.5-mL microfuge tube without centrifugation. Then to

the fourth fraction, approximately 50 uL volume of chelex-100 (Biorad Laboratories,

Hercules,CA) was added into the tube and the supernatant was then removed and assayed

using PCR or stored at -20C until RT-PCR analysis.

The sensitivity of RT-PCR procedure was determined with amplification of the

198- base region of poliovirus type 1. A ten-fold dilution of the virus was prepared and

each dilution were subjected to RT-PCR. The RT-PCR procedure resulted in detection of

0.1 PFU of poliovirus as determined by ethidium bromide staining.
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The specificity of the primers within the enteroviruses was examined. We

screened poliovirus type 1 and miscellaneous environmental samples. The samples were

purified or treated with Sephadex G-200 before RT-PCR amplification and semi-nested

PCR. All viruses tested were detected by the appearance of the expected 104-bp

fragment on electrophoretic analysis and products were sequenced as described below.

All sequences were enteroviral in origin.

Two RTPCR reactions were performed on each sample concentrate. One 50-uL

positive reaction was seeded with 10 PFU (plaque forming units) of poliovirus-1 or

hepatitis A virus (to check for inhibitors present in the concentrate which may interrupt

PCR), while the other reaction consisted only of the sample and was done in 300 uL total

volume. The smaller volume seeded reaction consisted of 10-uL of sample, 5-uL of

sterile nuclease-free water (Amresco), containing 10 PFU or 10 TCID of virus and 0.7-uL

of random hexamers (250uM stock). It was heated for 4 min at 99°C and placed on ice.

Then 33-uL (18.3-uL sterile nuclease-free water, 6-uL 10X Buffer (35mM MgCl 2 ,

750mM KC1, 100mM Tris, pH9.5), 6-ul dithiothreitol (0.1M) and 1.3-uL dNTP mix

(10mM each dNTP), 0.8-uL of RNase inhibitor (40 units/ uL) (Promega, Madison, WI)

and 0.4-uL of Superscript II Reverse Transcriptase (200units/uL) (BRL Life

Technologies) was added. The reverse transcriptase reaction, 48.5-uL total volume was

then incubated at 25°C for 15 min, 42°C for 45 min and then heated to 99°C for 5 min.

The reaction was then stored at 4°C till the amplification could be performed.
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The large unseeded reaction volume was increased to 290-uL to accommodate a

larger sample volume. Fifty uL of sample (for an equivalent volume of 5L/PCR) plus 50-

uL of sterile nuclease free water were combined with 4-uL of random hexamers (250uM)

(GeneAmp RNA PCR kit, Perkin-Elmer Cetus, Norwalk, CT), heated at 99 °C for 4 min

then put on ice. The reaction cocktail of 186-uL with 110.5-uL of sterile nuclease free

water, 30-uL of 10X PCR amplification buffer (750mM KC1, 35mM MgC12 and 100mM

Tris-HC1(pH9.5)) and 30-uL (0.1M) DTT and 8-uL deoxynucleoside triphosphates

(dNTPs) at 10mM each dNTP, and 5-uL RNasin (40u/u1), and 2.5-uL Super Script

Reverse Transcriptase (200u/uL) were added to the tube and 100-uL of mineral oil was

added on top to prevent any sample loss during heating. The reaction, total volume 290-

uL was then incubated in a DNA Thermal Cycler (Perkin-Elmer Cetus) for the reverse

transcriptase reaction with a temperature profile of 25°C for 10 min, 42°C for 45-60 min

and 99°C for 5 min to completely denature the reverse transcriptase and stored at 4 °C.

PCR using the entire reverse transcriptase reaction was performed by the addition of a

reaction cocktail. For the small RT reaction, 1.5-uL of the PCR cocktail containing 0.3-

uL of 1.5 U AmpliTaq DNA polymerase (Perkin-Elmer Cetus, Foster City, CA), 0.3-uL

of each primers (75 mM) and 0.6-uL of double-distilled water was prepared and added

underneath the mineral oil. PCR amplification was performed by using a DNA Thermal

Cycler (Perkin-Elmer Cetus) with a temperature profile of 96°C for 3 min, and then 35

cycles of 94 °C for 45 sec, 55°C for 30 sec and 72°C for 45 sec. A final annealing phase

was performed for 7 min. at 72°C and stored at 4°C till analyzed by gel electrophoresis, as



49

described below. For the large PCR reaction a 10-uL cocktail of 2-uL of each primer

(75uM), 2-uL of Amplitaq DNA polymerase and 4-uL of water was prepared and added

to the reaction, then incubated at 96 °C for 4 min and 35 cycles of 94 °C for 75sec, 55 °C

for 60 sec, and 72°C for 75 sec (300-uL tot). Extension was at 72°C for 7 min and stored

at 4°C. The PCR products (20-uL) were separated on a 1.6% agarose gel (Amresco) with

2-uL of Ficoll loading buffer (20% Ficoll, 1%SDS, 0.25% bromophenol blue and 0.1M

EDTA, pH8.0) and visualized using ethidium bromide staining. The gel was run at 100 V

for 2 h and gels were photographed as they are exposed to ultraviolet light using a UV

transilluminator (UVP Inc, Upland, CA). All enteroviruses tested were detected by the

appearance of the expected 198-bp fragment on electrophoretic analysis. In some

instances, a double PCR or semi-nested was performed to ensure the detection of

minimally amplified PCR product.

For semi-nested and double PCR, 10-L of the first PCR reaction was added to a

new tube 40-uL of the following master mix: 5-uL of 10X Buffer, 5-uL of 25mM MgC1,

4-uL of 10mM dNTP's, 0.5-uL of each primer (50pmol/rxn)(upstream and internal

primers for seminested PCR and upstream and downstream for double PCR), 24.5-uL of

distilled water, 0.5-uL of Tag Polymerase, and then overlayed with mineral oil. The

thermocycler was set for: 94°C for one mm, 50°C for 45 sec, 72°C for one min, for one

cycle. Then 94°C for one mm, 55°C for 45 sec, 72°C for one min for 20-25 cycles for

seminested PCR and for 30-35 cycles for double PCR. Then 72°C for 7 min and soak at

4°C. Band size for seminested PCR was 104-bp, and for double PCR was 194 bp.



50

Hybridization with Labelled Probe

Radioactively labeled probe hybridizations were conducted as confirmation of

phage and PCR results along with seminested PCR confirmations on regular PCR

products, as in Abbazsadegan, 1997.

The PCR product was applied to a nylon membrane (Gene Screen Plus, Dupont

NEN Research, Boston, MA), using a vacuum blotter (Model 785, Biorad, Hercules, CA)

and the cDNA was bound to the membrane by UV cross-linking for 5 min and exposed

to 120,000 uJ/cm 2 of UV254 light in an ultraviolet light chamber (UVC 500 UV

Crosslinker, Pharmacia, Piscataway, NJ). The membrane was placed in a seal-a-meal bag

(Dazey Corp., Industrial Park, KS) for prehybridization. Prehybridization was done at

42°C with constant agitation for 2-4 h in a solution containing 50% deionized formamide,

5% dextran sulfate, 1% sodium dodecylsulfate, 5X SSPE buffer (0.75M NaCl, 0.05M

NaH2PO4 , 5mM ethylenediamine tetra-acetic acid (EDTA), pH 7.4), 5X Denhardt's

solution (Sigma, St. Louis,M0) and 5ug/mL of sheared denatured salmon sperm DNA

(Sigma). The hybridization solution was the same as the prehybridization solution except

the deionized formamide concentration was lowered to 5%; 1X Denhardts solution was

used and salmon sperm concentration was lowered to 2ug/mL. After hybridization, the

membranes were washed in excess buffer (100-200mL of solution/ blot) as follows: 2X

SSC ( standard saline citrate, 0.15M NaC1, 0.015M NaCitrate, pH7.0) at RT for 5 min

with agitation; 2XSSC and 0.1% SDS at 50°C for 30 min with agitation; 0.1XSSC at RT

for 30 min with agitation and air dried. Following fixation of the DNA to the membrane,
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the membrane was placed in a glass roller bottle (Robbins Scientific, Sunnydale, CA) and

sufficient hybridization buffer buffer (Rapid-Hyb) (Amersham Life Sciences, Arlington

