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ABSTRACT 

In the arid Southwest where groundwater levels are rapidly declining, reuse of 

wastewater for groundwater recharge is currently being practiced. Since this practice is 

known to improve the chemical and biological quality of wastewater, it has been referred 

to as Soil Aquifer Treatment (SAT). This study investigated the fate of enteric viruses 

during SAT in Los Angeles, California, and Tucson, Arizona. The sites differed by both 

the quality and quantity of wastewater applied to spreading basins. At the Tucson site, 

secondary treated wastewater was applied. In Los Angeles, some sites received 

stormwater run-off combined with tertiary treated wastewater and others received only 

tertiary treated wastewater. 

A major concern with recharge of groundwater is the possible introduction of 

disease-causing organisms from inadequately treated wastewater. Although harmful 

bacteria, viruses, and protozoa may be present in wastewater, viruses cause the greatest 

concern regarding groundwater contamination due to their small size and long-term 

survival capabilities in the environment—making them less likely to be removed by the 

process of soil filtration. 

Integrating the DNA amplification method Polymerase Chain Reaction (PCR) 

with cell culture, a new technique called Integrated Cell Culture-Polymerase Chain 

Reaction (ICC-PCR) was adopted to study the occurrence of viruses after SAT. ICC-

PCR was used in this study for the detection of non-cytopathogenic effect (CPE) 

producing enteroviruses in cell culture lysates. Primers had a sensitivity of 1 PFU/|al in 
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cell culture lysate fluid. ICC-PCR products were confirmed with semi-nested PCR and 

sequencing of the viral nucleic acid 

Two hundred eighty-two CPE negative cell culture lysates were analyzed via 

ICC-PCR, after four cell culture passages. Twenty-seven of these cell culture lysates 

were found to be positive by ICC-PCR. These twenty-seven cell culture lysates 

encompassed four tertiary treated wastewater samples, three reclaimed groundwater 

monitoring well samples, three deep potable groundwater well samples from the Los 

Angeles area, two secondary wastewater effluent samples, and one reclaimed 

groundwater monitoring well sample from Tucson, AZ. 

Coliphages were detected in the groundwater at the Tucson SAT site more often 

than indicator bacteria. There was no evident relationship between the occurrence of 

indicators and isolation of non-CPE producing enteroviruses at the Tucson site. 



1.0 INTRODUCTION 

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 contaminations from wastewater and recharging the groundwater. Field 

investigations on the effectiveness of this treatment are being conducted by the Los 

Angeles County Sanitation Department at Montebello Foregrounds, and by the 

University of Arizona at the Tucson Sweetwater Recharge Facility. One of the specific 

objectives of this project was 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 et 

al, 1979). However, there is a lack of documentation of the presence of viruses in 

groundwater impacted by reclaimed wastewater. 

Currently, standard methods for the detection of enteroviruses involve cell culture 

assays which are expensive and time consuming. Detection is limited to infectious 

viruses, but not all viruses produce cytopathogenic effects in cell culture. An alternative 

method for detection of viable/infectious enteroviruses is ICC-PCR (Integrated Cell 

Culture, Polymerase Chain Reaction). It also allows the specific identification of 

infectious viruses present in samples and increased detection sensitivity of low 

concentrations of viruses, including non-CPE producing viruses. 
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Groundwater and reclaimed wastewater were analyzed for enteroviruses, indicator 

bacteria, phage, and other viruses (adenovirus and hepatitis A) in order to assess the 

overall microbiological quality of groundwater at these sites. 

1.1 Soil Aquifer Treatment 

Every day, millions of gallons of treated wastewater are discharged into surface 

waters instead of reclaimed. As water becomes more and more precious, communities 

are looking at ways to reclaim wastewater for non-potable purposes. As we upgrade 

treatment facilities to meet growing wastewater treatment requirements, it makes sense to 

treat to a level that allows wastewater to be used safely for irrigation, groundwater 

recharge, and other beneficial uses. Wastewater reuse offers an attractive methodology to 

obtain a water supply and enhance our environment. SAT is one technology that has 

been applied to utilize the valuable resource of reclaimed wastewater. 

The main purpose of artificial aquifer recharge is to store excess water in the local 

aquifer for later use while improving water quality. In areas where groundwater is an 

important component of the water supply, and rainfall variability does not allow for a 

sufficient level of aquifer recharge by natural means, these technologies provide for the 

artificial enhancement of the natural recharge. Storage of surface runoff in underground 

aquifers in arid and semi-arid areas also has the advantage of minimizing evaporative 

losses. 

During SAT, either secondary or tertiary effluent is applied at a high 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 wastewater as it percolates through the vadose zone 
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(Alberts et al, 1994). Mechanisms include sorption (adsorption onto organic matter and 

soil colloids), biodegradation of organic compounds, 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. 

1.2 Public Health 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 et al, 1994). 

Rapid infiltration through highly permeable soils offers the least protection against 

groundwater contamination (Berg et al, 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 
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people relying on groundwater for their drinking water source and the unknown disease 

potential of certain human viruses. 

1.3 Microbial Removal and Survival through the Vadose Zone 

Parasitic protozoa and helminthes are usually efficiently removed by filtration 

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

largely via filtration, although adsorption is also involved (Gerba et al, 1985). 

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

adsorption (Gerba et al, 1991). 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 et al, 

1984). Virus adsorption to soil particles and a high soil organic carbon content seem to 

prolong virus survival, although these relationships have not 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 

viruses from groundwater and numerous outbreaks of viral disease have been attributed 

to groundwater (Gerba e/a/., 1985). 



21 

Another factor in virus reduction during SAT is inactivation or die-off. The most 

important determinant of virus survival is temperature (Yates et al, 1987). 

Bacteriophages (viruses that infect bacteria) such as MS-2 and PRD-1 can survive for 

very long periods (> 90 days) at 4°C (Yahya et al, 1993). The activity of aerobic soil 

microorganisms has also been shown to have an adverse effect on virus survival (Hurst et 

al., 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 wastewater and in the same soils that were allowed to dry. Upon drying, none of the 

initial viruses were detectable (>99.99% inactivation), but considerable quantities were 

still present in 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 

dissociation of viral genomes, capsids and degradation of viral RNA. In both moist and 

dried non-sterile soils, viral RNA was released from capsids and found in a degraded 

form. In dried, sterile soils, viral RNA was released 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 isoelectric point of the virus capsid was 

altered. 
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1.4 Enteric Viruses 

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

individuals (10^-10^ per gram of feces). Enteric viruses include the enteroviruses, 

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

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

viruses, but limitations in detection may have underestimated this number (EPA, 1992). 

Enteroviruses are members of the Picomaviridae 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 et al, 

1993). The enteroviruses can cause a variety of illnesses ranging from gastroenteritis to 

myocarditis and aseptic meningitis (Table 1.0). 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 et al, 1993). 
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Table 1.0. Human Enteroviruses. 

Virus group Serotypes 

Poliovirus 1,2,3 
Echoviruses 1-9,11-27,29-34' 
CoxsackieA 1-22,24^ 
CoxsackieB 1-6 

Enteroviruses 68-71 

Major illnesses 

Paralytic poliomyelitis, meningitis 
Meningitis, common cold 
Meningitis, herpangina, common cold 
Myocarditis, congenital heart defects, 
pleurodynia, common cold 
Meningitis, common cold 

' Echovirus 10 was classified as reovirus 1, and echo virus 28 as rhino virus 1 
^ Coxsackievirus A23 was classified as echovirus 9 

Hepatitis A Virus (HAV) is an important waterbome virus. 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 et al, 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 water has probably been underestimated. 

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

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

vimses are readily found in fecally contaminated drinking or recreational waters, 

waterbome enteric vims infection has been rarely documented. Waterbome outbreaks 

due to enteric vimses are difficult to document because many infections are sub-clinical 

(Block et al, 1983). Therefore, a waterbome-infected individual without overt disease 

may infect others, who in turn may become ill, spreading the infection further. 
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Numerous studies have documented the presence of enteric viruses in raw and treated 

drinking water, wastewater, and sludge (Berg et al, 1983, Straub et al, 1994, Puig et al, 

1994). 

1.5 Conventional and Molecular Methods for Virus Detection 

1.5.1 Cell Culture 

The standard method for the detection of enteric viruses in environmental samples 

involves cell culture, which is expensive and time consuming. In addition, not all enteric 

viruses can be detected by growth in cell culture. Norwalk virus, for instance, has yet to 

be successfully grown in cell cultures. To test for different viruses, multiple cell lines 

are required. 

1.5.2 RT-PCR 

Reverse transcriptase polymerase chain reaction (RT-PCR) method, which is an 

in vitro enzymatic amplification of target nucleic acids directed by a specific pair of 

oligonucleotide primers, can be used to detect viral nucleic acids. The primers bind to 

the separated strands of DNA or cDNA (complementary DNA, created by reverse 

transcriptase from RNA) at a homologous site and enable a polyermase enzyme to 

amplify a nucleic acid sequence of unique size and specificity. It is more rapid and less 

costly than conventional cell culture. Using repeated cycles of PCR, a 10^-fold 

amplification of a single copy of target nucleic acid can be completed within a few hours. 

PCR assays have been used in the detection of enteroviruses in clinical and 

environmental samples (Picard et al, 1992). Standard PCR allows for specific 
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identification of viruses and increased detection sensitivity. However, it also detects non

infectious viruses and does not allow for the quantification of low numbers of viruses. 

1.5.3 Semi-nested PCR and Sequencing 

To confirm the specific nature of DNA copies obtained, another molecular 

confirmation, such as semi-nested PCR, can be used. With semi-nested PCR, an internal 

primer and an upstream primer are used to amplify the DNA copies obtained with PCR. 

This method increases the sensitivity of PCR by creating more DNA copies. 

Another confirmation of specific viral nucleic acid amplification is obtained by 

sequencing the nucleotide composition of the PCR products. With computer-assisted 

nucleic acid analysis, unique genetic fragments of microbial pathogens can be identified. 

A specific fragment can then be used as a diagnostic tool for the identification of 

pathogens. 

The cost of a cell culture assay may be as high $650 per sample. A PCR assay 

can be easily accomplished within 8 hours, including the confirmation phase (semi-nested 

PCR), for a cost of less than $250. Table 1.1 compares major differences between the 

two methods. 
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Table 1.1. Comparison between Cell Culture and PCR. 

Cell Culture Polymerase Chain Reaction 
Quantifiable Non-quantifiable 
Assay large volumes (>2000L) Assay Smaller volumes (5-lOL) 
Viability Test Detects non-viable viruses 
2-4 weeks to confirm 24-48 hour to confirm and sequence 
Expensive ($650) Less costly ($250) 
Non-specific identification of strains Specific identification of strains 
Sensitivity 1 PFU' Sensitivity of 0.1-0.01 PFU' 
Confirm with subsequent passage or PCR Confirm with semi-nested PCR and 

sequencing 

^Plaque forming units 
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1.5.4 Integrated Cell Culture Polymerase Chain Reaction (ICC-PCR) 

The standard method of enterovirus assay and detection is through use of animal 

cell culture. The presence of a virus is indicated by the destruction of the cells referred to 

as the cytopathogenic effects (CPE). Enterovirus detection requires up to 14 days cell 

culture. Additional passages in cell culture may also be necessary to detect all the viruses 

which may be present in a sample increasing the detection time. Not all viruses produce 

CPE and therefore elude detection by conventional methods. 

Integrated cell culture-polymerase chain reaction (ICC-PCR) is a new method of 

virus detection, combining cell culture and molecular techniques (Figure 1.1). It provides 

a more rapid and sensitive means for isolating infective virus, including strains that do 

not produce CPE (Reynolds et al, 1996). In 1996, Reynolds devolped ICC-PCR using 

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

limitations (Reynolds et al, 1996). The method involves inoculation of cell monolayers 

with viruses, incubation of the culture flasks for 5-7 days, and RT-PCR assay of the cell 

lysate and supemate. 

A negative aspect of ICC/PCR is that viruses must be culturable to be detected. 

Chapron et al, (2000) used ICC-RT-PCR to detect adenoviruses, astroviruses, and 

enteroviruses in raw, finished surface water samples and in sludge samples collected 

from different wastewater treatment plants throughout the country. Grabow et al, (2000) 

detected non-CPE producing viruses in 67% of 224 raw river and reservoir water 

samples and in 23% of 413 drinking water samples. 
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Filter, Elute and Reconcentrate Sample 

Cell Culture (72 hrs) BGM/CaC02 

Freeze-80°C/thaw 37°C 

Spin cell culture lysate 10 
min @1,500 g 

PCR 
PCR& 
seminested 

1/10 dilution PCR 

SEQUENCE 

Figure 1.0. Flow Chart of ICC-PCR Procedure. 
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1.6 Bacteriophage as Indicators of Virus Transport 

Coliphages are viruses that infect and replicate in coliform bacteria and are shed 

in human and animal feces. They do not cause disease in humans or other animals, and 

those that infect Escherichia coli and other common intestinal tract bacteria are naturally 

present in wastewater. Coliphages are potentially useful microorganisms for monitoring 

microbial quality of water and wastewater. The detection of coliphages has been of 

increasing interest since it has become clear that bacterial monitoring of waters and 

wastewaters may not adequately indicate the presence of human enteric viruses (Hedberg 

et al, 1993). They have also been shown to survive longer in the environment and are 

more resistant to disinfection than enteroviruses (Gerba et al, 1984). Coliphage assays 

are relatively inexpensive, easy to perform, and yield overnight results. Somatic 

coliphages attach to the cell wall of bacteria, while F-RNA phages, or F-specific 

coliphages only infect bacterial cells that posses F pili {E. coli Famp). Their significance 

lies in the fact that these coliphages are structurally similar to many human enteric RNA 

viruses (Sobsey et al., 1995). 