Heights, IL), pre-warmed to 42 °C, and added to the tube to soak completely. The tube

was placed in a hybridization incubator (Model 400, Robbins Scientific) equipped with a

rotating tube holder and the tube was rotated for 30 min at 42°C, after which 5 ul of radio-

labelled DNA probe was added to the buffer in the tube. DNA probes were 3' end labelled

with 32P dATP (deoxyadenosine triphosphate) (Amersham Life Sciences, Arlington

Heights, IL) according to the manufacturors' instructions, using the DNA 3' End

Labelling System (Promega, Madison, WI). The tube was returned to the rotator in the

incubator for an additional 120 min at 42°C. Following hybridization, the hybridization

buffer was poured off and 30 ml of 2X SSC (0.3M sodium chloride, 0.03 M sodium

citrate, pH 7.0) was added to the bottle and the bottle was gently shaken by hand for 10

min at room temperature. The wash solution was then poured off and an additional 30 ml

of 2X SSC was added to the tube which was again gently shaken for 10 min at room

temperature. The wash solution was discarded and approximately 30 ml of 2X SSC/ 1%

SDS, pre-warmed to 42°C, was added to the bottle and the bottle was rotated in the

hybridization incubator for 20 min at 42°C. After 20 min, the wash solution was poured

off and 30 ml of 0.2X SSC /1% SDS, pre-warmed to 42°C was added to the bottle and

the bottle was again rotated in the incubator for 20 min at 42°C. The membrane was

blotted to remove excess moisture and placed in a sealable plastic envelope (Kapak

Corp., Minneapolis, MN). The envelope was placed in a photographic exposure cassette
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(TMC International, Glenview, IL) and allowed to expose to a sheet of X-ray film (X-

OMAT AR) (Eastman Kodak Co., Rochester, NY) overnight at -80°C. Depending on the

intensity of the signal observed on the film, some exposures were repeated for as little as

one day or as long as two weeks. The film was developed according to the film

manufacturer's directions.
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Sequencing

Semi-nested PCR product was run on a 3.5% Metaphor gel (FMC, Rockland, ME)

for 2 h. The gel was stained with ethidium bromide for visualization and the 104- bp band

was cut out with a sterile razor and put in an eppendorf (1.5mL). The DNA was extracted

out of the gel with Quiaquick Gel Extraction and Putification kit (QIAGEN; Valencia,

CA. ). After elution, the product was sent to the Laboratory for Molecular and Systematic

Evolution (LMSE, U. AZ) be sequenced.

Indicator Analysis 

The following protocols are from Standard Methods for Water and

Wastewater Examination (1995) (9221). Coliforms assays are described in detail in

9221B. Streptococcus assays were from 9230. Clostridium assays were as in 9221D. A

total of 55 L was collected in a sterile polypropoline container for all indicator analyses.

Bacteriophage

The following phage hosts were used for the coliphage assays: Escherichia coui

(ATCC 13706) host for coliphage detection, Escherichia colt C-3000 (ATCC 15597) host

of MS-2 phage, and Salmonella typhimurium WG49- host of male specific (FRNA)

bacteriophage. The following bacteriophages were used as positive controls: MS-2

(ATCC 15597-B1) for the hosts E.coli C-3000 and Salmonella typhimurium WG49, and

0X174 (ATCC 13706-B1) for the host E.coli C. Liquid bacterial cultures were started
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from glycerol frozen stocks by adding one loopful of bacterial stock to 30 mL of liquid

media. (*Note- E. coil media per L: 10 g tryptone, 1 g yeast extract, 1 g glucose, 8 g

NaC1, 0.22g CaC1 2 , 15 g of agar for bottom agar, 7 g agar for top agar, 0 g agar for liquid

growth media, 2mg/mL Kanamycin sulfate, 0.3 g/mL CaC1 2 , 0.1 g/mL glucose, 0.1 g/mL

nalidixic acid, and MgSO 4 Salmonella WG-49 media per L: same as above but no glucose

and CaC1 2 .). Cultures were grown overnight with vigorous shaking at 37°C. One mL of

the overnight culture was transferred to 25-mL of fresh liquid media and shaken at 37°C

for 4 h. A total of 20 L was assayed for bacteriophage. For each assay three volumes of

3.5 L of sample water was assayed somatic and male-specific phage respectively. Each

volume was placed in 350 mL of 11X tryptone broth (1.3 percent tryptone, 0.1 percent

yeast extract, 0.1 percent glucose, 0.8 percent sodium chloride, 0.03 percent calcium

chloride, 100 mg nalidixic acid, and 20 mg kanamycin sulfate into 1 liter of reagent-grade

water, pH 7.0 for 1X) and 35 mL of host- either Esherichia coui C or Esherichia coui F

amp host. Samples were incubated at 37°C for 24-48 h. A cotton swab was then dipped

into the sample and swabbed onto plates with host (E. coil C for somatic phage and E.

coil Famp for male-specific phage) via the top agar overlay method and examined for

plaques.
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Total and Fecal coliform

For a total coliform test a 11-L sample of raw water was collected in a sterile

polypropylene container at the time of sample collection and returned on ice. Within 8 h

of collection, 5-200 mL, and 5-2 L portions of this sample were passed through a 0.45 -

um pore size membrane filter which was then incubated in lauryl tryptose broth (Difco

Laboratories, Detroit, MI) for 24 h at 35°C. Positives which were cloudy and yellow and

were inoculated into BGB media (Difco, Detroit, MI) with Durham tubes (Difco, Detriot,

MI) for gas production and innoculated onto mEndo plates to confirm. Plates were

incubated at 35°C for 24 h and confirmed positives for total coliforms were yellow and

metallic, respectively. Negative controls were run along with each set of raw water

samples consisting of 100 mL of autoclaved Milli-Q water (Millipore Inc, Bedford,

MA). Samples positive for total coliforms were tested for fecal coliforms. Positive

samples were innoculated into EC broth with mug (Difco) and incubated at 44.5°C

overnight. Fecal coliforms fluoresced under UV.

Fecal streptococcus and Enterococcus

For Fecal Streptococcus, 11 L was collected and 5-2 L and 5-200 mL volumes of

sample were passed through 0.45 um- filters as detailed above. The filters were placed

into Azide Dextrose broth (Difco, Detroit,MI) (50m1) at 35°C for 48 h; turbid tubes were

positive for Fecal Streptococcus. Confirmed tests were done by placing a loopful onto

PSE-agar and incubating at 35°C overnight. Black-brown positive colonies were placed
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into brain-heart infusion broth with 6.5% NaC1 at 35°C overnight and turbid tubes were

positive confirmations for Enterococcus.

Clostridium perfringens

Ten liters of sample was collected for Clostridium perfringens and assayed by

passing 5-2 liter samples through 0.45- urn filters as detailed above and then placing

those on m-CP agar, at 44.5°C for 24-48 h under anaerobic conditions (BBL GasPak;

Becton Dickinson, Cockeysville, MD). Creamy black-yellow colonies that turned red

when exposed to ammonium hydroxide, were considered positive for C. perfringens.

Persistence Study

Poliovirus-1 was titered as in Smith et al., (1982). Ten mL of tapwater (pH 7.1)

and secondary effluent (pH 6.5) was chlorinated with free chlorine to a final

concentration of 1.0 mg/L, and seeded with 103 pfu/mL of Poliovirus-1. After one min

the residual chlorine concentration was measured using a DPD method (Standard

Methods, 1995), with a DR2000 spectrophotometer (Hach; Loveland, CO) and twenty-

five mg/L (final concentration) of sodium thiosulfate was added to inactivate the chlorine.

Inactivated viruses were innoculated into cell culture to confirm inactivation. Tapwater

and dechlorinated secondary effluent were held at room temperature (22.5°C) for up to

14 days. Five-hundred uL of each sample was taken each day and processed (extraction

and purification), as described earlier, via the phenol-chloroform extraction method for
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tap water and phenol-chloroform and Sephadex-chelex columns for the secondary

effluent. RT-PCR was conducted on processed samples and consecutive ten-fold dilutions

each day until no signal could be detected on a 2% agarose gel (as described earlier).

Double PCR (or semi-nested PCR) was done to increase the detection sensitivity to

define the minimal concentration detectable.

Concentration Study

Poliovirus-1 was titered as in Smith et al., (1982). Four one-liter volumes of

distilled water were neutralized to pH 7.0-7.5. Two of the liter samples were chlorinated

with 1.5 mg/L free chlorine and seeded with poliovirus-1 to a final concentration of 10 3

PFU/mL (one liter volume) and 104 PFU/mL (one liter volume) of poliovirus-1. The non-

chlorinated samples were also seeded with 10 3 PFU/mL and 104 PFU/mL, respectively.

The two one-liter volumes seeded with 10 3 PFU/mL and 10 4 PFU/mL were inactivated

for one min in chlorine . After one minute, free chlorine residual was measured using a

DPD method (Standard Methods, 1995), with a DR2000 spectrophotometer (Hach;

Loveland, CO) to assure a minimal of 1.0 mg/mL free chlorine concentration. During

chlorine measurements the water was rapidly dechlorinated with 25 mg/L of sodium

thiosulfate. Inactivated viruses and non-inactivated viruses were innoculated into cell

culture to confirm inactivation or non-inactivation and titered. Seeded tapwater samples

were passed through a 44 mm 1-MDS Virozorb Membrane filter (Cuno Inc., Meriden,

CT) under nitrogen pressure and 50 mL of 1.5% Beef Extract was used to elute the
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viruses from the filter after a five min contact time. Viruses were concentrated via

methods described in the sampling and processing protocols and the final reconcentrate

volume was 5-7 mL. Sample processing included phenol-chloroform extraction (see

Persistence study above), but PCR efficiency was low due to inadequate removal of

inhibitors. Polyethylene-glycol (PEG) precipitation followed by guanidine isothiocyanate

nucleic acid extraction (GIT) reduced inhibitors for adequate detection of concentrated

viruses. Eight percent PEG and 0.2 M NaCl were mixed with the samples at 4°C for one h

and centrifuged at 48,400 x g for one h at 4oC to pellet the virus. Viruses were eluted by

mixing 5 mL of 0.25 N glycine buffer, pH 9.5, on ice for 30 min, and then by adding 25

mL of PBS. Solids were separated out by centrifugation at 12,000 x g for 15 min. A

second PEG precipitation was done as above and pellets were resuspended in 0.5 mL of

PBS. Nucleic acid extraction was done as follows: 50 uL of virus suspension was added

to a mixture of 40 uL of silica particle suspension and 900 uL of lysis buffer (120 g of

guanidium thiocyanate (GuSCN) in 100 mL of 0.1 M Tris-HC1, pH 6.4 with 22 mL od

0.2 M EDTA adjusted with NaOH to pH 8.0 and 2.6 g Triton X-100 added), vortexed one

min, left for ten min at RT, centrifuged 3 min at 12,000 x g, and supernatant was dumped.

The pellet was washed twice in one mL of washing buffer (120 g of GuSCN in 100 mL of

0.1 M Tris-HC1, pH 6.4), twice more with 70 percent ethanol and once with acetone.

After each wash sample was vortexed, centrifuged as above and supernatant was

discarded. Pellet was dried in thermocycler at 56oC for 10 min till acetone evaporated

and resuspended with 50 uL of 10 mM Tris-HC1, pH 7.6; 0.1 mM EDTA, pH 8.0; 0.1
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mM dithiothreitol with RNasin (5 U/ uL final concentration), in order to allow nucleic

acid extraction from silica particles. Samples were briefly vortexed and incubated for 10

min at 56 oC and centrifuged again for 2 min at 12,000 x g. The resulting supernatant was

used in cDNA synthesis. Double PCR was done on on samples before concentration,

after inactivation, after reconcentration, and after flocculation. Dilutions on the PEG-GIT

processed samples were made and each was tested by RT-PCR and double PCR for the

minimal concentration detectable.
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CHAPTER 5

RESULTS

Detection of Enteroviruses in Groundwater

Samples were taken from the Sweetwater Recharge Facility in Tucson, AZ. and from

the Montebello Forebay in Los Angeles county (Tables 4-1, 4-2). Enteroviruses were present

in groundwater samples by both PCR and cell culture. Quantification of viruses by cell

culture showed enteroviruses were present in groundwater at levels of 0.003 MPN/L (TWR

53, TWR 54) (Tables 5-1, and 5-2). Of ten groundwater samples analyzed for enterovirus

via cell culture, two of the samples were positive (TWR 53, TWR 54). Of 20 groundwater

samples analyzed for enterovirus via PCR, five of these were positive by PCR (TWR 53,

TWR 54, TWR 57, TWR 58, M3705) and seven were positive by semi-nested PCR (TWR

53, TWR 54, TWR 57, TWR 58, TWR 59, M3705, M3859) . These results indicate that

enteroviruses were found in groundwater wells impacted by SAT.

Methods Comparison 

At present we have analyzed twenty samples from six monitoring wells with both

cell culture and PCR (TWR 53, 54, 55, 56, 57, 61, M3642, M3643, M3668, M3669, M3674-

1, M3674-2, M3681, M3689, M3705, M3714, M3732, M3736, M3761, M3766) (Tables 4-1,

4-2). PCR products were analyzed further via semi-nested PCR, dot blot probe hybridization

and sequencing. Enteroviruses were found in four samples by conventional cell culture

methodology (TWR 53, 54, M3642, M3643). Nine of these samples were also found
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positive for enterovirus by PCR after treatment with Sephadex G-100 and Chelex 100 to

remove PCR inhibitory substances (TWR 53, 54, 57, M3643, M3668, M3669, M3689,

M3705, M3736). When all positive and negative PCR products were further analyzed,

eleven samples were positive by semi-nested PCR (TWR 53, 54, 57, M3643, M3668,

M3669, M3674-1, M3674-2, M3689, M3705, M3736, )and twelve were positive by dot blot

probe hybridization (TWR 53, 54, 57, M3643, M3668, M3669, M3674-1, M3674-2, M3689,

M3705, M3714, M3736). All products sequenced confirmed PCR products to be of

enteroviral origin. Primers amplified both coxsackie virus and poliovirus but displayed

competition when poiovirus and coxsackie virus were amplified together (Table 5-5). Two

of the 20 samples differed between labs with standardized QA/QC, although labs used

different primers (Tables 5-1, 5-2). PCR was found to be more sensitive (0.01 PFU) than

cell culture sensitivity (1 PFU) (Tables 5-3, 5-4).

Persistence and Concentration of Inactivated PV-1 

Inactivated poliovirus-1 persisted for >14 days in tap water, but only for five days in

secondary effluent, when assayed via PCR and semi-nested PCR (Figure 5-1). Seeded

concentrations were 1000 PFU/mL on day one. Dilutions of samples were assayed via PCR

to quantitate the decrease (Table 5-6). There was a one log reduction (ninety percent) of

inactivated poliovirus-1 in secondary effluent on day five and none were detected beyond

day six (Fig. 5-1). In tapwater, there was a one-log reduction (90 percent) of inactivated
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poliovirus-1 on day eight and a two-log reduction (ninety-nine percent) on day eleven (Fig.

5-1, Table 5-6). Detection persisted up to day fourteen, after which no samples were assayed.

Inactivated and non-inactivated poliovirus-1 (l0 PFU/mL and 104 PFU/mL) was

detected by PCR after concentration in tap and secondary effluent (Figure 5-2, Tables 5-7,

5-8). Viruses were confirmed to be inactivated in cell culture. Inactivated poliovirus-1 (10 5

PFU/mL) was detected after concentration in both tap and secondary effluent, though the

band intensity was much less in the secondary effluent and less for the inactivated virus

compared to the viable virus (Figure 5-3). To assess the quantitive reduction of inactivated

poliovirus after concentration, the experiment was repeated. Dilutions of samples were

processed to assess the reduction in titer. There was a one log reduction (90 percent) of

inactivated poliovirus-1 after concentration in tapwater compared to non-inactivated

poliovirus-1 (Fig. 5-2).

Indicator Organisms

Indicators assayed were total and fecal coliforms, Escherichia cou, fecal

Streptococcus, Enterococcus, Clostridium perfringens, and F-specific and somatic phage.