Somatic coliphages are generally found in waters and wastewaters in greater 

abundance than male-specific coliphages and come in a wide variety of shapes and sizes. 

Somatic coliphages can replicate in the environment if a suitable host is present (Sobsey 

et al, 1985). Because of this, the somatic coliphage group is less representative of 

human enteroviruses than the more uniform RNA phages. Host bacterial strains have 

been developed, such as E. coli Famp, to specifically detect F-RNA coliphages. 
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The characteristics which make F-RNA coliphages potential indicators are: 

They are generally present whenever human viruses are present 

They generally outnumber human viruses by approximately 3 orders of magnitude 

in water environments 

Like human viruses, they caimot multiply in the environment 

They are generally at least as resistant as human viruses to unfavorable conditions 

in the environment and to water treatment processes 

They are highly specific for fecal pollution 

They are detected by simple, inexpensive and rapid techniques 

They and the host organisms are nonpathogenic and safe to work with 

Phage detection methods are applicable to all types of water 
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1.7 Objectives of this Study 

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

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

presence of enteric viruses in groundwater recharged with reclaimed wastewater. Sample 

collections were performed at recharge sites located in Los Angeles, California, and 

Tucson, Arizona. The specific research objectives included testing for the occurrence of 

enteric viruses in groundwater at recharge sites using ICC-PCR, and the usefulness of 

bacteria and coliphages as indicators of SAT virus removal. 
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2.0 MATERIALS AND METHODS 

2.1 Tucson Site Description of the Recharge Facility 

The Sweetwater Underground Storage and Recovery Facility (SRF) (Figure 2.0) 

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). Treatment consists of 

primary sedimentation, biological treatment (biotowers), clarification, chlorination (30 

minute contact time) and de-chlorination. The wastewater facility consists of four 

spreading basins, excavated approximately 3 m below the land surface. The wells 

selected for this study were under the influence of recharged wastewater (Table 2.0). 

Wells WR-92A and WR-198A are up-gradient from the basins, and are influenced by 

reclaimed water. WR-92A is along the Santa Cruz River and WR-198A is along 

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

irrigated with secondary effluent, and well WR-198A is 61 m from a septic tank leach 

field. Wells WR-69A and WR-199A are alongside of and within the spreading basins, 

respectively. Both of these wells are influenced by reclaimed water. Well ML-002 is 

northwest of the spreading basins across Silverbell Rd and also influenced by reclaimed 

water. This is an old domestic well that has had a history of total coliform bacterial 

contamination, which may come from the subsurface flow of septic tanks from nearby 

residents. Wells SC33 and SC20 were selected as controls (potable drinking water wells) 

south of Tucson, which are far from sewer lines and human activity. 

The principal water bearing units of the Tucson basin are the recent alluvium 

(from top to bottom), the Fort Lowell formation, the Upper, Middle, and Lower Tinaja 
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Bed, and the Pantano Formation. The recent alluvium is comprised of gravel; sand and 

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

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

Composition of the Tinaja Beds range 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. 

At the SRF, only the recent alluvium and the upper Fort Lowell Formation are 

found above the groundwater table. In the vadose zone, some perching of groundwater 

may occur over the low permeable lenses and near the contact between alluvium and the 

Fort Lowell Formation. However, it is thought that perched zones are 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. 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 water levels 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 36.6 m below the ground surface. Hydrological influences 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 
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Tucson region does not add significantly to the recharge volume. Groundwater may enter 

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 recharge basins receive weekly flooding of secondary chlorinated 

wastewater, originating from Roger Road Wastewater Treatment Plant (RRWWTP) 

(Figures 2.1 and 2.2). Treatment consists of primary sedimentation, biological treatment 

(biotowers), clarification, chlorination and de-chlorination. The average daily influent 

flow at the County's Roger Road Wastewater Treatment Plant in 1998 was about 144 

MLD (million of liters a day). RRWWTP effluent flow in excess of infiltration and reuse 

requirements is discharged to the Santa Cruz River. The Santa Cruz experiences 

intermittent flow over most of its length. During dry weather (generally 10-11 months of 

the year) the RRWWTP discharge is the sole source of water in the river at the 

Sweetwater site. 
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Sweetwater Recharge Facility Site Plan 
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Figure 2.0. Schematic of the Sweetwater Recharge Facility (SRF). 



Figure 2.1. Dry Recharge Basin One (RB-1) with Monitoring Well WR-199A. 



Figure 2.2. Wet Recharge Basin One. 
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Table 2.0. Tucson Water Recharge Well Description. 

Monitoring 
Wells 

Well 
Location 

Distance 
from RB-

l(m) 

Sample 
Dates 

Well 
Depth 

(m) 

Surface 
Casing 
Depth/ 

Diameter 
(m) 

Screen 
Interval 

(m) 

Water Table 
Depth-(m) 

Static 
Level 

Water Table 
Depth-(m) 

Pump Level 

WR-69A 

Between 
Basin 1 
and 2 

West of 
River 

53 
4/8/96-

4/99 
63 41 27-41 33 37 

WR-92A 
Up-

gradient 
of Basin 

259 
4/8/96-

4/99 
41 41 27-41 35 

37 

WR-198A 

Up-
gradient 
of Basin 
on Golf-
course 

Site 

308 
4/9/96-

4/99 
61 61 33-61 39 39 

ML002 
West of 
Basin & 

Silverbell 
94 

4/8/96-
4/99 66 66 34-66 44 45 

WR-199A 
Basin 

East of 
Silverbell 

Inside 
basin 1 

4/1/97-
4/99 

63 63 27-63 35 39 

SC33 
Production 

Well 

South of 
Tucson 

3 km 
from 

basins 

>3 km 
from 

basin and 
>3 km 

from any 
source of 
contam
ination 

7/24/97-
4/99 

241 241 143-168 80 NA' 

SC 20 
Production 

Well 

South of 
Tucson 

>3 km 
from 

basins 

> 3 km 
from 

basin and 
>3 km 

from any 
source of 
contam
ination 

used only 
once on 
9/15/98 

183 183 46-183 68 NA^ 

' Not available M.W. = Monitoring Well All the groundwater temperatures were between 18°C and 22°C and had a pH of 6.8-7.5. 
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2.2 California Sites Description of the Recharge Facility 

Effluent samples from four water reclamation plants (WRP) were collected to 

determine the levels of indicator organisms (bacteria and coliphage) and enteric viruses. 

California Sanitation District Los Angeles County (CSDLA) operates three of these 

WRP, San Jose Creek East, San Jose Creek West, and Whittier Narrows. A portion of 

the effluent from these facilities is used for groundwater recharge in the Montebello 

Forebay. 

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 down gradient 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 stormwater runoff. Reclaimed water is recharged 

during the dry parts of the year and/or drought periods. Since these areas are located in 

densely populated areas, wells in these areas are subject to urban influences (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 Irrigation District well # 5 and La Habra Heights well # 8) were 

sampled. The Rio Hondo site has the advantages of not being impacted greatly by the 

other water sources. Three well fields at that site were selected for the study. These were 

South Montebello Irrigation District (I.D.) well #5, La Habra Heights well # 8, and 



40 

monitoring wells 1590 AL and 2909Y. Monitoring wells 1590AL and 2909Y are located 

at the Rio Hondo Spreading Grounds South. Montebello Irrigation Districts Well # 5 is 

also located in the Rio Hondo Spreading Grounds, 24 m distant from a recharge basin. 

Estimated travel time for water from basin to well is 33 days. La Habra Heights Well # 8 

is located 119 m from the San Gabriel River Spreading Grounds and has a theoretical 

travel time of 1,727 days from recharge area to the well. 

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 

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 aerial 

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 aquifers are merged and the 

potentiometric surface is an unconfmed water table. 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. Since the 1930's, 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. The forebay 
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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, 

approximately 32-40 km west of the Montebello Forbay site. This site recharges only 

runoff water. No reclaimed water is currently re-used at East Valley. This was used as 

the control site for this study. It is subject to the same potential urban virus sources as the 

Montebello Forebay sites (leaking sewers). One monitoring well (EV-01) and two 

potable wells (Tujunga and Rinaldi) were sampled. Three control sites were selected 

from the East San Fernando Valley. EV-01 and EV-05 (monitoring wells for the Hansen 

Spreading Grounds), Rinaldi/Toluca Well #5, and the Tujunga well field (wells 4, 6, and 

8). These wells are not subject to intentional reclaimed water recharge. Samples from 

these sites were collected over a two-year period on a quarterly basis resulting in eight 

samples for each site. Table 2.1 describes all the monitoring wells sampled. 
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Table 2.1. Montebello Forebay Well Description. 

Water Source Water Type Number of 
sample 

collections 

Date Sampled Depth to Groundwater 
(m) 

San Jose Creek East 3° Effluent 8 05/12/97-
02/08/99 NA^ 

San Jose Creek West 3°Effluent 8 05/14/97-
0/16/99 NA^ 

Whittier Narrows 3°Effluent 8 05/20/97-

02/22/99 NA^ 

D.C. Tillman 3°Effluent 7 06/10/97-
01/11/99 

NA^ 

1 
East Valley MW EV-01 

Groundwater-
control 

1 08/19/97 73 

East Valley MW'EV-05 Groundwater-
control 

4 02/10/98-
01/05/99 

73 

Rio Hondo 

MW 1590 A1 

Groundwater-
impacted 

3 05/28/97 

01/06/98 9 

So. Montebello I.D.* 
Well #5 

Groundwater-
impacted 

7 06/03/97-
12/07/98 

14 

La Habra Heights Well 
#8 

Groundwater-
impacted 

8 06/25/97-
03/08/99 

18 

Tujunga Well # 4,6,8 Potable Well 5 06/30/97-
01/19/99 

104 

Rinaldi/ Toluca #5- East 
Valley 

Potable Well 6 07/22/97-
02/01/99 

NA' 

1 2 

Monitoring Well Not Available *I.D. = Irrigation District 
All the groundwater temperatures were between 18°C and 22°C and had a pH of 6.8-7.5. 



43 

2.3 Collection of Groundwater Samples 

Sample containers were sterilized 20 to 30 min at 121°C. Sample taps at the well 

head were purged 5 min for wells that were pumping. For wells that were not pumping, 

the pump was turned on and allowed to purge 20 min (Figure 2.3). Reclaimed water taps 

were purged 15 min prior to sample collection. Samples for large volume bacterial and 

bacteriophage analyses were collected in sterile 10 L carboys or sterile 4 L bottles, 

depending on the sample volume needed, and transported to the laboratory. For 

groundwater, 30 L of water was collected for bacterial analysis and 20 L was collected 

for phage analysis. Analyses were started within 3 hr after collection. 
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Figure 2.3. Field Sampling of Monitoring Well 198A. 
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2.4 Microbial Indicator Analysis 

Numerous studies have shown that traditional microbial indicators such as 

coliforms and fecal coliforms do not always indicate the presence of pathogenic enteric 

viruses. These and other organisms were also included in the monitoring effort in the 

vicinity of the Sweetwater facility. These were Escherichia coli, fecal Streptococcus, 

Enterococcu^, Clostridium perfringens, F-specific, and somatic coliphage. To detect low 

numbers of the indicator organisms, volumes of groundwater as great as 10 liters were 

assayed. 

2.4.1 Total Coliform 

Coliform analyses were performed using a combined membrane filter 

(MF)/multiple tube fermentation (MTF) procedure to increase sample size. For 

groundwater samples, a total of 11 L was assayed. This resulted in 11 L of sample 

distributed in a ten-tube, two-dilution (2 L and 0.2 L per tube) MPN. To conduct an 

MPN, five 2 L volumes and five 200 mL volumes were filtered through 0.45 |j.m 

diameter sterile Millipore (Bedford, MA) HC membrane filters. On occasion, more than 

one filter was required to filter the 2 L aliquot. The filter (or filters) representing 

representing a 2 L or 0.2 L aliquot were placed in a sterile 2-ounce clear glass jar with a 

plastic lid, containing 30 mL Lauryl Tryptose Broth (LTB) (Difco, Sparks, MD) with 

bromcresol purple (O.Olg/L) as a pH indicator (APHA, 1995). The glass jars were 

incubated 24 to 48 hr at 35°C. Total coliforms were confirmed in Brilliant Green Bile 

Broth (BGB) (Difco, Sparks, MD), fecal coliforms were confirmed in EC medium with 

MUG (EC/MUG) (Difco, Sparks, MD). A conventional lOO-mL membrane filter test for 
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coliform using m-Endo agar LES (Difco, Sparks, MD) was also conducted for all 

samples of groundwater and wastewater effluent (APHA, 1995). 

2.4.2 Escherichia coli 

To test for Escherichia coli, an inoculum was taken from positive total coliform 

presumtive test results (MTF) and transferred to culture tubes of (BGB) and to EC/MUG. 

BGB tubes were incubated 48 hrs at 35°C and EC/MUG tubes were incubated 24 hrs at 

44.5°C. Escherichia coli were confirmed by fluorescence in EC/MUG. An MPN was 

computed from the resulting positive/negative tubes. 