All indicators were found in varying concentrations except F-specific phage. Total coliform

was found most often in groundwater samples (Tables 5-9, and 5-10). Well WR199 located

directly beneath the basin was positive for all indicators except male-specific phage.
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Hepatitis A and Adenovirus

Twenty-one samples were analyzed via PCR for adenovirus and hepatits A. PCR for

hepatitis A was positive in three samples (M3689- tertiary effluent, M3642- secondary

effluent, and M3705- monitoring well). Adenovirus was not detected in any groundwater

samples (Table 5-11).
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Table 5-1: PCR, Cell Culture and Probe of Enterovirus:
Tucson Water Recharge'

Sample! Well Volume Cell PCR 1X Semi- Sequence Probe 1XPCR
Date Filtered Culture Equiv PCR nested of 1X &Probe

(L) MPN/ Vol. PCR PCR from
L (L) A'WWS3

TWR 53 WR
4/8/96 69A 382 0.003 5.71 ND ±/**

TWR 54 WR
4/9/96 I98A 340 0.003 5.68 + + ND ±/**

TWR 55 WR
4/8/96 92A 340 <0.003 5.68 ND -/-

TWR 56 ML
4/8/96 002 363 <0.003 5.69 ND -/-

TWR 57 WR
4/1/97 199A 2238 <0.0007 18.65 + + ND ±/***

TWR 58 WR Polio I-
7/15/97 198A 3931 ND' 6.5 + + vaccine + ND

TWR 59
7/15/07

ML
002

3120 ND 5.2 + Polio 1-
vaccine + ND

TWR 60 SC 33 3029 ND 5.0 ND ND
7/24/97

TWR 61 SC 33 4055 <0.0004 7.4 ND ND ND
10/14/97

TWR 62 WR 3780 ND 18.9 ND ND ND
10/20/97 199

TWR 63 WR
10/27/97 198 3035 ND 15.3 ND ND ND

TWR 64 WR

10/27/97 92 3096 ND 15.6 ND ND ND

TWR 65 WR
10/29/97 69 3780 ND 18.9 ND ND ND

'Before and after sampling, equipment was disinfected with 10mg/L of free chlorine for 1 hour, neutralized with 25mg/L

sodium thiosulfate and 100gallons of disinfected and neutralized tapwater was passed through the equipment and 1MDS

filter. The eluent was reconcentrated and processed via PCR to ensure no cross contamination . 'ND Not Done. 3 Samples

were sent to American Water Works Service Company (AWWS) for confirmation. PCR product is indicated by +/-. Probe

intensity is indicated by**. 4 1X refers to a single PCR reaction as opposed to double PCR.
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Table 5-2: PCR, Cell Culture and Probe of Enterovirus: Montebello Wells'

Sample/ Water Vol. Cell PCR 1X4 Semi- PCR Probe 1XPCR
Date Type Total Culture Equiv PCR nested product of 1X & Probe

(L) MPN/L Vol. PCR sequence PCR from
(1,1 AWWS2

M3642 2nds
4/29/97 Effluent 91 1.9 1.2 ND2 -/-

M3643 2nd
4/29/97 Effluent 159 1 0.6 + + ND + +/**

M3668
5/7/97 Tap6 378 2.4 + + Polio 1-

vaccine
+ +/**

M3669
5/7/97 Tap6 378 1.8 + + ND + +1*

M3674- Tertiary Polio 3-
1 Effluent 1136 3.8 + wild + -/-
5/12/97 type

M3674- Tertiary Polio 1-
2 Effluent 1136 1.9 + vaccine + -/-
5/12/97

M3681 Tertiry
5/14/97 Effluent 1136 5.7 ND -I-

M3689 Tertiary
5/20/97 Effluent 1136 1.9 + + Polio 1-

vaccine
+ +/**

M3705 Ground
5/28/97 Water 3785 6.3 + + Polio 1-

vaccine
+ ±/***

M3714 Ground
6/3/97 Water 3785 6.3 ND ±/**

M3732 Tertiary
6/10/97 Effluent 1136 5.7 ND -I-

M3736 2nd
6/11/97 Effluent 1136 1.9 + ND +/****

M3761 Potable 1892
6/25/97 Well 6.4 ND ND ND

M3766 Potable
6/30/97 Well 3785 .0004

ru/L 6

6.3 ND ND ND
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Table 5-2 cont.

Sample/ Water PCR IX Semi- Vol. Cell PCR Probe 1XPCR
Date Type Equi. PCR nested Total Culture product of 1X Probe

Vol. PCR (L) MPN/L sequence PCR from
(L) A WWS

M3807 Potable
7/22/97 Well 8.2 2512 ND ND ND ND

M3826 Tertiary
8/4/97 Effluent 1.9 1136 ND ND ND ND

M3845 Tertiary
8/11/97 Eflluent 1.9 1136 ND ND ND ND

M3851 Ground 6.3 3785 ND ND ND ND

8/13/97 Water

M3859 Ground 6.3 + 3785 ND ND ND ND

8/19/97 Water

M3874 Tertiary 5.7 - 1136 ND ND ND ND

8/25/97 Effluent
'Before and after sampling, equipment was disinfected with 10mg/L of free chlorine for 1 hour, neutralized with 25mg/L

sodium thiosulfate and 100gallons of disinfected and neutralized tapwater was passed through the equipment and 1MDS

filter. The eluent was reconcentrated and processed via PCR to ensure no cross contamination . 2ND Not Done. Samples

were sent to American Water Works Service Company (AWWS) for confirmation. PCR product is indicated by +/-. Probe

intensity is indicated by**. 4 1X refers to a single PCR reaction as opposed to double PCR. 5 Secondary eflluent was treated

by air activated sludge treatment, sedimentation, flocculation , trickle biofiltration, and disinfection. Tertiary effluent was

teated by mixed media filtration (coal and sand filter) and disinfection. (Los Angeles residual was 3-5 mg/L after 90 min).

6 These were passed through collection equipment after disinfection by chlorination and low pH wash. This could indicate

equipment contamination or virus presence in the tap itself. Tap water is disinfected local groundwater. 6 IU= Infectivity

Unit.
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Table 5-3: Sensitivity of Primers for Enterovirus i

Concentration per	 10 PFU	 1 PFU	 0.1 PFU	 0.01 PFU
PCR reaction

Enterovirus

RT-PCR was done for Enterovirus as in Methods. Viruses were seeded in distilled water and groundwater.

Table 5-4: Sensitivity of Primers for Hepatitis A and Adenovirus 1

Concentration per	 100 TCID 50 	10	 1 TCID50 	10 -1 TCID 50

PCR reaction	 TCID50

Hepatitis A

Adenovirus
' RT-PCR was done for Hepatitis as in Methods. PCR was done for Adenovirus as in Methods.Viruses were seeded in distilled water.

Table 5-5: Competition and Specificity of Primers for Enterovirus l

Target Virus	 Coxsackie	 Poliovirus	 Coxsackie/
Poliovirus2

PCR Sequence	 Coxsackievirus B1	 Poliovirus 1-vaccine Poliovirus
Results	 1-vaccine

'Virus was seeded in PCR reactions and PCR product was sequenced. Titers of each virus were 102 pfu/ml.
2 Equal titers of coxsackie and poliovirus were seeded and the product amplified was poliovinis demonstrating competition of primers.
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Table 5-6: Persistence of Inactivated PV-1 as Detected via Cell Culture and PCR 1

DAY
0	 1	 2 3 4 5	 6 7	 8 9	 10	 11	 12	 13	 14

Tap	 1X	 +4 + + + + + + + + + +	 +	 +	 +	 +
water PCR

(undilu
-ted)

Dilu-	 10' + + + + + + + + + + +	 +	 +	 +	 +
tions

10-2 + + + + + + + + + + +

1 0 -3 + + + + + + + + + - -

10'

Secon 1X
dary	 PCR
EfIlu-	 (undilu
ent2 	-ted)

+ + + + + +  

Dilu-	 10'
tions

10-2

1 PV-1 (10 3 pfu/m1) was chlorinated till cell culture negative but PCR positive then seeded in dechlorinated secondary
effluent and tapwater to see persistence in environmental samples at RT by RT-PCR and semi-nested PCR. Chlorine
concentration was 1.0 mg/L and contact time was 1 min. Cell culture for seeded chlorine inactivated poliovirus was
negative for cytopathogenic effects for two weeks on BGM cells.
pH of secondary effluent was 6.5; tap was 7.1. Temp was RT (22.5°C).

° += positive PCR; -= negative PCR.
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1 Nt is concentration at time n. No is concentration at time zero. 2 Inactivated Poliovirus was non-detectable in secondary effluent after

five days.' Samples were processed daily up to fourteen days and daily PCR results were as reported here. pH of tapwatre (7.1). pH of

secondary (6.5). Temp (22.5°C).