2.4.3 Fecal Streptococcus 

Large volume fecal streptococcus analyses were also performed using a combined 

MF/MTF procedure as described for coliforms. The filters representing each 2 L aliquot 

of filtered sample were placed in sterile 2 ounce jars containing 30 mL Azide Dextrose 

Broth (ADB) (Difco, Sparks, MD). The glass jars with plastic lids were incubated 24 to 

48 hr at 35°C. Presumptive positives (turbidity) were streaked to Bile Esculin Azide 

(BEA) agar (Difco, Sparks, MD) and incubated 24 hrs at 35°C. Fecal streptococci were 

confirmed by growth of brownish-black colonies with brown halos. Representative fecal 

streptococci colonies on BEA agar were confirmed as enterococci by growth in Brain 

Heart Infusion Broth (Difco, Sparks, MD) containing 6.5% NaCl at 45°C. An MPN was 

computed from the resulting positive/negative tubes and the equivalent sample volumes 

per tube. A standard MF test (APHA, 1995) was also done with a 100 mL sample 

volume, and the filter was incubated on m-Enterococcus agar (Difco, Sparks, MD). 
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MPN estimates were generated using a calculation program (Most Probable 

Number Calculator Version 4.04, 1996, Albert J.Klee, Risk Reduction Engineering 

Laboratory, United States EPA, Cincinnati, Ohio). 

2.4.4 Clostridium perfringens 

An MF procedure was used for the quantification of Clostridium perfringens 

using mCP agar (Acumedia, Lansing, MI) as modified by Armon and Payment (1988). 

Two liters of sample were filtered through each of five Millipore (Bedford, MA) HC 

membrane filters so that a total of 10 L was assayed for groundwater. The filters were 

placed on the mCP agar in petri dishes (VWR, Brisbane, CA) and incubated 

anaerobically at 45°C for 18 to 24 hrs. Petri dishes with 30-300 yellow colonies were 

exposed to fumes from an opened bottle of concentrated ammonium hydroxide (Fisher 

Chemicals, Pittsburgh, PA). The red or dark pink colonies that developed were 

enumerated as Clostridium perfringens. 

2.4.5 Coliphage 

Two groups of coliphages were investigated in this study: F-Specific and somatic. 

F-specific coliphages were further distinguished as RNA or DNA coliphages. E. coli F-

amp (Debartolomeis and Cabelli et al, 1991) was used as the host for F-specific 

coliphages and E. coli C (ATTC 13706) was used as the host for somatic coliphages. 

Host cultures were grown overnight at 37°C and used the day of the assay. Log phase 

cultures were prepared by transferring ImL of an overnight culture to fresh broth and 

incubating three to four hours at 37°C. 
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A large-volume modified MPN procedure was used to detect coliphages (Yanko 

et al, 1999) in groundwater. For each type of phage, a sample volume of 10 L was 

collected in three sterile 4 L Nalgene bottles, 3.3 L of sample per bottle. Concentrated 

medium was added directly into the water samples to provide growth substrate for the 

host bacteria. The concentrated IIX media was prepared by dissolving the dry 

ingredients in distilled water, and the resulting broth was then filter sterilized with a 0.2 

l^m pore-size filter (Pall Ultipor Nee Membrane Filter, Mensco Inc.) to prevent 

caramelization (William Yanko, personal communication). 

For F-specific coliphages, 330 mL of 1IX concentrated tryptone broth (tryptone 

110 g/L, dextrose 11 g/L, and NaCl 55 g/L), 1.8 mL of 3% ampicillin/streptomycin and 

30 mL of a log phase E. coli Famp were added to each of the three 4 L Nalgene bottles 

conta ining 3 .3  L  of  sample  water  per  bot t le .  For  somat ic  col iphages ,  330 mL of  I IX 

(330 g/L) concentrated Trypticase Soy Broth (TSB, Difco) and 30 mL of a log-phase E. 

coli C (ATTC 13706) host was added to each of the other three Nalgene bottles 

containing 3.3 L of sample water. These enrichment bottles were incubated 37°C for 48 

hrs. 

After incubation, each bottle was spotted onto a separate plate (or plates) of 

freshly prepared lawns of appropriate host bacteria to confirm the presence of phages as 

described by Kott et al, (1966). Lawns were prepared by the addition of 0.5 mL of log-

host to 3 mL soft agar and poured on to the respective plating media. Tryptone broth 

(regular concentration), tryptone plating medium containing 0.01% 2,3,5 Triphenyl 

Tetrazolium Chloride (TTC), and tryptone soft agar were prepared as described by 
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Debartolomeis and Cabelli (1991) to confirm the presence of male-specific coliphage. 

Two plates were used for F-Specific phage for each enrichment bottle; one plate 

incorporated 40)ag of RNase (Boehringer Marmheim) in the top layer and another plate 

didn't receive Rnase treatment. TSA (Difco, Sparks, MD) containing 0.01 % TTC, and 

TSB (Difco, Sparks, MD) soft agar (containing 0.05% IN CaCh and 0.7% agar) were 

used for confirming somatic coliphage plaques. Plates were incubated at 37°C overnight 

and observed for plaque formation. 

Three bottles of 3.3 L each (total volume assayed = 10 L) for each host (E. coli 

C and E. coli Famp) were assayed for somatic phage and male specific phage, 

respectively. If one phage particle was present it would replicate to many millions (or 

billions). The spot test was performed for each inoculum. The inoculum was either 

positive or negative. If the "bottle" was positive it was assumed that there was at least 

one phage particle present in the inocula. If the bottle was negative then there were no 

laboratory detectable phages in the inocula. By inoculating three bottles an MPN titer 

could be determined. 

Male-specific phages (F+) were determined using tryptone plating medium, 

tryptone soft agar, and E. coli F-amp (male strain of E. coli possesing pili for infection) 

as the host (Debartolomeis and Cabelli et a/., 1991). Somatic coliphage were determined 

using TSA plating medium, TSB soft agar, and E. coli C as the host. Two mL and 1 mL 

aliquots were done in duplicate. Two sets of plates were used for F-specific coliphage, 

one with RNase (40fxg) in the top layer and one set without RNase. Log-phase host 

culture (0.5 mL) and sample were added to 3 mL molten soft agar (~45°C). The mixture 
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was gently vortexed and poured on the respective plating media. Plates were incubated at 

37°C for 24 hrs and plaques were counted. F-DNA phages were determined by plaque 

production on bacterial lawns containing RNase. F-RNA phages were determined by 

subtracting DNA phage counts from counts on plates without added RNase. A five-tube, 

three-dilution (10 mL, 1 mL and 0.1 mL) MPN, as described by Kott et al, (1966), was 

also inoculated in case the plate assay was negative (<0.5 PFU/mL). Tubes were 

incubated overnight and spotted on freshly prepared bacterial lawns of E. coli C. An 

MPN was then computed from resulting positive/negative tubes. F-DNA phage MPN was 

determined by plaque production on bacterial lawns containing RNase. F-RNA phage 

MPN was determined by subtracting F-DNA phage MPN from the MPN obtained from 

plates without added RNase. 
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2.4.6 Quality Assurance for Indicators 

All media used for bacterial analyses were performance checked. Sterility and pH 

were checked as well as the proper reaction with appropriate positive and negative 

control organisms. Additionally, all bacterial tests were conducted with positive controls 

run simultaneously with each assay. Negative controls were also done with fecal 

coliform and E. coli analysis. Duplicate analyses were not performed due to the large 

volumes being tested. Coliform and fecal streptococcus analyses were performed with 

with the large volume membrane filtration (MF) procedure. Bacteriophage media were 

checked for sterility (incubation at 37°C), pH, and support of bacterial growth. 

Bacteriophage tests for reclaimed water samples were set up with replicate plates of two 

dilutions. 

2.5 Virus Concentration 

Viruses were concentrated via the filter adsorption method, using 1 MDS 

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

groundwater were passed through an electropositive filter and brought back to the lab on 

ice and processed the same day. All equipment was disinfected by passage of 100 L of 

lOmg/L free chlorine water after each use to ensure no contamination of virus or viral 

nucleic acid to the next sample. Chlorine was neutralized by addition of 25-mg/L sodium 

thiosulfate. 
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Separate filter housing and tubing were used for each well sampled. Flow rate did 

not exceed 4 gallons (15 liters) per min during sample collection. The filter was placed 

in a Ziploc bag on ice and transported to the laboratory for processing, within 24 hours. 

In the laboratory, the filter was removed from the plastic bag and placed in a 

sanitized filter housing and excess water 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 passed again through the filter, keeping foaming to a 

minimum. If reconcentration was not immediately performed, the eluate was adjusted to 

pH 7.1-7.3 with IN HCl and stored at -20°C. If it was held at 4°C, reconcentration 

involved pH adjustment to 3.5 with stirring for 15 min to aid the fiocculation of the beef 

extract. 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 of eluate was reconcentrated 

by organic fiocculation. The eluant was centrifiiged for 4,000 x g for 30 min at 4°C to 

pellet the fioc. The supernatant was discarded and the remaining pellet resuspended in 30 

mL of 0.15M Na2HP04 (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 then 

centrifuged at 2,700 x g for 30 min with an 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 0.22 |j,m 

pore size filter. 
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The antibiotics kanamycin, gentamicin sulfate, penicillin G sodium (IX) (United 

States Biochemical Co., Cleveland, OH) and Nystatin (Sigma, Milkwaukee, WI) were 

added and the sample stored at -20°C. Three mL of the reconcentrate were stored at -

20°C for PCR analysis and 12 mL was assayed via cell culture (Figure 2.4 and Section 

2.5.1). Seven mL of the reconcentrate was stored at -80°C for archiving. 

2.5.1 Cell Culture Assay 

The Buffalo Green Monkey (BGM) kidney cell line is the most commonly used 

for the detection of enteroviruses in the environment. These cells are preferred to others, 

including primary cells, because they are sensitive to natural isolates of enteroviruses 

(Dahling et al, 1984). The use of other cell lines is required to detect other groups of 

enteric viruses (Smith et al, 1982). A Human Colon Cancer Cell Line (CaCo-2) was also 

used since adenovirus and hepatitis A virus replicate in these cells as well as 

enteroviruses. 

BGM cells were grown for five days and CaCo-2 cells for 7 days (37°C with 5% 

CO2) to achieve a confluent monolayer. The growth medium (Eagles) was used with 

10% Fetal Bovine Serum (FBS). The growth medium was poured off and the flasks were 

inoculated as follows: five- 75 cm^ BGM flasks (2 mL sample each) five- 75 cm^ CaCo-2 

flasks (2 mL sample each), two - 75 cm^ BGM flasks (negative controls) and two- 75 cm^ 

CaCo-2 flasks (negative controls). The flasks were returned to the incubator (37°C, 

ambient atmosphere) for 60 to 90 minutes and manually rocked every 15 minutes. The 

inoculum from each BGM flask was removed via pipette and transferred to a fresh CaCo-

2 monolayer in a 75-cm^ flask. Similarly, the inoculum from each CaCo-2 flask was 
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transferred to a fresh monolayer of BGM cells in a 75-cm flask. All freshly inoculated 

flasks were also placed in an incubator for 60 to 90 minutes and manually rocked every 

15 minutes. After incubation, 25 mL of 2% FBS (Fetal Bovine Serum) maintenance 

MEM (Minimal essential media) was added to each flask. Incubating flasks were 

observed immediately, the following day, and then every 2 days microscopically 

examined for the presence of CPE (cytopathogenic effects). This was done for up to 14 

days. If any flask showing CPE, it was scored as such and placed in a freezer. At the end 

of 14 days, all sample flasks were freeze/thawed 3 times to release virus particles. These 

samples were then prepared for a second passage by transferring 2 mL of the lysate of 

each flask onto fresh monolayers of cells in 25 cm^ flasks. Two uninoculated flasks 

again served as controls. All flasks were again incubated for 14 days and observed 

microscopically for CPE, as described previously. The samples were passed a third time 

in the same manner. After the third passage, lysates from the five flasks of each cell type 

were pooled. The pooled lysates were used to inoculate corresponding cell lines and 

incubated for 3 days. The 3 day incubation period was intended to reduce any inhibitory 

substances produced by the cells, since it was shown that longer incubation times resulted 

in more PCR inhibition (Reynolds et al, 1996). The samples were then analyzed by 

PCR. Figure 2.4 illustrates the cell culture procedure in detail. 
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Enteric Virus Assay 

20 ml concentrate sample 

SBGMfe::^ 5 CaCo-2 
pass ^ Transfer Inoculum ^ 

5 BGM 5CaCo-2<^ 
pass ^ ^ 

5 BGMZZI^ 5 CaCo-2 

5 Flasks Pooled 5 Flasks Pooled 

5 CaCo-2 5 BGM , 

\ Transfer Inoculum 

5 CaCo-2 ̂  

i 
5CaCo-2^^^ 

i 
5 Flasks Pooled 

5BGM^ 

5 BGM/ 

5 Flasks Pooled 

Set on BGM for 3 days Set on BGM for 3 days Set on BGM for 3 days Set on BGM for 3 days 

PGR on Cell Lysate PGR on Cell Lysate PGR on Cell Lysate PGR on Cell Lysate 

Figure 2.4. Flow Chart for Assay of Groundwater and Wastewater Sample 

Analyses for Enteric Virus Assay. 
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2.5.2 Virus Detection by RT-PCR in Cell Culture Lysates 

Since the PGR reaction amplifies DNA, and enteroviruses are RNA viruses, the 

RNA must first be converted to DNA through an initial step called reverse transcription. 

This conversion is accomplished through the use of an enzyme called reverse 

transcriptase. The enzyme can read the RNA sequence and synthesize a complementary 

strand of DNA (cDNA). Once this is completed, PCR can be initiated. This two-step 

process is called Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR). 

Representative cell culture lysates were centrifuged at 1,500 x g for 10 minutes to remove 

cell debris. From the lysate, 100 ^1 were added to 900 )al of nuclease-free water. The 

mixtures were tested to establish the level of PCR-inhibitory substances in the lysates by 

adding poliovirus type 1 (LSc-2ab) at 10 and 100 plaque forming units. PCR enterovirus 

primers that were developed by Abbaszadegan et al. (1993) were used. They have been 

widely employed to detect enteroviruses in environmental samples (Straub et al, 1994). 

The following protocol was used for RT-PCR. RNA was first extracted from 

viruses by addition of 10 ^il the sample to 1.5 ^il of 10 X Buffer II (100 mM Tris-HCl, 

pH 8.3, 500 mM KCl), 3.5 ^il MgCl (25 mM) (Perkin Elmer), and 4 ^1 of 2.5 mM dNTP 

(10 mM each) (total volume 50 |al). Reactions were heated for 5 min at 99°C and placed 

on ice. Next the extracted viral nucleic acid was added to a cDNA mixture consisting of 

1.0 )al Random Hexamers (50 }j,M), 0.5 jal Reverse Transcriptase (50 U/|il), and 0.5 |il 

RNase Inhibitor (20 U /^l) and was incubated at 24°C for 10 min, 44°C for 60 min, and 

then heated to 99°C for 5 min to convert the RNA to cDNA. 
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In order to perform PGR, a reaction mixture of 34.75 fxl, containing 29 p.! sterile 

nuclease free water, 1.5 |il of 10 X Buffer II (100 mM Tris-HGl, pH 8.3, 500 mM KGl), 

1.5 nl of MgGl (25 mM), 0.25 |il of each primer (100 pmole), and 0.25 pi Ampli Taq 

Gold (5 U/mL -Perkin Elmer) were added to the reverse transcriptase reaction mixture. 

PGR amplification was performed using the Perkin Elmer Gene-Amp 9600 with a 

temperature profile of 95°G for 10 min (denaturation), 95°C for 20 sec, 60°G for 25 sec, 

72°C for 20 sec (annealing), 72°G for 10 min (extension), for a total of 30 cycles. A final 

annealing phase was performed for 7 min at 72°G and product was stored at 4 °C until 

analyzed by gel electrophoreses. For semi-nested PGR, 5 pi of the first PGR reaction was 

added to a new tube containing 45 pi of the following master mix; 31 pi nuclease-free 

water, 5 pi lOX Buffer II (100 mM Tris-HGl, pH 8.3, 500 mM KGl), 5 pi MgGl (25 

mM), 4 pi 2.5 mM dNTP (10 mM each), 0.25 mL upstream primer (100 pmole), 0.25 pi 

internal primer (100 pmole), and 0.25 pi Ampli Taq Gold (5 U/mL). The thermocycler 

was set to: 95°G for 10 min, 95°G for 20 sec, 60°G for 25 sec, 72°C for 20 sec, 72°G for 

10 min and repeated for 25-30 cycles. Band size was 105 bp for semi-nested PGR and 

196 bp for double PGR. The PGR products were separated on a 1.6% agarose gel (FMG, 

Rockland, ME) at 2.7 V cm"^ and visualized using ethidium bromide staining. 
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2.5.3 Selection of Viral Primers 

To assess the sensitivity of virus detection in cell culture lysates, negative cell 

culture lysates were inoculated with purified viral stocks of enteric viruses. 

The primers used to detect adenoviruses are specific for the long tail fiber gene 

highly conserved region of enteric adenovirus type 40 and 41. The specific sequence of 

these primers is: K 402 5'- CAC TTA ATG CTG ACA CG 3' for the upstream primer 

and K 403 5' ACT GGA TAG AGC TAG CG-3' for the downstream primer. The 

amplification product resulted in 152 base pair (bp). The primers for adenvirus were 

chosen from Allard et al, (1990). 

The HAV primers used were: 5'-CAG CAC ATC AGA AAG GTG AG-3' 

(upstream) and 5'-CTC CAG AAT CAT CTC CAA-C -3' (downstream). They amplified 

a 192 bp product from the conserved region of the genome corresponding to the 

interphase of the VPl and VP3 capsid proteins (DeLeon et a/., 1990). 

The selection of the primers used for the enterovirus analyses was based on 

alignments of poliovirus types 1, 2, and 3, and Coxsackie virus Bl, B3, and B4, by a 

multiple alignment computer program and computer-assisted analysis of the genome 

RNA sequence of the six enterovirus serotypes (Devereux et al, 1984). Sequence 

analysis of several partial or fiilly conserved enteroviruses indicates several highly 

conserved regions in the 5' end of the enterovirus genome (DeLeon et al, 1990). These 

pan-enterovirus primers amplified 17 of 17 enteroviruses tested, including poliovirus 1, 

Coxsackie virus A 5, 9, 12, and 17, Coxsackie viruses B3 and 4, echoviruses 1, 2, 4, 5, 7, 

and 12. Three 17 to 20 basepair regions were derived from this conserved sequence at 
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the 5' end of the non-coding region of the enteroviruses, within a 196 bp segment. These 

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

synthesizer (Applied Biosystems, Foster City, CA). 

Primers for enteroviruses amplified the 196 bp segment. Their sequence was 5'-

CCT CCG GCC CCT GAA TG-3' for the upstream primer and 5'-ACC GGA TGG CCA 

ATC CAA-3' for the downstream primer. The internal primer used for semi-nested PGR 

was 5'-GCC AAA GTA GTC GGT TCC CGC-3' (Abbaszadegan et al, 1993). The 

internal primer was used in semi-nested PGR with the upstream primer to yield a 105 bp 

product. Semi-nested PGR was used to confirm primary PGR products (Figure 2.5). 

2.5.4 Cell Culture Lysates 

The cell culture lysates originated from the BGM and the GaCo-2 cell lines. The 

cell culture lysates were prepared by a 10 minute centrifugation at 1,500 x g to remove 

cell debris. A 1/10 dilution was prepared for each cell culture lysate. 

2.5.5 Titer of Virus Stocks 

A previously titered stock of adenovirus 40 (TGID50 = 3.1x x 10^ PFU/mL), 

hepatitis A (TGID50 3.16 x 10^ PFU/mL), and enterovirus Polio 1 (LSc-2ab) (TGID5o = 

6.80 X 10^ PFU/mL) were used. 
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2.5.6 Sensitivity of Primer Sets 

The primer sets used in this study detected adenovirus type 40 and 41 at 1 PFU/^1 

or 10^ PFU/mL, HAV at 10^ PFU/)J,L or 10^ PFU/mL, and enterovirus Polio 1 at 1 

PFU/^l or 10^ PFU/mL in cell culture lysates. In nuclease free water, the sensitivity for 

enteroviruses was 10"^ PFU/nl or 10 PFU/mL, demonstrating inhibitory factors present in 

the lysate. 

In summary, the sensitivity of the primers used to detect enteroviruses and 

adenoviruses was 1 PFU/|j,l. The sensitivity for hepatitis A primers was 10^ PFU/|al. The 

sensitivity in nuclease-free water for enteroviruses was 10' PFU/|a,l or 10 PFU/mL, 

indicating interfering components in cell culture lysates. 
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Seminested PGR for Enteroviruses 
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Enterovirus genome 

RT-PCR 
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Primer 1 Primer 2 

Nested PCR 

Primer 1 • 105 bp product m Primer 3 

Figure 2.5. Primers used for Semi-nested PCR. 
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2.5.7 Sequencing 

After RT-PCR, a molecular confirmation test referred to as semi-nested PCR was 

performed. Semi-nested PCR uses the previously created DNA copies from RT-PCR and 

reamplifies them with an internal/upstream primer, producing a 105 bp product. The new 

DNA products were visualized on a 3.5% Metaphor gel (FMC, Rockland, ME). The gel 

was stained with ethidium bromide for visualization and the 105-bp band was cut out 

with a sterile razor and put in an Eppendorf tube (1.5 mL). The DNA was extracted from 

the gel with a Quiaquick Gel Extraction and Purification kit (Quiagen, Valencia, CA). 

An ultrafiltration device from Quiagen separates the PCR products from the primers, 

discarding the latter. 

The PCR product must be very pure in order to obtain sequences. Extraneous 

bands can easily inhibit the sequencing process. All traces of the original PCR primers 

must be removed, as these could produce undesired bands by acting as sequencing 

primers. 

After elution of the product from a Quiagen extraction column, it was sent to the 

Laboratory for Molecular and Systematic Evolution (LMSE at the University of Arizona) 

to be sequenced. DNA sequencing reactions are similar the PCR reactions for replicating 

DNA. The reaction mix includes the PCR product (template DNA), free nucleotides, the 

enzyme Taq polymerase, and a 'primer' - a small piece of single-stranded DNA about 20-

30 bp long that can hybridize to one strand of the template DNA. Five percent of the 

nucleotide mix are dideoxy nucleotides. The dideoxyribonucleotide is chemically 

modified to fluoresce under UV light. It represents regular DNA, except it has no 3' 
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hydroxyl group. Once it is added to the end of a DNA strand, it can not continue 

elongation. 

Gel electrophoresis was used to separate the fragments by size and measures them 

by positions and spacing, showing the relative sizes. An ABI Model 3700 (automated 

sequencer) processes the gel and monitors the different colors as they develop. An 

ultraviolet laser built into the machine passess through the gel near the bottom and scans 

it side to side, checking for bands of fluoresceent colors to pass through its beam. The 

four colors red, green, blue and yellow each represent one of the four nucleotides. The 

automated sequencer provides a text file containing just the nucleotide sequence, without 

the color traces (personal communication with Robert Lyons, Director of the DNA 

Sequencing Core at the University of Arizona). The text file was placed in the BLAST 

search on the website http://www.ncbi.nlm.nih.gov/BLAST/ to determine the sequence of 

the viral nucleic acid. 
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2.5.8 Quality Assurance and Quality Control for ICC-PCR 

There is a risk of false positives using ICC-PCR, due to cross-contamination of 

samples, and a risk of false negatives, due to inhibition of polymerase enzymes by 

materials such as cell debris or cell culture media ingredients present in cell culture 

lysates. To reduce both false positives and false negatives, a positive virus-seeded 

sample (1000 PFU), as well as a negative control were done with all PCR reagents except 

the sample, which was done simultaneously with the actual test sample. Negative 

amplification from a sample does not necessarily mean that no enteroviruses are present 

in the sample. Controls must be objected to the same procedures as the samples to ensure 

that PCR inhibition is not occurring. 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 could be the 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 aerosolization of small DNA fragments (Kwok et al, 1989; Lo et al, 

1988; and Sarkar et al, 1990). To prevent carry-over of amplified DNA sequences, 

reactions were set up in a room separated from the product analysis room. Pipettes were 

cleaned with 10% bleach followed by a 70% ethanol rinse, before and after each reaction 

perparation and each product analysis. All reagents that were used in the PCR reaction 

were prepared, aliquotted, and stored in an area that was free of PCR-amplified product. 
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3.0 ItESULTS 

3.1 Tucson Virus Data 

Secondary chlorinated wastewater was applied to the recharge basins at the 

Sweetwater site when this study took place. The recharge basins received weekly 

flooding of secondary chlorinated wastewater, originating from Roger Road Wastewater 

Treatment Plant (RRWWTP). Table 3.0 depicts a complete list of all samples collected 

for virus analysis. Table 3.1 lists the results obtained via cell culture and ICC-PCR. 

Enteroviruses were only detected once in well WR-198A by ICC-PCR (Table 3.1) and 

twice previously with RT-PCR by direct assay of concentrates (Katner, 1998) in another 

study. This well is located on the Silverbell Golf Course and might be influenced by a 

septic tank near the site and the application of secondary effluent which has taken place 

for many years in addition to the reclaimed water from the recharge basins. In this study, 

enteroviruses were detected in two of three secondary effluent samples and one of 25 

reclaimed groundwater samples using ICC-PCR. Figure 3.0 and Table 3.1 depict the 

ICC-PCR virus results from Tucson. 



Table 3.0. Virus Collection of Tucson Samples. 