Figure 5-1. Reduction of PCR Detection of Inactivated Poliovirus-1 in Secondary Effluent
and Tapwater over Time'
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Table 5-7: Detection of Concentrated Inactivated Viruses by PCR(10 3 PFU/mL) 1

PCR before
Concentration
(1 L)

PCR after
Inactivation
(1L)

PCR after
Reconcen-
tration (50
mL)

PCR after
Flocculation
(5mL)

Inact- 1 + + + +

ivated 10' + +

PV-1 10' + +

10-3 ND ND -

Non- 1 NA'

inact- 10' NA

ivated 10' NA

PV-1 2 71 0-3 ND NA

10 ND NA
IL of tapwater and dechlorinated secondary effluent was seeded with 10 3 pfu/mL of Poliovirus-1 (PV-1), (inactivated for one minute

with 1.5 mg/L free chlorine and dechlorinated with 25mg/L sodium thiosulfate). Residual free chlorine concentrations were 0.90 mg/L
in tapwater.. Samples were concentrated and assayed via cell culture and 2X PCR. Cell culture was negative before concentration.

2 Represents viable Poliovirus-1 in tapwater. Cell culture was positive.

3 pH of tap was 7.1. Temp was 22.5°C.
'NA= not applicable.
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Table 5-8: Detection of Concentrated Inactivated Viruses by PCR ( 10 4 PFU/mL) 1

PCR before
Concentration
(1 L)

PCR after
Inactivation
(1L)

PCR after
Reconcen-
tration (50
mL)

PCR after
Flocculation
(5mL)

Inact- 1 + + + +

ivated 10 -1 + + + +

PV-1 10' +

10-3 ND ND ND +

10 ND ND ND

Non- 1 + + + +

inact- 101 + + + +

ivated 1 0 2 + +

PV-1 4 7 1 0 -3 ND ND + +

10 -4 ND ND +

10 ND ND ND
i 1L of tapwater and dechlonnated secondary effluent was seeded with 10 4pfu/mL of Poliovirus-1 (PV-1), (inactivated for one minute

with 1.5 mg/L free chlorine and dechlorinated with 25mg/L sodium thiosulfate). Residual free chlorine concentrations were 0.90 mg/L

in tapwater.. Samples were concentrated and assayed via cell culture and 2X PCR. Cell culture was negative before concentration.

'Represents viable Poliovirus-1 in tapwater. Cell culture was positive.

'pH of tap was 7.1. Temp was 22.5°C.
4 Represents active virus.
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' Nt= Concentration at time n. No= Concentration at time zero.

Figure 5-2. Reduction in the Detection of Inactivated Poliovirus-1 after Concentration
Procedures
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Figure 5-3 Concentration of Inactivated Polio Virus-1 (PV-1)
Gel 1: Lanes 1-8: 123 bp ladder, viable PV-1 after concentration in tap, inactivated PV-1 after
concentration in tap, negative, inactivated PV-1 in tap, viable PV-1 in tap, PCR positive,
negative
Gel 2: Lanes 1-8: 123 bp ladder, Positive PV-1 semi-nested FOR, inactivated PV-1 after
concentration in secondary effluent, negative, inactivated PV-1 in secondary effluent, FOR
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Table 5-9: Tuscon Water Recharge Indicator Bacteria

Well	 Date	 Total	 Fecal	 E. cou 	 Entero- Fecal	 Clostri-
Coli-	 Coliform MPNL coccus	 Strep- dium
form	 MPN/L	 MPN/L tococ- perfrin-

MPNIL	 cus	 gens
MPN/ CFU/L
L

TWR 7/15/97 <0.11 <0.11 <0.11 <0.11 <0.11 <0.11
198A

ML02 7/15/97 >23 >23 <0.11 <0.11 <0.11 <0.11

SC33 7/24/97 <0.11 <0.11 <0.11 <0.11 <0.11 <0.11

10/14/97 <0.11 <0.11 <0.11 <0.11 <0.11 <0.11

SC33

WR 10/20/97 >129.1 >129.1 >129.1 1.3 3.5 1.1
199

WR 10/27/97 <0.11 <0.11 <0.11 <0.11 0.7 <0.11
198

WR 10/27/97 >129.1 <0.11 <0.11 <0.11 0.4 <0.11
92

WR 10/29/97 0.2 <0.11 <0.11 3.5 1.3 <0.11
69
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Table 5-10: Tucson Water Recharge Indicator Phage

Sample Date F-RNA Phage F-DNA Phage Somatic Phage
PFU/L PFU/L PFU/L

TWR 7-15-97 <0.1 <0.1 <0.1
198A

ML 002 7-15-97 <0.1 <0.1 <0.1

SC 33 7-24-97 <0.1 <0.1 <0.1

SC33 10-14-97 <0.1 <0.1 <0.1

WR 199 10-20-97 <0.1 <0.1 >28.1

WR 198 10-27-97 <0.1 <0.1 <0.1

WR 92 10-27-97 <0.1 <0.1 <0.1

WR 69 10-29-97 <0.1 <0.1 0.3



Table 5-11: Hepatits A and Adenovirus PCR

Sample/ Well Volume PCR 2X1 2X

Date Filtered Equiv HAV Adeno-

(L) Vol. virus

(L)

TWR 53 WR 69A 382 2.4

TWR 54 WR 198A 340 2.4

TWR 55 WR 92A 340 2.4

TWR 56 ML 002 363 2.4

TWR 57 WR 199A 2238 7.4

TWR 58 WR 198A 3931 6.6

TWR 59 ML 002 3120 5.2

TWR 60 SC 33 3029 5.0 -

TWR 61 SC33 4055 6.8

M3642 2nd 91.9 0.6

Effluent

M3643 2nd 159 1.2

Effluent

M3668 Tap2 378.5 2.4

M3669 Tap2 378.5 2.4

M3674- Tertiary 1136 7.6

1

M3674- Tertiary 1136 7.6

2

M3681 Tertiary 1136 7.6

M3689 Tertiary 1136 5.7

' 2X PCR (HAV or AD) means double PCR product.

2 Tapwater was disinfected groundwater that was run through disinfected equipment.
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Table 5-11 cont.

Sample/ Well	 Volume PCR	 2X'	 2X
Date	 Filtered Equiv	 HAV	 Adenovirus

(L)	 Vol.

(L)

M3705 Groundwater 3785 6.3

M3714 Groundwater 3785 6.3

M3732 Final 1136 5.7

M3736 2nd Effluent 1136 1.9

2X PCR (HAV or AD) means double PCR product.

2 Tapwater was disinfected groundwater that was run through disinfected equipment.
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CHAPTER 6

DISCUSSION

Methods Comparison and Enterovirus Presence

The PCR methodology used in this study was found to be one log unit (10-fold)

more sensitive than cell culture infectivity assay (Table 5-3). Cell culture detects one plaque

forming unit (PFU), whereas PCR can detect as low as 0.1 PFU. This is possible because not

all virions are infectious in cell culture ( i.e., cell culture is not 100% efficient in detecting

all of the potentially infectious virus) (Sobsey, 1976; Schmidt, 1978). Of twenty samples

assayed via cell culture and PCR (see results), four samples were positive via cell culture and

nine samples were positive via PCR. PCR positive samples may not have detected viable

viruses. Semi-nested PCR and radioactive gene probes confirm PCR results and increase

detection sensitivity with 11 and 12 positives respectively (Tables 5-1, and 5-2). The

increase in sensitivity is important due to the low number of viruses usually found in water

concentrates and the limited volumes that currently can be assayed by PCR.

The specificity of the primers for enteroviruses was confirmed by sequencing of the

PCR products. Visualization of a PCR product on an ethidium-stained gel only confirms that

the PCR reaction succeeded at amplifying some DNA, not necessarily the DNA sequence

intended. It is possible, especially using environmental samples that may contain
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bacterial, algal, or eucaryotic DNA that the PCR product visualized could be similar in size

to the expected product, but composed of a different sequence (Saiki, 1988). The possibility

of this occurrence can be reduced through careful design of the PCR primers. The primers

for the detection of enteroviruses were selected from the 5' non coding region of the

poliovirus viral genome, which is a conserved region in the enteroviruses. RT-PCR

amplification of the 198-bp region was diagnostic for enteroviruses in water, because our

sequencing results indicate that the primers are likely unique to enteroviruses (Tables 5-1,

5-2, 5-5). Sequences were predominately poliovirus-1 serotype vaccine-strain. One sample

(M3674-1) was poliovirus-3 wildtype strain. This could be due to the errors in reverse

trancription and PCR in copying the template, errors in the sequencing procedure, errors in

the computor matching of sequences to similar strains, the absence of a closer matching

strain in the database, the higher prevalence of vaccine strain polio in the environment, or

the predilection of the primers for vaccine strain over other strains like coxsacicie (Table 5-5)

(Rivera, 1988; Hypypia, 1987; Higgins, 1988). The specificity and sensitivity of the primers

selected for this study appear sensitive enough for use in routine environmental monitoring

for enteroviruses in water samples.