Monitoring well Date collected Volume collected (L) Cell Culture Results ICC-PCR Results 

ML002 07/15/97 3120 negative negative 
ML002 04/13/98 3780 negative negative 
ML002 07/16/98 3780 negative negative 

ML002 10/05/98 3251 negative negative 
ML002 03/ 09/99 3024 negative negative 

SC33 07/24/97 3030 negative negative 

SC33 10/14/97 4056 negative negative 

SC20 09/15/98 3780 negative negative 

SC33 05/27/98 3780 negative negative 

SC33 02/16/99 3175 negative negative 

WR-69A 10/29/97 3780 negative negative 

WR-69A 04/14/98 3780 negative negative 

WR-69A 10/15/98 3137 negative negative 

WR-69A 02/09/99 1890 negative negative 

WR-198A 07/15/97 3931 negative negative 

WR-198A 10/27/97 3035 negative positive 
WR-198A 04/14/98 3780 negative negative 

WR-198A 07/13/97 3780 negative negative 

WR-198A 10/13/98 3024 negative negative 

WR-198A 01/25/99 3175 negative negative 

WR-198A 04/21/99 3402 negative negative 

WR-92A 10/27/97 3096 negative negative 

WR-92A 04/14/98 3946 negative negative 

WR-92A 10/08/98 3024 negative negative 

WR-92A 01/26/99 4154 negative negative 

Secondary 03/11/98 567 negative positive 
effluent 

Secondary 06/15/98 945 negative positive 
effluent 
Secondary 04/13/99 378 negative negative 
effluent 

WR-199A 04/01/97 2238 negative negative 

WR-199A 10/20/97 3780 negative negative 

WR-199A 05/12/98 3780 negative negative 

WR-199A 10/20/98 3780 negative negative 

WR-199A 02/09/99 3800 negative negative 



Table 3.1 Tucson ICC-PCR Virus Results. 

Lysate flasks cell line UA ICC-PCR 
Results 

AWWSC 
Results 

Origin of sample 

L157 BGM Negative ND Arizona—ML-002 (07/15/97) 

L158 CaCo-2 Negative ND Arizona—ML-002 (07/15/97) 

L159 BGM Negative ND Arizona—ML-002 (07/15/97) 

L160 CaCo-2 Negative ND Arizona—ML-002 (07/15/97) 

L189 BGM Negative ND Arizona—199A (10/22/97) 

L190 CaCo-2 Negative ND Arizona—199A (10/22/97) 
L191 BGM Negative ND Arizona—199A (10/22/97) 

L192 CaCo-2 Negative ND Arizona—199A (10/22/97) 

L193 BGM Negative ND Arizona—198A (10/28/97) 

L194 CaCo-2 Negative ND Arizona—198A (10/28/97) 

L195 BGM Positive ND Arizona—198A (10/28/97) 
L196 CaCo-2 Negative ND Arizona—198A (10/28/97) 

L197 BGM •Negative ND Arizona—92A (10/27/97) 

L198 CaCo-2 Negative ND Arizona—92A (10/27/97) 

L199 BGM Negative ND Arizona—92A (10/27/97) 

L200 CaCo-2 Negative ND Arizona—92A (10/27/97) 

L201 BGM Negative ND Arizona—69A (10/29/97) 

L202 CaCo-2 Negative ND Arizona—69 A (10/29/97) 

L203 BGM Negative ND Arizona—69A (10/29/97) 

L204 CaCo-2 Negative ND Arizona—69A (10/29/97) 

L261 CaCo-2 Negative ND Arizona—ML-002 (04/15/98) 

L262 BGM Negative ND Arizona—ML-002 (04/15/98) 

L263 CaCo-2 Negative ND Arizona—WR-198A (04/15/98) 

L264 BGM Negative ND Arizona— WR-198A (04/15/98) 

L265 CaCo-2 Negative ND Arizona—WR-199A (05/17/98) 

L266 BGM Negative ND Arizona—WR-199A (05/17/98) 

L281 BGM Negative ND Arizona—^WR-92A (04/15/98) 

L282 CaCo-2 Negative ND Arizona—WR-92A (04/15/98) 

L283 BGM Negative ND Arizona—WR-69A (04/15/97) 

L284 CaCo-2 Negative ND Arizona—WR-69A (04/15/97) 

L306 CaCo-2 Negative ND Arizona—SC33 (05/27/99) 

L307 CaCo-2 Negative ND Arizona—WR-198A (07/13/98) 

L308 CaCo-2 Negative ND Arizona -ML-002 (07/16/98) 

L328 CaCo-2 Negative ND Arizona—SC20 (09/16/98) 

L329 CaCo-2 Negative ND Arizona—ML-002 (10/05/98) 

L330 CaCo-2 Negative ND Arizona—WR-92A (10/08/98) 

L331 CaCo-2 Negative ND Arizona—WR-198A (10/13/98) 

L332 CaCo-2 Negative ND Arizona—^WR-69A (10/15/98) 

L333 CaCo-2 Negative ND Arizona—WR-199A (10/20/98) 

L367 CaCo-2 Negative ND Arizona—198A (01/25/99) 

L368 CaCo-2 Negative ND Arizona—92 A (01/25/99) 

L369 CaCo-2 Negative ND Arizona -69A(02/09/99) 

L370 CaCo-2 Negative ND Arizona—199A(01 /25/99) 
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Lysate flasks cell line UA ICC-PCR 
Results 

AWWSC 
Results 

Origin of sample 

L371 CaCo-2 Negative ND Arizona—SC33 (02/16/99) 

L372 CaCo-2 Negative ND Arizona—ML-002 (03/16/99) 

L378 CaCo-2 Positive ND Arizona—2° effluent 
L379 CaCo-2 Negative ND Arizona—198A (04/22/99) 

L381 CaCo-2 Negative ND Arizona-Negative Filter Control (04/8/98) 

L382 CaCo-2 Positive ND Arizona—2° effluent 

Bold = ICC-PCR positive 
ND = Not Done 
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Figure 3.0. Overview of Enterovirus Results of the SAT study for the Tucson 
Site. 
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3.2 Occurance of Indicator Organisms 

Total coliforms, followed closely by fecal streptococcus, were the most common 

indicators detected in groundwater (Table 3.2). Indicator bacteria and coliphage results 

from the Arizona site, for the six monitoring wells and control wells, are summarized in 

Tables 3.2, 3.3, and 3.4. It was not possible to sample all wells in every season. No 

indicator bacteria were detected in the control wells SC33 or SC20, which are drinking 

water wells located ~3 kilometers away from the recharge basins. SC20 is located in the 

vicinity of SC33. SC33 was not in operation in the Fall of 1998, therefore well SC20, 

which was located nearby, was sampled. Indictor bacteria and coliphages were detected 

at low levels in the groundwater beneath the Tucson Recharge Facility, indicating the site 

was impacted by indicator organisms from secondary wastewater. Indicators were most 

commonly isolated in wells WR-199A and WR-69A, which were in and adjacent to 

Recharge Basin One (RB-1). Indicators were more commonly found in samples 

collected in the fall when infiltration rates were greater (Figure 3.1). More types of 

indicators were isolated from well 199A than any other well. This well also had the 

greatest number of positive samples for all indicators followed by well WR-69A. These 

two wells (WR-69A and WR-199A) are the closest of all the wells sampled to the 

Recharge Basin One. Enterococcus and Clostridium perfringens were not detected in any 

of the monitoring wells (Table 3.3) suggesting that those bacterial indicators are removed 

to a greater degree than the other indicator organisms. Since fecal streptococcus and E. 

coli have the potential to regrow in the environment, they may not represent the potential 

removal of enteric_bacteria by SAT (Van Donsel et al, 1967 and Rebhun et al, 1968). 
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Under conditions found in soil C. perfringens is believed not to grow and the same may 

be true for the enterococci. Therefore, they may be better indicators of SAT performance 

for bacterial reductions. 

3.2.1 Total Coliform 

Coliforms were isolated in all of the wells monitored at the Sweetwater site. The 

greatest frequency was seen in well WR-199A located inside of Recharge Basin One. 

Coliforms were also isolated two out of four times in well WR-69A, which was between 

Recharge Basin One and Recharge Basin Two. 

Coliforms were also frequently isolated in ML-002, which may be influenced by 

both infiltration of septic tanks from nearby homes and the Sweetwater Site. Well ML-

002 had a history of total coliforms occurrence and in 1997 coliforms were detected at 

1600 MPN/L (Peter Chipello, Tucson Water communications), therefore the detection of 

total coliforms was not unexpected in this well. 

The greatest total coliform numbers for all wells occurred in the Fall of 1998, 

except WR-92A (Figure 3.1). This might have been due to the increased infiltration rates 

seen in the fall. Coliforms were only detected once in well WR-92A. Coliforms were 

reduced by more than 99.999% after travel through 63 m of soil (Table 3.5). Coliforms 

were only detected once in the golfcourse wells WR-92A and WR-198A (Figure 3.2). 
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3.2.2 Fecal Coliform 

The highest frequency of fecal coliform occurrence was in well WR-199A, 

followed by well WR-69A. Fecal Coliforms were detected once in well WR-198A and 

twice in ML-002. No fecal coliforms were detected in well WR-92A. 

3.2.3 Escherichia coli 

E. coli was most frequenty detected in well WR-199A, followed by well WR-

69A. The presence of E. coli most likely have originated from the recharge. E. coli was 

detected in 1 out of 7 samples in WR-198A and 1 out of 5 in ML-002. E. coli has been 

previously detected in well ML-002. This well is located among horse properties and 

septic tanks. No E. coli was found in well WR-92A. 

3.2.4 Fecal Streptococcus 

This indicator was found most frequently in wells WR-198A and WR-69A. Well 

WR-199A was positive only once, from four sampling events. Well ML-002 had the 

highest MPN/L count of all (4.59 MPN/L). This was the second most common indicator 

detected. 

3.2.5 Coliphages 

RNA F-specific coliphages were present in all of the samples collected from well 

WR-69A. They were detected three times in well WR-199A and twice in well WR-

198A. RNA F-specific coliphages were detected once each in wells ML-002 and WR-
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92A. No specific seasonal trend was noticeable (Figure 3.2). No DNA F-specific phages 

were detected in any of the wells. Somatic coliphages were detected most often in well 

WR-198A, followed by WR-199A, WR-69A, and ML-002. No somatic coliphages were 

detected in well WR-92A. Combined somatic and male specific coliphages were 

detected most often in well WR-198A. Coliphages were detected more often in the 

groundwater than any one indicator bacteria. This was probably because of their smaller 

size and longer survival time. No relationship was apparent between indicator bacteria 

and virus occurrence. Results of the coliphage assays are shown in Table 3.4. 
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Monitoring Wells 

Figure 3.1. Seasonal Distribution and Concentration of Total Coliforms at the Tucson 
Recharge Site. Total coliforms were detected more often in the Fall probably 
because of higher infiltration rates of the wastewater. 
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Table 3.2. Tucson Site: Total coliforms, Fecal coliforms, E. coli and Fecal 
Streptococcus. 

Well Date Total Coliform 
MPN/LorCFU/L 

Fecal Coliform 
MPN/L 

E. coli 
MPN/L 

Fecal Streptococcus 

MPN/L 

SC33 07/24/97 <0.13MPN/L <0.13 <0.13 <0.13 

SC33 10/14/97 <0.13MPN/L <0.13 <0.13 <0.13 

SC33 05/27/98 <0.13MPN/L <0.13 <0.13 <0.13 

SC33 02/16/99 <0.13MPN/L <0.13 <0.13 <0.13 

SC20 09/15/98 <0.13MPN/L <0.13 <0.13 <0.13 

ML-002 07/15/97 0.50 CFU/L 0.23 <0.13 <0.13 

ML-002 04/13/98 <0.13MPN/L <0.13 <0.13 4.59 

ML-002 07/16/98 <0.13MPN/L <0.13 <0.13 <0.13 

ML-002 10/05/98 1.20 CFU/L <0.13 <0.13 0.39 

ML-002 03/09/99 1.00 CFU/L 0.65 0.65 <0.13 

WR92A 10/27/97 0.50 CFU/L <0.13 <0.13 0.23 

WR92A 04/14/98 <0.13 MPN/L <0.13 <0.13 <0.13 

WR92A 10/08/98 <0.13MPN/L <0.13 <0.13 <0.13 

WR92A 01/26/99 <0.13 MPN/L <0.13 <0.13 <0.13 

WR 198 A 07/15/97 <0.13 MPN/L <0.13 <0.13 <0.13 

WR 198 A 10/27/97 <0.13 MPN/L <0.13 <0.13 0.40 

WR 198 A 04/14/98 <0.13 MPN/L <0.13 <0.13 <0.13 

WR 198A 07/13/98 <0.13 MPN/L <0.13 <0.13 <0.13 

WR 198 A 10/13/98 0.20 CFU/L 0.39 0J9 0.23 

WR 198 A 01/25/99 <0.13 MPN/L <0.13 <0.13 <0.13 

WR 198A 04/21/99 1.20 MPN/L <0.13 <0.13 0.23 

WR 199 A 10/20/97 4.80 CFU/L 0.23 0.23 0.70 

WR 199A 05/12/98 0.60 CFU/L 0.39 0.39 <0.13 

WR 199A 10/20/98 0.20 CFU/L 0.23 0.23 <0.13 

WR 199A 02/09/99 <0.13 MPN/L <0.13 <0.13 <0.13 

WR69A 10/29/97 <0.13 MPN/L <0.13 <0.13 0.39 

WR69A 04/14/98 <0.13 MPN/L <0.13 <0.13 0.35 

WR69A 10/15/98 0.65 MPN/L 0.65 0.65 <0.13 

WR69A 02/09/99 0.35 MPN/L 0.13 0.13 0.65 

ND = Not Done 
Bold = positive results 
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Table 3.3. Tucson Site: Enterococcus and Clostridium perfringens. 

Well Date Enterococcus MPN/L Clostridium perfringens CFU/L 

SC33 07/24/97 <0.13 <0.12 

SC33 10/14/97 <0.13 <0.12 

SC33 05/27/98 <0.13 <0.12 

SC33 02/16/99 <0.13 <0.12 

SC20 09/15/98 <0.13 <0.12 

ML-002 07/15/97 <0.13 <0.12 

ML-002 04/13/98 <0.13 <0.12 

ML-002 07/16/98 <0.13 <0.12 

ML-002 10/05/98 <0.13 <0.12 

ML-002 03/09/99 <0.13 <0.12 

WR92A 10/27/97 <0.13 <0.12 

WR92A 04/14/98 <0.13 <0.12 

WR92A 10/08/98 <0.13 <0.12 

WR92A 01/25/99 <0.13 <0.12 

WR 198A 07/15/97 <0.13 <0.12 

WR 198A 10/27/97 <0.13 <0.12 

WR 198 A 04/14/98 <0.13 <0.12 

WR 198A 07/13/98 <0.13 <0.12 

WR 198A 10/13/98 <0.13 <0.12 

WR 198A 01/25/99 <0.13 <0.12 

WR 198A 04/21/99 <0.13 <0.12 

WR 199 A 04/01/97 <0.13 <0.12 

WR 199 A 10/20/97 0.39 <0.12 

WR 199A 05/12/98 <0.13 <0.12 

WR 199 A 10/20/99 <0.13 <0.12 

WR 199A 02/09/99 <0.13 <0.12 

WR69A 10/29/97 <0.13 <0.12 

WR69A 04/13/98 <0.13 <0.12 

WR69A 10/15/98 <0.13 <0.12 

WR69A 02/09/99 0.23 <0.12 

ND = Not Done 

Bold = positive results 
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Table 3.4. Tucson Site: Coliphage. 

Well Date RNA F-specific Phage 
(PFU/L) 

DNA F-specific phage 
(PFU/L) 

Somatic Phage 
(PFU/L) 

SC33 07/24/97 <0.09 ND <0.09 

SC33 10/14/97 <0.09 ND <0.09 

SC33 05/27/98 <0.09 ND <0.09 

SC20 09/15/98 <0.09 ND <0.09 

ML-002 07/15/97 ND ND ND 

ML-002 04/13/98 <0.73 ND 0.73 

ML-002 07/16/98 <0.09 ND <0.09 

ML-002 10/05/98 0.73 <0.09 <0.09 

ML-002 03/09/99 <0.09 <0.09 <0.09 

WR92A 10/27/98 <0.09 <0.09 <0.09 

WR92A 04/14/98 0.73 ND <0.09 

WR92A 10/08/98 <0.09 <0.09 <0.09 

WR92A 01/25/99 <0.09 <0.09 <0.09 

WR 198A 07/13/97 0.12 ND 0.10 

WR 198A 10/27/97 0.73 <0.09 0.73 

WR 198A 04/14/98 0.73 ND 0.73 

WR 198A 07/13/98 <0.09 <0.09 <0.09 

WR 198A 10/13/98 <0.09 <0.09 <0.09 

WR 198A 01/26/99 <0.09 <0.09 <0.09 

WR 198A 04/21/99 <0.09 <0.09 <0.09 

WR 199A 04/01/97 ND ND ND 

WR 199A 10/20/98 0.73 <0.09 0.73 

WR 199A 05/12/98 <0.09 <0.09 <0.09 

WR 199A 10/20/99 <0.09 <0.09 <0.09 

WR 199A 02/09/99 0.12 <0.09 0.28 

WR69A 10/29/97 0.73 ND 0.73 

WR69A 04/13/98 0.73 ND 0.73 

WR69A 10/15/98 0.10 <0.09 <0.09 

WR69A 02/09/99 0.10 <0.09 <0.09 

SC20 = potable well ND = not done or results not available Bold = positive results 

SC33 = not available at that time 
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Figure 3.2. Comparative Occurrence of Indicator Bacteria and Coliphage. The 

majority of indicator bacteria and coliphages were detected in wells 
WR-69A, ML-002, WR-199A, WR-198A and WR-92A, respectively. 
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Table 3.5. Removal of Total Coliforms by SAT. 

Sample site CFU/L removal % 

Secondary chlorinated wastewater 47,000 NA 

WR-199A (inside basin one) 1.87 99.99961 

WR-69A 0.25 99.99958 

WR-92A 0.2 99.99958 

WR-198A 0.2 99.99958 

CFU = Colony Forming Units 
NA = Not available 
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Figure 3.3. Average Concentration of Total Coliforms in Wells at the SRF Site. 
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3.3 Los Angeles Virus Analysis Results 

A total of 191 cell culture lysates were assayed for enteroviruses, adenovirus 40 

and 41 and hepatitis A virus. Cell culture lysates represented the cells in which the 

concentrated virus extracts were grown for 45 days. After the incubation period, these 

cells were lysed by freeze/thawing three times to release viral particles. These 191 cell 

culture lysates represented in 65 water samples, which included 31 tertiary treated 

wastewater samples, 18 reclaimed groundwater samples from the Rio Hondo site, and 16 

groundwater samples collected at the East San Fernando Valley. A total of 10 samples 

tested positive with ICC-PCR for enteroviruses (Figure 3.4). Four of the samples 

originated from tertiary treated wastewater, three from reclaimed wastewater and three 

from deep wells (Figure 3.5). 

Tertiary treatment included sand/anthracite filtration, and disinfection with 

chlorine for a minimum contact time of 120 minutes. 

All samples were negative by ICC-PCR for Adenovirus and hepatitis A virus. 
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Table 3.6. Los Angeles Virus Results. 

Lysate 
flasks 

cell line UAICC-PCR 
Results 

AWWSC Results Origin of sample 

LlOO BGM Negative ND San Jose Creek East Effluent (5/12/97) 

LlOl CaCo-2 Positive ND San Jose Creek East Effluent (5/12/97) 

L102 BGM Negative ND San Jose Creek East Effluent (5/12/97) 

LI03 CaCo-2 Negative ND San Jose Creek East Effluent (5/12/97) 

L104 BGM Negative ND San Jose Creek West Effluent (5/14/97) 

L105 CaCo-2 Positive ND San Jose Creek West Effluent (5/14/97) 

L106 BGM Negative ND San Jose Creek West Effluent (5/14/97) 

L107 CaCo-2 Negative ND San Jose Creek West Effluent (5/14/97) 

L108 BGM Negative ND Whittier Narrows Effluent (5/20/97) 

L109 CaCo-2 Negative ND Whittier Narrows Effluent (5/20/97) 

LllO BGM Negative ND Whittier Narrows Effluent (5/20/97) 

L l l l  CaCo-2 Negative ND Whittier Narrows Effluent (5/20/97) 

L112 BGM Negative ND Rio Hondo M.W. 1590 AL (02/28/97) 

L113 CaCo-2 Negative ND Rio Hondo M.W. 1590 AL (02/28/97) 

L114 BGM Positive ND Rio Hondo M.W. 1590 AL (02/28/97) 

L115 CaCo-2 Negative ND Rio Hondo M.W. 1590 AL (02/28/97) 

L116 BGM Positive ND So. Montebeiio I.D. # 5 (06/03/97) 

L117 CaCo-2 Positive ND So. Montebeiio I.D. # 5 (06/03/97) 

L118 BGM Negative ND So. Montebeiio I.D. # 5 (06/03/97) 

L119 CaCo-2 Negative ND So. Montebeiio I.D. # 5 (06/03/97) 

L120 BGM Positive ND D.C Tillman WRT Effluent (06/10/97) 

L121 CaCo-2 Negative ND D.C. Tillman WRT (Effluent) (06/10/97) 

L122 BGM Negative ND D.C. Tillman WRT (Effluent) (06/10/97) 

L123 CaCo-2 Negative ND D.C. Tillman WRT (Effluent) (06/10/97) 

L124 BGM Negative ND La Habra Hts Well # 8 (06/25/97) 

L125 CaCo-2 Negative ND La Habra Hts Well # 8 (06/25/97) 

L126 BGM Negative ND La Habra Hts Well # 8 (06/25/97) 

L127 CaCo-2 Negative ND La Habra Hts Well # 8 (06/25/97) 

L128 BGM Negative ND Tujunga Well # 6 (06/30/97) 

L129 CaCo-2 Negative ND Tujunga Well # 6 (06/30/97) 

L130 BGM Negative ND Tujunga Well # 6 (06/30/97) 

L131 CaCo-2 Negative ND Tujunga Well # 6 (06/30/97) 

L137 CaCo-2 Negative ND Rinalidi/Toluca # 5 (07/22/97) 

L138 BGM Negative ND Rinalidi/Toluca # 5 (07/22/97) 

L139 CaCo-2 Negative ND Rinalidi/Toluca # 5 (07/22/97) 

L140 BGM Negative ND Rinalidi/Toluca # 5 (07/22/97) 

L141 BGM Positive pos. Wliittier Narrows Effluent (08/04/97) 

L142 CaCo-2 Negative ND Whittier Narrows Effluent (08/04/97) 

L143 BGM Negative ND Whittier Narrows Effluent (08/04/97) 

L144 CaCo-2 Negative ND Whittier Narrows Effluent (08/04/97) 

L145 BGM Negative ND San Jose Creek West Effluent (8/11/97) 
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Lysate 
flasks 

cell line UAICC-PCR 
Results 

AWWSC Results Origin of sample 

L146 CaCo-2 Negative ND San Jose Creek West Effluent (8/11/97) 

L147 BGM Negative ND San Jose Creek West Effluent (8/11/97) 

L148 CaCo-2 Negative ND San Jose Creek West Effluent (8/11/97) 

L149 BGM Negative ND Rio Hondo M.W. 1590 AL (08/13/97) 

L150 CaCo-2 Negative ND Rio Hondo M.W. 1590 AL (08/13/97) 

L151 BGM Negative ND Rio Hondo M.W. 1590 AL (08/13/97) 

L152 CaCo-2 Positive Positive Rio Honda M.W. 1590 AL (08/13/97) 

L153 BGM Negative ND East Valley M.W. EV-01 (08/19/97) 

L154 CaCo-2 Negative ND East Valley M.W. EV-01 (08/19/97) 

L155 BGM Negative ND East Valley M.W. EV-01 (08/19/97) 

L156 CaCo-2 Negative ND East Valley M.W. EV-01 (08/19/97) 

L161 BGM Negative ND San Jose Creek East Effluent (08/25/97) 

L162 CaCo-2 Negative ND San Jose Creek East Effluent (08/25/97) 

L163 BGM Negative ND San Jose Creek East Effluent (08/25/97) 

L164 CaCo-2 Negative ND San Jose Creek East Effluent (08/25/97) 

L165 BGM Negative ND La Habra Hts Well # 8 (09/30/97) 

L166 CaCo-2 Negative ND La Habra Hts Well # 8 (09/30/97) 

L167 BGM Negative ND La Habra Hts Well # 8 (09/30/97) 

L168 CaCo-2 Negative ND La Habra Hts Well # 8 (09/30/97) 

L169 BGM Negative ND So. Montebello I.D. # 5 (10/07/97) 

L170 CaCo-2 Negative ND So. Montebello I.D. # 5 (10/07/97) 

L171 BGM Positive Positive So. Montebelio I.D. # 5 (10/07/97) 

L172 CaCo-2 Negative ND So. Montebello I.D. # 5 (10/07/97) 

L173 BGM Negative ND Tujunga Well # 8 (10/21/97) 

L174 CaCo-2 Negative ND Tujunga Well # 8 (10/21/97) 

L175 BGM Negative ND Tujunga Well # 8 (10/21/97) 

L176 CaCo-2 Negative ND Tujunga Well # 8 (10/21/97) 

L177 BGM Negative ND Rinaldi/Toluca # 5 (10/28/97) 

L178 CaCo-2 Negative ND Rinaldi/Toluca # 5 (10/28/97) 

L179 BGM Negative ND Rinaldi/Toluca # 5 (10/28/97) 

L180 CaCo-2 Negative ND Rinaldi/Toluca # 5 (10/28/97) 

L181 BGM Negative ND D.C. Tillman WRT Eff. (10/29/97) 

L182 CaCo-2 Negative ND D.C. Tillman WRT Eff. (10/29/97) 

L183 BGM Positive Positive D.C. Tillman WRT Eff. (10/29/97) 

L184 CaCo-2 Negative ND D.C. Tillman WRT Eff (10/29/97) 

L185 BGM Negative ND San Jose Creek Effluent (11/04/97) 

L186 CaCo-2 Negative ND San Jose Creek Effluent (11/04/97) 

L187 BGM Negative ND San Jose Creek Effluent (11/04/97) 

L188 CaCo-2 Negative ND San Jose Creek Effluent (11/04/97) 

L205 CaCo-2 Negative ND Autoclaved stock BGM (12 days old) 

L206 CaCo-2 Negative ND Rio Hondo M.W. 1590 AL (01/06/98) 

L207 CaCo-2 Negative ND Rio Hondo M.W. 1590 AL (01/06/98) 

L208 BGM Negative ND Whittier Narrows Effluent (01/12/098) 

L209 CaCo-2 Negative ND Whittier Narrows Effluent (01/12/098) 

L210 BGM Negative ND La Habra Hts. Well # 8 (01/13/98) 

L2n CaCo-2 Negative ND La Habra Hts. Well # 8 (01/13/98) 



Lysate 
flasks 

cell line UAICC-PCR 
Results 

AWWSC Results Origin of sample 

L212 BGM Negative ND Autoclaved Stock BGM (12 days old) 