The most sensitive confirmation process used in this study utilized a hybridization

probe, an internal primer (the semi-nested primer) exactly complimenting the DNA expected

in the PCR product and labelled with radioactive 32P. When the correct PCR
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product has been generated in a reaction, the matching probe will adhere to it and allow for

the confirmation of the expected PCR product. If the wrong sequence has been

amplified in the PCR reaction, the probe will fail to adhere to the product, allowing

confirmation of the absence of the targeted PCR product. Dot blot, the hybridization of probe

to "dots" of PCR product on membrane was faster and more efficient than southern transfer

of PCR bands to membrane and subsequent hybridization. Southern transfer will allow

confirmation for a specific band from a gel, but inefficiencies in nucleic acid transfer made

dot blot hybridization the more feasable method.

The use of dot blot hybridization as a confirmation was more sensitive than semi-

nested PCR. This could be due to the greater detection sensitivity for radioactively labelled

probe. As little as 0.1 picogram (10' g) of DNA can be detected with radioactivity whereas

visualization on agarose gels by UV can detect, at lowest, 1-10 nanograms (10 -9 g) of DNA

(Maniatis, 1982). Detection sensitivity can be limited in semi-nested PCR by visualization

on the agarose gel. Visualization of small DNA bands (<150bp), bound to ethidium bromide,

must be done on low-gelling-temperature agarose and a better resolution is obtained from

polyacrilamide gels, but these gels are difficult to prepare and handle (Maniatis, 1982).

However, semi-nested PCR is faster than probing, as hybridization of the labelled probe and

exposure time delay results. Double PCR can in association with semi-nested PCR be a

quicker and equally sensitive method as dot blot hybridiztion. Double PCR aften allows

visualization of previously unseen product in 1X PCR (first round). Semi-
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nested PCR amplifies this product further for even greater visualization and more

confirmation. Altogether PCR and confirmation can take 48 hours, still shorter than the two

to four weeks of cell culture.

There is a risk of false positives due to cross-contamination of samples and a risk of

false negatives due to inhibition of polymerase enzymes by metals and humic acids present

in groundwater samples (Abbazsadegan, 1993). To reduce the frequency of false positives

and false negatives, a positive virus-seeded sample as well as a negative control with all PCR

reagents except sample, was done simultaneously with the actual sample to allow reasonable

interpretation of data (Table 6-1). Negative amplification from a sample did not necessarily

mean that no enteroviruses are present in the sample. Preparation of samples to reduce

inhibitors of the PCR enzymes included phenol-chloroform extraction and sephadex/chelex

columns to remove humics and metals (Abbaszadegan,1997). Environmental samples were

evaluated for presence of inhibitors by assaying samples with seeded virus to avoid falsely

scoring samples as negative. Controls were run through the same procedures as the samples

to ensure that cross-contamination was not occurring (Table-6-2) . Controls for

reproducibility and reliability included sending samples to another lab (American Water

Works Service Co.) for PCR analysis and analyzing blind samples (Table 6-2). Only two out

of 17 samples differed between labs with standardized QA/QC, but this may have been due

to the use of different primers (Table 5-1, 5-2). It also could have been due to presence of

virus in part of the sample but absence in an equal
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fraction due to low levels of virus. All blind samples which were enterovirus positive by cell

culture were also PCR positive except one (M3642). This could be due to the limitation of

smaller equivalent volumes which can be tested for PCR. Though the large volume RT-PCR

allows for more equivalent volume to be assayed (6L/PCR for 3780 liters reconcentrated to

30 mL), this volume is still smaller than the volume assayable on cell culture (600 L for

same conditions).

To control for cross-contamination in the sampling equipment, all equipment was

disinfected and blank chlorinated and neutralized tapwater samples were passed through the

equipment, concentrated and assayed for enteroviruses via PCR. Also seeded tapwater was

flushed through the equipment, disinfected and blanks were run through and then processed

(Table 6-1). These controls determined that our disinfection method (>5 mg/L residual free

chlorine after two h contact time and neutralization with 25 mg/L of sodium thiosulfate) was

sufficient to prevent cross-contamination by the sampling equipment.

To control for cross-contamination from the laboratory manipulation of sample PCR

product, negatives were processed with all samples and samples were repeated if negatives

were contaminated (Table 6-1). The ability of PCR to produce large numbers of copies of

small sequences necessitates extreme care be taken to avoid false positives. Although false

positives can result from sample-to-sample contamination, a more likely cause of false

positives is the carry-over of DNA from a previous PCR reaction, due to the
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aerosolizability of such small DNA fragments (Kwok, 1989; Lo, 1988; Sarkar, 1990). To

prevent carry-over of amplified DNA sequences, reactions were set up in a room separated

from the product analysis room. Separate supplies and positive-displacement pipets were

allocated for the set up of reactions. Pipets were cleaned with 10% bleach followed by a 70%

ethanol rinse, before and after each reaction setup and each product analysis. All reagents

used in the PCR reaction were prepared, aliquotted, and stored in an area that is free of PCR-

amplified product.

Table 6-1: Controls for Sampling and Polymerase Chain Reaction

Controls	 Purpose

Pass distilled water with 1000 PFU/mL-
through equipment, disinfect and pass blank
through equipment

Tapwater blank through sampling equipment

Sample control well distant from
sources of contamination

Second laboratory validation

Blind samples (some seeded)

Negatives sample conducted with all PCR
reactions- before and after

Samples seeded with poliovinis (100PFU/mL)

Sequencing

Assess adequacy of disinfection method

To control for cross-contamination

Control for cross-contamination

Control for reproducibility of PCR method

Control for reliability and accuracy of PCR
method

Control for cross-contamination by PCR products
in the laboratory

Control for PCR interfering substances in the
sample

Control for cross-reactivity of primers
These controls were done and sampling proceeded when control were confirmed.
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Samples from the Los Angeles Montebello Recharge site that were positive included

some secondary effluents (M3642, M3643,M3736), tertiary effluents (M3826, and M3845,

M3674-1, M3674-2, and M3689). Since these areas are located in densely populated areas,

wells in this area are subject to urban influences in addition to reclaimed water, je. leaking

sewer lines or the urban homeless population (William Yanko, personal communication).

At this site one monitoring well (Rio Hondo 1590 Al) and two potable wells (South

Montebello I.D. well and La Habra Heights #8) are being sampled . The Rio Hondo MW

1590 Al (M3705) was positive, but this was not unexpectant as this monitoring well is

shallow (30 feet deep) (Table 4-2) and is on the edge of a recharge basin impacted by tertiary

effluent. Another PCR positive sample was from Montebello ID Well#5 which is a shallow

well (47 feet) (Table 4-2), and only 80 feet from the Rio Hondo recharge basin. Modeling

studies suggest that travel time from the basin to this well is 33 days (William Yanko,

personal communication). La Habra Well #8 was sampled (M3761) but was found negative

for enteroviruses. La Habra is 390 feet from one of the San Gabriel basins and modeling

studies suggest an estimated travel time from the basin to the well is 4,900 days. Samples for

both potable wells was collected before chlorination.

The East Valley is a generic name for a recharge site operated by the Los Angeles

Department of Water and Power. It is in the Sepulveda Basin, a flood control basin located

in the eastern part of the San Fernando Valley area of Los Angeles County, approximately

20-25 miles west of the Montebello Forebay site. This site recharges only runoff water. No
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reclaimed water is currently used at east valley. This is the control site for this area. It is

subject to the same potential urban virus sources as the Montebello Forebay sites, ie. leaking

serws and urban homeless. One monitoring well (EV-01) and two potable wells (Tujunga

and Rinaldi) are sampled here. Well MW EV-01 (M3859) was positive by PCR for

enteroviruses (Table 4-2). Possible sources of enteroviruses exist in the nearby area such as

nearby sewage systems, a large urban population, and homeless encampments along the

nearby river (William Yanko, personal communication). The potable wells sampled here

(M3766 and M3807) were both negative.