L213 BGM Negative ND Autoclaved Stock BGM (12 days old) 

L214 BGM Negative ND Autoclaved Stock BGM (12 days old) 

L215 BGM Negative ND Autoclaved Stock BGM (12 days old) 

L216 BGM Negative ND Autoclaved Stock BGM (12 days old) 

L217 CaCo-2 Negative ND Autoclaved Stock CaCo2 (12 days old) 

L218 BGM Negative ND So. Montebello I.D. # 5 (01/20/98) 

L219 CaCo-2 Negative ND So. Montebello I.D. # 5 (01/20/98) 

L220 BGM Negative ND D.C. Tillman WRP Eff. (01/26/98) 

L221 CaCo-2 Negative ND D.C. Tillman WRP Eff. (01/26/98) 

L222 BGM Negative ND San Jose Creek West Effluent (01/27/98) 

L223 CaCo-2 Negative ND San Jose Creek West Effluent (01/27/98) 

L224 BGM Positive ND San Jose Creelc West Effluent (02/09/98) 

L225 CaCo-2 Negative ND San Jose Creek West Effluent (02/09/98) 

L226 BGM Negative ND East Valley M.W. EV-05 (02/10/98) 

L227 CaCo-2 Negative ND East Valley M.W. EV-05 (02/10/98) 

L228 BGM Negative ND San Jose Creek East Effluent (02/11/98) 

L229 CaCo-2 Negative ND San Jose Creek East Effluent (02/11/98) 

L230 BGM Negative ND Rio Hondo M.W. 2909Y (02/24/98) 

L231 CaCo-2 Negative ND Rio Hondo M.W. 2909Y (02/24/98) 

L232 BGM Negative ND Whittier Narrows Effluent (02/25/98) 

L233 CaCo-2 Negative ND Whittier Narrows Effluent (02/25/98) 

L234 CaCo-2 Negative ND Autoclaved stock CaCo2 

L235 CaCo-2 Negative ND Autoclaved stock CaCo2 

L237 CaCo-2 Negative ND LaHabra Hts Well # 8 (03/02/98) 

L238 BGM Negative ND LaHabra Hts Well # 8 (03/02/98) 

L239 CaCo-2 Negative ND Tujunga Well # 6 (03/03/98) 

L240 BGM Negative ND Tujunga Well # 6 (03/03/98) 

L241 CaCo-2 Negative ND Rinaldi/Toluca Well # 5 (03/10/98) 

L242 BGM Negative ND Rinaldi/Toluca Well # 5 (03/10/98) 

L243 CaCo-2 Negative ND D.C. Tillman Effluent (03/16/98) 

L244 CaCo-2 Negative ND Autoclaved Stock CaCo2 (14 days old) 

L245 CaCo-2 Negative ND Autoclaved Stock CaCo2 (14 days old) 

L246 CaCo-2 Negative ND Negative CaCo2 control (14 days) 

L247 CaCo-2 Negative ND Negative CaCo2 control (14 days) 

L248 BGM Positive ND D.C. Tillman Effluent (03/16/98) 

L249 CaCo-2 Negative ND So. Montebello I.D. Well # 5 (03/17/98) 

L250 BGM Negative ND So. Montebello I.D. Well # 5 (03/17/98) 

L251 CaCo-2 Negative ND San Jose Creek East Effluent (04/27/98) 

L252 BGM Negative ND San Jose Creek East Effluent (04/27/98) 

L253 CaCo-2 Negative ND San Jose Creek West Effluent (05/27/98) 

L254 BGM Positive ND San Jose Creelc West Effluent (05/27/98) 

L255 CaCo-2 Negative ND Whittier Narrows Effluent (06/03/98) 

L256 BGM Negative ND Whittier Narrows Effluent (06/03/98) 

L257 CaCo-2 Negative ND Rio Hondo M.W. 2909Y (06/08/98) 

L258 BGM Negative ND Rio Hondo M.W. 2909Y (06/08/98) 
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Lysate 
flasks 

cell line Negative AWWSC Results Origin of sample 

L259 CaCo-2 Positive ND D.C. Tiliman Effluent (06/17/98) 

L260 BGM Negative ND D.C. Tillman Effluent (06/17/98) 

L267 CaCo-2 Negative ND Autoclaved Negative CaCo2 control (14 days) 

L268 CaCo-2 Negative ND Autoclaved Negative CaCo2 control (14 days) 

L269 CaCo-2 Negative ND Autoclaved Negative CaCo2 control (14 days) 

L270 CaCo-2 Negative ND Autoclaved Negative CaCo2 control (14 days) 

L271 CaCo-2 Negative ND Autoclaved Negative CaCo2 control (14 days) 

L272 CaCo-2 Negative ND Autoclaved Negative CaCo2 control (14 days) 

L273 CaCo-2 Negative ND Completed cell culture medium (01/26/99) 

L274 CaCo-2 Negative ND Completed cell culture medium (01/26/99) 

L275 CaCo-2 Negative ND Rinaldi/Toluca Well # 5 (07/27/98) 

L276 CaCo-2 Negative ND Rinaldi/Toluca Well # 5 (07/27/98) 

L277 CaCo-2 Negative ND Tujunga Well # 6 (06/30/97) 

L278 CaCo-2 Positive ND Tujunga Weii # 6 (06/30/97) 

L279 BGM Negative ND Tujunga Well # 6 (06/30/97) 

L280 CaCo-2 Negative ND Tujunga Well # 6 (06/30/97) 

L285 BGM Negative ND Negative Control 

L286 CaCo-2 Negative ND Negative Control 

L287 BGM Negative ND La Habra Hts Well # 8 (06/22/98) 

L288 CaCo-2 Negative ND La Habra Hts Well # 8 (06/22/98) 

L289 CaCo-2 Negative ND Rinaldi/Toluca Well # 5 Pass # 4 (07/22/97) 

L290 BGM Negative ND Whittier Narrows Effluent Pass # 4 (08/04/97) 

L291 CaCo-2 Negative ND So. Montebello ID Well # 5 Pass # 4 (10/07/97) 

L292 BGM Negative ND Rio Hondo M.W. 1590 AL Pass # 4 (08/19/97) 

L293 BGM Negative ND East Valley EV-01 Pass # 4 (08/19/97) 

L294 CaCo-2 Negative ND Tujunga Well # 8 Pass # 4 (10/21/97) 

L295 CaCo-2 Negative ND Rinaldi/Toluca Well # 5 Pass # 5 (07/22/97) 

L296 BGM Negative ND Whittier Narrows Effluent Pass # 5 (08/04/97) 

L297 CaCo-2 Negative ND So. Montebello ID Well # 5 Pass # 5 (10/07/97) 

L298 BGM Negative ND Rio Hondo M.W. 1590AI Pass # 5 (08/19/97) 

L299* CaCo-2 Positive ND Tujunga Well # 8 pass 5 

L300 BGM Positive ND So. Montebeiio LD. Well # 5 (06/29/98) 

L301 CaCo-2 Negative ND So. Montebello I.D. Well # 5 (06/29/98) 

L302 BGM Negative ND East Valley M.W. EV-05 (07/13/98) 

L303 CaCo-2 Negative ND East Valley M.W. EV-05 (07/13/98) 

L304 BGM pos. ND Tujunga Well # 4 (07/20/98) 

L305 CaCo-2 Negative ND Tujunga Well # 3 (07/20/98) 

L309 CaCo-2 Negative ND San Jose Creek East Effluent (08/04/98) 

L310 CaCo-2 Negative ND Rinaldi/Toluca Well # 5 Pass # 4 (10/28/97) 

L311 CaCo-2 Negative ND D.C. Tillman Effluent Pass # 4 (10/29/97) 

L312 CaCo-2 Negative ND Rinaldi/Toluca Well # 5 Pass # 5 (10/28/97) 

L313 CaCo-2 Negative ND D.C.Tillman Effluent Pass # 5 (10/29/97) 

L314 CaCo-2 Negative ND San Jose Creek West Effluent (05/18/97) 

L315 CaCo-2 Negative ND Rio Hondo M.W. 2909Y (08/17/98) 

L316 BGM Negative ND Whittier Narrows Effluent (09/03/98) 

L317 CaCo-2 Negative ND Whittier Narrows Effluent (09/03/98) 
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Lysate 
flasks 

cell line UA ICC-PCR 
Results 

AWWSC Results Origin of sample 

L318 CaCo-2 Negative ND Negative Control 

L319 CaCo-2 Negative ND Negative Control 

L320 BGM Negative ND La Habra Hts. Well # 8 (09/09/98) 

L321 CaCo-2 Negative ND La Habra Hts. Well # 8 (09/09/98) 

L322 CaCo-2 Negative ND So. Montebello LD. Well # 5 (09/14/98) 

L323 CaCo-2 Negative ND D.C. Tillman Effluent (09/21/98) 

L324 CaCo-2 Negative ND Rio Hondo M.W. 2909Y (09/28/98) 

L325 CaCo-2 Negative ND East Valley M.W. EV-05 (10/06/98) 

L326 CaCo-2 Negative ND Rinaldi/Toluca Well # 5 (10/26/98) 

L327 CaCo-2 Negative ND San Jose Creek East Effluent (11/10/98) 

L335 CaCo-2 Negative ND East Valley M.W. EV-05 (01/05/99) 

L336 CaCo-2 Negative ND East Valley EV-01 Pass # 5 (08/19/97) 

L337 BGM Negative ND Negative Control 

L338 CaC02 Negative ND Negative Control 

L339 BGM Negative ND Negative Control 

L340 BGM Negative ND Negative Control 

L341 CaCo-2 Negative ND Negative Control 

L342 CaCo-2 Negative ND Negative Control 

L343 CaCo-2 Negative ND Negative Control 

L344 CaCo-2 Negative ND Whittier Narrows Effluent (12/07/98) 

L345 CaCo-2 Negative ND So. Montebello I.D. # 5 (12/07/98) 

L346 CaCo-2 Negative ND La Habra Hts. Well # 8 (12/14/98) 

L347 CaCo-2 Positive ND 3° effluent D.C. Tillman (01/11/99) 

L348 CaCo-2 Negative ND Negative Control (11/29/00 assay) 

L349 CaCo-2 Negative ND Negative Control (11/29/00 assay) 

L350 CaCo-2 Negative ND Tujunga Well # 6 (01/19/99) 

L351 CaCo-2 Negative ND Rinaldi/Toluca Well # 5 (02/19/99) 

L352 CaCo-2 Negative ND San Jose Creek East Effluent (02/08/99) 

L353 CaCo-2 Positive ND San Jose Creek West Effluent (2/16/99) 

L354 CaCo-2 Negative ND Whittier Narrows Effluent (02/22/99) 

L355 CaCo-2 Positive ND Rio Hondo M.W. 2909Y (03/01/99) 

L356 CaCo-2 Negative ND La Habra Hts. Well # 8 (03/08/99) 

L357 CaCo-2 Negative ND So. Montebello LD. # 5 (03/22/99) 

L358 CaCo-2 Positive ND East Valley M.W. EV-05 (03/29/99) 

L359 CaCo-2 Negative ND Tujunga Well # 6 (04/12/99) 

L360 CaCo-2 Negative ND Rinaldi/Toluca Well # 5 (04/12/99) 

L361 CaCo-2 Negative ND D.C. Tillman Effluent (04/27/99) 

L362 CaCo-2 Negative ND East Valley M.W. EV-05 (05/24/99) 

L363 CaCo-2 Positive ND Tujunga well # 6 (06/14/99) 

L364 BGM Negative ND Negative Control (BGM Cell Culture) 

L365 CaCo-2 Negative ND Rinaldi/Toluca Well # 5 (06/21/99) 

L366 CaCo-2 Negative ND East Valley M.W. EV-05 (07/27/99) 

L376 CaCo-2 Negative ND Negative Control (03/06/01 assay) 

L377 CaCo-2 Negative ND Negative Control (03/06/01 assay) 

L383 CaCo-2 Negative ND Tujunga Well # 6 

L384 CaCo-2 Positive ND 3° effluent San Jose Creek West 

* = an additional cell culture pass {5'") of one the eight cell culture lysates (L174) ND = Not Done Bold -Pos. = ICC-PCR positive 
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Figure 3.4. Overview of Enterovirus Results for the Los Angeles Site. 
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3.4 Confirmation Studies of non-CPE Virus Isolated from the Los 
Angeles Sites 

In the Fall of 1998, eight cell culture lysates were found to be positive by ICC-

PCR (Table 3.7). Because of the potential implications of these results additional 

confirmation was deemed necessary. It seemed highly improbable that nonviable viruses 

or virus fragments could be detected after many passes through cell culture. The results 

suggested viruses were replicating in cell culture but not producing CPE. Since cell 

culture lysates from these samples had been archived in the California Sanitation District 

Los Angeles County (CSDLAC) lab, it was decided to retest these samples and split the 

samples between two labs, the University of Arizona (UA) lab and the American Water 

Works Service Company (AWWSC) Laboratory in Bellville, IL. The original lysates of 

the 3'^'' passage were passed two additional times (4'*' and 5"^ passage) in the CaCo-2 cell 

line. In an effort to obtain better sequencing results, the Arizona lab also used a newly 

designed primer set (449 bp-designed by Scott Dowd) (Table 3.8). The idea of selecting 

this primer set was to obtain a larger PCR product to determine possible mutations in the 

genome of the non-CPE producing virus versus the Polio vaccine strain. The 449 bp 

primer set was not continued after this comparison study due to its degenerative 

properties, which were not conducive for sequencing. The University of Arizona initial 

results, AWWSC results, and the 449 bp primer retest results are shown in Table 3.8. 