Some unexpected PCR positives were tapwater samples (M3668 and M3669) sent

from Los Angeles that were passed through the collection eqiuipment after disinfection by

chlorination and a low pH wash. The tapwater was than concentrated and assayed for

enteroviruses via PCR and cell culture. Samples were cell culture negative but PCR positive.

As these samples were controls against cross-contamination by the sampling equipment, this

result may have been due to contamination of samples from the sampling equipment. This

equipment is within a truck and it was developed to use negative filters. HC1, A1C1 3 , and

Na2 S0 3 (to dechlorinate) are combined in a tank and injected into the stream just prior to

filtration. The truck has a tank to contain sample and a pump to pump from the tank through

the filters. There is a built-in flow meter, pH meter, and a pressure meter. Elution is done

directly with air by flipping a switch and opening different valves.
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The whole concentrator is controlled by electric soenoid valves. The equipment is very

complicated and there is more surface area for potential contamination. However, the

tapwater itself could have been a source for these viruses. The tapwater originated from local

groundwater that is not near any recharge sites and is disinfected.

At the Tucson Water Recharge site, wells which were positive included WR69A,

WR199A, WR198A and ML002. Wells WR69A and WR199A are located in or on the

perimeter of the basin (Table 4-1), and thus the wastewater effluent is the most likely source

of contamination. Well WR198A is upstream of the basin but this land is a golfcourse which

has been irrigated with wastewater effluent for many years, and is also 200 feet from a leach

pipe. Well ML002 is not likely influenced by the basin but has other potential sources for

contamination. This well is on inhabited private land and there are septic tanks in close

proximity of the well. Also there are washes which feed down into this area and there is a

horse farm upstream (Peter Chipello, personal communication). Total and fecal coliforms

have been isolated from this well since 1995 and as high as 1600 MPN/L total coliforms

have been observed (April, 1997) (Peter Chipello, personal communication). Well SC-33

was a control well and is located more than ten miles from the Tucson perimeter and more

than one mile from any human or animal sources of contamination. It was sampled before

each sampling event and was consistently PCR negative. These results demonstrated that our

equipment disinfection regimen was sufficient enough to control for cross-contamination by

the sampling equipment.
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The number of wells in which virus was detected by PCR far outnumbered those with

viable and infectious virus as determined by cell culture. Of twenty samples analyzed by cell

culture and PCR, four were positive via cell culture and nine were positive via PCR.The

presence of virus in groundwater could have been influenced by rainfall. Many of the

samples were taken during the rainy season. There is generally an increase in the number of

viruses in water after periods of heavy rainfall (Goyal, 1983). Viability of viruses may have

been influenced by the dry summer months. A decrease in rainfall and and drying

of the soil can promote viral inactivation. However, season is only one factor affecting

presence or viability of enteroviruses in the soil and groundwater. More data must be

accumulated before we can identify trends and interprete the influencing causative agents.

In summary, the polymerase chain reaction is a sensitive, specific, and fast technique

for the detection of enteroviruses. It can differentiate types of enteric viruses, such as

rotavirus, enterovirus, hepatitis A, and Norwalk, and detect concentrations below plaque

forming units. It is also reproducible between laboratories. The best strategy involves

removal of PCR inhibiting compounds, large volume PCR to analyze a larger equivalent

volume of water sample, double PCR for greater amplification, positive virus seeded

controls and negatives to control for false positives and negatives, sequencing for specificity,

and dot blot probe or semi-nested PCR for increased detection sensitivity (Figure 6-1). If

time is a consideration, double PCR and semi-nested PCR will be adequate. PCR can be used

to indicate presence only, and positives do not imply viability or
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infectivity. However, one can envision techniques to deduce the viability, like amplification

of expressed mRNA from DNA viruses like adenovirus. Another drawback of PCR, the

quantitation of PCR product can be managed with most probable number (MPN) technique,

a statistical method allowing for estimation of the microorganisms in the sample using a

series of ten fold dilutions, in which each tube is a presence/absence test. For our purposes,

PCR presents a fast, sensitive, and cheap alternative for enterovirus detection in groundwater

compared to cell culture. It should be suggested that in situations where it is

necessary to differentiate viable and infective viruses from inactive viruses integrated cell

culture-polymerase chain reaction (ICC-PCR) should be performed. Samples are first

assayed on cells and the supernatant from the culture can be frozen and thawed for release

of infectious viral nucleic acid for PCR analysis.

The problem with interpretations of positive PCR signals from environmental

samples does not diminish the potential value of PCR for monitoring the environment for

viruses. A positive result proves the presence of encapsidated enteroviruses in the water,

since free RNA is rapidly degraded in environmental waters (Tsai, 1995). Though it should

not be considered equal to the detection of infectious viruses via cell culture, PCR can be

used to serve as an indicator, signaling at the very least, viral presence. It is possible to use

PCR to screen pools of environmental samples and positive samples can be further tested by

cell culture, if viability must be determined. This would reduce the number of cell culture

assays necessary, as well as the time and costs of these assays.
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Figure 6-1. Best Strategy for Molecular Detection of Enteroviruses in Groundwater
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Indicator Comparison

Coliphage, coliforms, enterococcus and Clostridium perfringens, and phage were

all, on average, below detection limit or present in low concentration. Total coliforms were

found most frequently in groundwater samples. Phage were not found as often but this could

have been due to limitations in the small sample volumes assayed (20L) for phage. Bacteria

presence may have correlated with rainfall, but as data is limited, implications are limiting.

Also,there is a large amount of variance, about 16 percent, that remains unexplained and is

likely to be related to other factors such as sampling variation due to differences in the

efficiency of virus detection from one sample to another. Thus, correlations between viruses

and specific indicators may be difficult to make and maintain on many levels, as there are

limitations in detection sensitivities, inhibitors of assays (i.e., fungus growth on bacterial

culture plates), changing environmental conditions, and soil-related factors, such as soil

porosity. Additional work and more data is necessary, therefore, to determine the usefulness

of each indicator in this project.

Concentration Study

One criticism of PCR is its inability to differentiate between infectious and non-

infectious viruses. In this study, we inactivated viruses with chlorine, added them to

tapwater, and after elution and concentration procedures assayed each sample via PCR.

Inactivated and non-inactivated poliovirus-1 (103 PFU/mL) was detected after concentration
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in tap and secondary effluent (Figure 5-3). To assess the quantitive reduction of inactivated

poliovirus after concentration, the experiment was repeated and dilutions of sample were

processed via PCR. Inactivated poliovirus (10 5 and 104 PFU/mL) could be detected after

concentration in the 10-3 and 10-4 dilutions of seeded tapwater respectively (Tables 5-7, 5-8).

Non-inactivated poliovirus (10 5 and 104 PFU/mL) could be detected after concentration in

the 10' and 10 -5 dilutions of seeded tapwater respectively (Tables 5-7, 5-8). Inactivated

poliovirus was concentrated one log lower (90 percent less) then non-inactivated poliovirus.

One possible interpretation is the effect of chlorine on the surface of the viral capsid

(Thurman, 1988)). The capture of viruses by the positively- charged filter depends upon the

charge interaction of the filter with the proteins surrounding the viral RNA. Chlorine may

alter the charge of the proteins when in contact with them. This may break bonds between

proteins which keep the capsid intact, thereby disrupting the capsid or preventing their

interaction with the filter during concentration (Thurman, 1988). This same configuration

change is likely responsible for the loss of infectivity in cell culture. The capsid alteration

would in this case change the ability of the virus to attach during infection and penetration

into the host cell. If this experiment were repeated on secondary eflluent there may be even

lower concentration efficiencies. Secondary effluent has a number of inhibitors which may

be concentrated during the procedure (Ansari, 1992; Tsai, 1994). These compounds may

destroy the already weakened chlorine-inactivated virus rendering its nucleic acid susceptible

to degradation and thereby undetectable.
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The concentration procedures do allow discrimination between viable and non-viable

viruses. It may reduce the numbers of non-infectious viruses more significantly, (90 percent

(Fig. 5-2), thereby making PCR positive results less likely to represent non-infectious virus.

Also, adsorption and persistence will reduce the numbers of inactivated viruses that reach

the groundwater. Persistence studies (see persistence of poliovirus in results) have

demonstrated poliovirus does not persist in secondary effluent past five days. These results

suggest that we may be able to determine viability based on PCR results. If concentrations

in groundwater and secondary effluent do not exceed 10 3 PFU/mL in general, (enterovirus

concentration was 1.4 PFU/mL in the reconcentrated secondary effluent- data not shown)

concentration methods may remove inactivated viruses and would not be detected by PCR.

Persistence Study

Extensive research on the survival of enteroviruses has shown that temperature is the

single most important factor determining their survivability, but other factors, like water

quality, play a role in the stability of these viruses in the aquatic environment. It has been

shown also that survivability differs among different viruses, and even among closely related

viruses. Therefore, caution should be taken when extrapolating survivability data from one

type of virus to another.



94

This study compared the survival of inactivated poliovirus type 1 (polio 1) in tap

water and secondary effluent at room temperature. PCR assays were conducted at regular

daily intervals. The survival of inactivated polio in tapwater was greater than that of

inactivated poliovirus in secondary effluent (Table 5-6, Figure 5-1). Inactivated poliovirus

may have been less persistent in secondary effluent than in tapwater due to the high

concentration of microbes that release compounds which can promote viral capsid

degradation (proteinases) and consequently degradation of viral nucleic acids (RNases and

DNases) that are prevalent in environmental waters (Sobsey, 1980). These results suggest

that 90 percent of inactivated enteric viruses may be lost after four days in secondary

wastewater effluent and undetectable after day six (Figure 5-1). Reduction of inactivated

PCR detectable poliovirus-1 in tapwater was reduced by ninety-nine percent on day twelve,

but was still detectable on day fourteen. These results correlate with Enriquez et al (1993),

who found a ninety-nine percent decrease of non-inactivated poliovirus-1 on day twelve via

gene probe and cell culture. It has been estimated that travel time through the saturated

vadose zone depth (approximately 120 feet) at the Tucson Water Recharge site is seven days

to two weeks (Ralph Marra, personal communication). Therefore inactivated viruses may not

survive degradation while in contact with secondary wastewater effluent and may not reach

the groundwater. Persistence of inactivated poliovirus in groundwater should be done to

determine how long inactivated viruses that reach the groundwater can persist there.

However, removal by adsorption which can exceed 90 percent for viruses through fifteen
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feet of soil with an infiltration rate of 50 ft/ day may remove significant numbers of

inactivated virus (Gerba, 1991). Also, bacterial growth and decay in the environment will

promote release of proteases and nucleases and these will accelerate decay of viruses

(Enriquez, 1993). This information could help us to interprete PCR positive results in the

future in regards to detection of inactivated viruses. PCR should be less likely to detect

inactivated viruses.

Other Viruses 

Only three out of twenty-one samples were PCR positive for Hepatitis A (M3642-

secondary effluent; M3689- final effluent; M3705- groundwater monitoring well sample near

recharge basin)). Samples M3689 and M3705 were also PCR positive for enteroviruses. No

samples were positive for adenovirus. Presence or absence of viruses in groundwater could

be due to the persistence, removal by adsorption, collection and detection limits or

occurrence of these viruses. Enteric adenovinises, though found in wastewater effluent, may

not survive longer than polio-1 in primary and secondary sewage at either 4 or 15°C

(Enriquez, 1993). The faster inactivation in sewage might result from protein capsid damage,

rendering the virions susceptible to nucleic acid damage (Sobsey, 1980). HAV is more

resistant to chlorine than other viruses but is less resistant to free chlorine than poliovirus 2

(Grabow, 1985). Enterovinises have been known to survive in waters high in organic matter

like secondary effluent (though the mechanism is not known)
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(La Belle and Gerba, 1980), thus greater survival in originating waters (effluent) may explain

their greater occurrence in groundwater. Also, differences in removal of different viruses

may be due to soil type (Gerba, 1991). Current concentration and detection methodologies,

also are optimized for enteroviruses and may be <50% efficient for recovering hepatitis A,

adenovirus, Norwalk, and rotavirus (Goyal, 1983). Finally, these viruses could be less

detectable relative to enterovirus as their presence would indicate fecal contamination from

an infectious individual, whereas enterovirus presence may merely represent fecal

contamination from a vaccinated individual (most enteroviral sequences amplified were from

vaccine strains). Thus their lower detection could also result from lower occurrence.
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CHAPTER 7

CONCLUSIONS

1.Viruses were detected in groundwater sources impacted by reclaimed wastewater by both

the polymerase chain reaction (PCR) method and by cell culture at concentrations of

approximately 0.003 MPN/L. Vaccine strain poliovirus was detected much more frequently

than Hepatitis A. Adenovirus was not detected in any sample. These results suggested that

enteroviruses could travel at least 60 feet through the unsaturated zone at Montebello and at

least 120 feet through the unsaturated vadose zone at Sweetwater.

2. The PCR-based detection methodology and confirmation with dot blot hybridization

and/or sequencing developed for this study was found to be more sensitive (10- fold) and

specific compared to cell culture. The fastest method was PCR with semi-nested PCR as

confirmation. This methodology proved more sensitive than cell culture for large-scale

analysis of environmental samples.

3. PCR detectable poliovirus, inactivated by chlorine decreased by 90 percent in nine days

in tapwater and in four days in secondary wastewater effluent. There was a 99 percent

decrease in tapwater on day twelve and no detection in effluent after day six. Chlorine

inactivated viruses were not concentrated as efficiently as cell culture detectable virus (a 90

percent decrease), in tapwater.
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APPENDIX A: DEFINITIONS

Agarose gel	 A medium for separation of high-molecular weight DNA. Gels are

stained with ethidium bromide for visualization of PCR products.

cDNA Complimentary DNA which is synthesized using RNA as a template

and the enzyme Reverse Transcriptase. It is the product for

Polymerase Chain Reaction.

CPE	 Cytopathic Effect. Morphological changes observed in a cell culture

when infected with virus. The effect is characteristic of the cell line

and the virus infecting it.

Deoxynucleotides	 dNTP's or nucleotides with three subunits: nitrogen-containing single

or double ring structures (adenine, guanine, thymine, cytosine), 5'-

carbon sugar, and a phosphoric acid. These structures make up the

DNA backbone.

DNA Ladder	 A mixture of standard DNA polymers that vary be a fixed increment

of base pairs and are used for comparison on agarose gels.

DNA Polymerase

	

	 The enzymes that synthesize DNA from deoxynucleotides

triphosphate, using a single stranded nucleic acid as a template.

Dot Blot

	

	 Hybridization of labelled probe to "dots" of template crosslinked to

membrane.
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PCR	 Polymerase Chain Reaction. An in vitro method for the enzymatic

synthesis of specific DNA sequences, using oliogonucleotids primers

that hybridize to opposite strands and flank the region of interest in

the target DNA. Milllions or billions of copies can be synthesized.

PFU

	

	 Plaque Forming Unit. Clear zones formed on cells infected with virus

and used in the quantification of viruses

Primers	 Short (20-50 base pair) strands of DNA that are chosen for their

complimentary to the DNA of interest. Primers bind to the

complimentary target DNA sequence during the amplification

reaction and initiate the action of DNA polymerase.

Primer-dimer	 An artifact of some PCR's which consist of primers that have

annealed to each other and undergone some amplification. The size

of the dimer is usually close to the combined size of the two primers

used in the reaction.

RT	 Reverse Transcriptase, an enzyme capable of synthesizing single-

stranded DNA from RNA template.

RNAse Inhibitor	 An enzyme (RNasin) capable of inhibiting RNase activities. RNase

is added to a sample to eliminate degradation of RNA template.



Semi-nested PCR

5'/3'
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This technique employs a second PCR amplification, into which a

small portion of the first PCR product has been added. In the first

PCR reaction, the entire target DNA should be amplified, while in the

second reaction, if the target DNA is actually present, only a portion

of the target DNA would be amplified. If the target DNA is not

present, the nested primer should fail.

Order and identity of the four base pairs in a nucleic acid sequence.

A technique for transferring DNA in gels to nylon or nitrocellulose

membranes.

Five prime/ three prime refers to the opposite strand directions of an

RNA or DNA strand.

Sequencing

Southern Transfer
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