The two laboratories produced similar results for seven of the eight samples. One sample 

was positive in the UA lab and negative at AWWSC. 
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Table 3.7. Identification of CPE Negative, ICC-PCR Positive Samples by the 
University of Arizona. 

Sample Identification CPE ICC-PCR and sequencing 

Whittier 3°effluent (L141) negative positive (Polio 1 Sabin) 
Rio Hondo M.W. (LI52 reclaimed site) negative positive (Polio 1 Sabin) 

Montebello # 5 (LI71 reclaimed site) negative positive (Polio 1 Sabin) 

Tillman 3°effluent (LI 83) negative positive (Polio 1 Sabin) 

Rinaldi/Toluca # 5 * (L139) negative Positive (N/A) 

East Valley M.W. EV-01 (L156) negative Positive (N/A) 

Tujunga well # 8 (L174) negative Positive (N/A) 

Rinaldi/ Toluca # 5* (L178) negative Positive (N/A) 

*Rinaldi/Toluca and Tujunga well # 8 are potable wells 
these four samples were found to be positive in the Fall of 1998, after extensive 

additional testing LI56, LI74 and LI78 were determined to be negative 
NA = No sequencing results available 
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Sequencing results of these isolates suggested that they were a vaccine strain of 

poliovirus type 1. All the positive results obtained by AWWSC from the retest were 

either tertiary treated wastewater or reclaimed wastewater from the Montebello Forbay 

recharge site. The same results were obtained with the UA retesting exercise, except one 

sample (LI39), originating from a control site was found to be ICC-PCR positive. 

The presence of viruses at control sites might indicate a general low level of virus 

contamination in the groundwater in the Los Angeles area, possibly from leaking sewers. 

Given the amount of land movement and earthquake activity in southern California, this 

is not an unreasonable scenario. The AWWSC data from the retesting clearly 

demonstrates the presence of non-CPE producing enteroviruses in treated effluents and 

wells with short travel times. 

One significant difference between the two laboratories was their protocols for 

vims detection. The University of Arizona employed the method described in this 

dissertation. AWWSC treated cell culture lysates with 50% Chelex 100 (1:1) and 

vortexed them for 5 minutes. After a brief spin in an Eppendorf centrifuge tube at 1000 x 

g, a 2 1^1 aliquot was used in a 50 |al first round, one-tube RT-PCR reaction using as 

forward and reverse primers. One |al of the first round reaction was added to a 50 ^il, 

second round reaction utilizing the Abbaszadegan (1993) primers. Products from this 

second round reaction were cloned using a TA cloning kit. Five individual random 

colonies containing the insert (i.e. by blue/white screening) were picked and reamplified 

with the identical primers from the second round reaction. PCR products were purified in 

sequence (i.e. all clones from L141 BLAST analyzed as Polio Virus 1 Sabin). All 
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sequences from all clones were 100% homologous to virus sequences available from the 

website http://www.ncbi.nlm.nih.gov/BLAST. 

http://www.ncbi.nlm.nih.gov/BLAST
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Table 3.8. Comparative Analysis of ICC-PCR Retest Results of UA and 
AWWSC. 

1 test 2"** test - pass #3 * 3'̂ '' test - UA 
Site Sample Cell pass Pass #4* Pass #5* 

description line #3* ^ 

UA 9 , 5 o 3' B B' 
n -H- ++ ^ ++ 

Whittier BGM ^ ^ ^ 
Narrows Eff. 
(L141) 

Tillman Eff. CaCo-2 + + + 
(LI 83) 

Monitoring BGM + + + 
Well 
(LI52) 

Potable Well CaCo-2 + + + 
(33 day) 
(L171) 

C** EV BGM + 
Monitoring 
Well 
(LI 56) 

Rinaldi/Toluca CaCo-2 + + - _ _ _ _ 
#5 
(L139) 

Tujunga #8 CaCo-2 + - - _ _ _ + 
(L174) 

Rinaldi/Toluca CaCo-2 + - - _ _ _ _ 
#5 
(LI 78) 

Pass number refers to the number of times the original cell culture assay was 
freeze/thawed and lysates passed onto fresh cell culture assays before the cell lysates were harvested 
for the PGR assay 

t = Sample was identified (ID'd) as one previously tested when submitted for retest 
X = Sample was coded so that it was a "blind" retest 
R = indicates reclaimed water or wells potentially impacted by reclaimed water 
** = "C" indicates control sites, i.e. no reclaimed water had been recharged in the area 
UA = University of Arizona 

AWWSC= American Water Works Service Company 
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3.4.1 Additional Cell Culture Passages 

In an effort to determine the credibility of the ICC-PCR results obtained, further 

cell culture passages were performed. Two sets of the eight cell culture lysates existed. 

An old cell culture lysate set, which was analyzed extensively to resolve the controversy 

of positive/negative ICC-PCR results, and an archived set. These two sets were placed 

on BGM cells in both laboratories (UA and California Sanitation District Los Angeles 

County) to determine whether the virus continued to replicate in the cells. At the UA a 7 

day incubation period was chosen on the assumption that the virus might be a slow 

replicator and needed more time for cell culture passage #4. In C SDL AC a 3 day 

incubation period was chosen for cell culture passage # 4. Out of the eight cell culture 

th 
lysates in question, six were PCR positive after the 4 passage performed at the UA (7 

day passage). Most likely the ICC-PCR results obtained with the 4 passage indicated a 

virus dilution effect, since the 5^'' cell culture passage showed no growth of the virus. 

A high virus concentration from the 3'^'' cell culture passage might have been passed to 

the 4*'^ passage without additional virus growth and diluted to extinction at the 5"^ cell 

culture passage. Table 3.9 and 3.10 lists the results of the 4*'' and S"' cell culture 

passages. 
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Table 3.9. Fourth Cell Culture Passage, ICC-PCR Positive and CPE Negative 
Results. 

— ...... , ... . • — , - . , 
Sample 4 passage (7 4 passage (3 

days UA) days CSDLAC) 
LI83 (3°effluent) Tillman + 
L141 (3°effluent) Whittier + 
L152 (shallow M.W.) Rio Hondo + 
LI78 (deep potable well) Rinaldi/Toluca #5 + 
LI74 (deep potable well) Tujunga Well #8 + 
LI39 (deep potable well) Rinaldi/Toluca # 5 + 

M.W. = Monitoring Well 
UA = University of Arizona 
CSDLAC = California Santiation District Los Angeles County 



96 

Passage of a nonviable, intact virus from cell culture lysate pass # 3 

to cell culture passage # 4 appears to be likely. To gain confirmation of absence of 

growth by the virus, a S"' cell culture passage was performed. At the UA, a 6 day 

incubation period was chosen for the S"' cell culture passge. Again at CSDLAC, a 3 day 

incubation period was chosen for the S"' cell culture passage. The 5'^ passage yielded no 

ICC-PCR positives for the UA cell culture passage, indicating no virus growth, therefore 

the possibility of a dilution effect. The cell culture passage performed at CSDLAC 

showed one positive ICC-PCR result for its S'*" passage, which might have been a 

coincidence. Results obtained with the 4"* and S"* cell culture passages confirmed the 

dilution effect of the non-CPE producing virus (Table 3.9 and 3.10). 

Table 3.10. Results of Fifth Cell Culture Passage, ICC-PCR. 

Sample 5' passage (6 5' passage (3 days 
days UA) CSDLAC) 

LI83 (3°effluent) Tillman 
L141 (3° effluent) Whittier 
L152 (shallow M.W) Rio Hondo 
LI78 (deep potable well) Rinaldi/Toluca # 5 -
L174 (deep potable well) Tujunga # 8 - + 
LI39 (deep potable well) Rinaldi/Toluca # 5 ^ 

M.W. = Monitoring Well 
UA = University of Arizona 
CSDLAC = California Santiation District Los Angeles County 
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3.4.2 Quantitation of the Non-CPE Producing Enteroviruses 

The concentration of viruses in cell culture passage # 4, cell culture lysates of 

L141 (Whittier Narrows Effluent), L171 (South Montebello I.D. # 5), L183 (D.C. 

Tillman WRP effluent) and L152 (Rio Honda M.W. 1590 AL) was determined. 

The lysates were diluted until virus detection was undetectable by RT-PCR. 

Lysates LI83, L171 and L141 could be detected after a 10"^ dilution indicating a 

concentration of 10^ enteroviruses/mL using 196 bp primers (Abbaszadegan et al, 1993) 

(Table 3.11). All serial dilutions of control cell culture lysate sample LI 52 were negative 

by RT-PCR. 

Table 3.11. Determination of Non-CPE Concentration after Cell Culture 
Passage Four. 

Sample 10-^ 
dilution 

10-^ 
dilution 

10"^ 10"'' 
dilution dilution 

L141 (3° effluent) + + + 
LI83 (3° effluent) + + + 

LI 71 (potable well) Montebello # 5 + + + 

LI52 (shallow M.W.) Rio Hondo - - -

M.W. = Monitoring Well 
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4.0 DISCUSSION 

4.1 Virus Results at the Tucson Site 

Twenty-eight Tucson samples were collected over a two year period. Three out 

of the 28 samples examined using ICC-PCR tested positive for enteroviruses. One of 

these three samples originated from monitoring well WR-198A and the others from 

secondary chlorinated wastewater. Infectious enteroviruses were detected in well WR-

198A in 1996 and 1997 and it was also positive in 1999 by ICC-PCR (negative CPE). 

No viruses were detected in any of the other wells. 

Well WR-198A was located up-gradient of the recharge basins but was known to 

be influenced by reclaimed water from the Sweetwater Site. It was also located on a 

golfcourse which was irrigated with secondary RRWWTP effluent for at least 10 years. 

In addition there was a septic leach field tank about 107m north. 

Well WR-198A was the most frequently sampled well of all the monitoring wells. 

This might explain the possible increased "hits" of enterovirus detection by ICC-PCR in 

well WR-198A and not in the other monitoring wells. Given the absence of virus 

detection in wells adjacent to the recharge basins, the enteroviruses detected in this well 

most likely originated from the nearby septic tank or the long-term irrigation of this area 

with secondary effluent. Wilson et al, (1995) conducted a study at the Tucson site with 

tertiary treated wastewater. Wastewater was being applied after pressure filtration. 

No enteroviruses assayed by cell culture or microbial indicator organisms were 

detected in the tertiary wastewater or in the reclaimed groundwater. 



99 

4.2 Indicator Results for the Tucson Site 

Intermittant detection of indicator bacteria and coliphages at low levels in all of 

the monitoring wells at the SRF site revealed the impact of reclaimed water in the wells. 

Recent boron tracer studies confirmed the influence of reclaimed water in all of the wells. 

Total coliforms and fecal streptococci were the most common indicators found in the 

reclaimed groundwater. Coliphages were detected in the groundwater at the Tucson SAT 

site more often than indicator bacteria. 

Total coliforms were most frequently detected in wells WR-199A and ML-002. 

These results weren't too surprising, since WR-199A was located inside of a recharge 

basin, and ML-002 was in close proximity to septic tanks and washes near private 

property. Based on the results from secondary effluent (47,000 CFU/L), coliforms in 

well WR-199A (1.87 CFU/L) were reduced by more than 99.999581% after vertical 

passage through 63m of soil, demonstrating SAT as effective in regards to bacterial 

indicators. Monitoring well ML-002 may have also been influenced by reclaimed water, 

based on the boron tracer study. This well has had a history of high total/fecal coliform 

occurrence (1600 MPN/L in April, 1997). 

It has long been recognized that the absence of bacterial indicators, such as 

coliforms and fecal coliforms, in water does not ensure it to be free of enteric viruses. 

This discrepancy is due to their longer survival time in the environment their resistance to 

disinfectants, and sample volumes. In addition, the physical removal of viruses during 

SAT would likely be less efficient than bacterial removal, due to their smaller size. 
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Coliphages were detected on at least one occasion in all of the monitoring wells 

impacted by reclaimed groundwater, making coliphages potential indicators for the 

influence of reclaimed wastewater. Coliphages were most frequently detected in wells 

WR-69A and WR-198A. Well WR-198A was sampled seven times, whereas well WR-

69A, which tested negative for enteroviruses, was sampled only four times. Yates et al, 

(1985) reported that coliphage MS-2 was a conservative indicator for transport of animal 

viruses in the subsurface. In addition Quandrud et al, (2002) also reported coliphages to 

be conservative indicators of poliovirus transport during SAT. 
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4.3 Virus Results for the Los Angeles Site 

Sixty-five Los Angeles samples were analyzed for enteroviruses, hepatitis A, and 

adenovirus. Hepatitis A or adenovirus was not detected in any of these samples. These 

samples originated from tertiary wastewater, reclaimed groundwater, and potable 

groundwater. 

No CPE was observed in cell culture assay of the samples. Twenty-two out of 

sixty-five samples were positive for enteroviruses by ICC-PCR. Twelve of these samples 

yielded sequencing results of Poliovirus 1, and one yielded Echovirus 1 (Oswald, 2003). 

These twenty-two samples represented ten different sources. Four originated from 

tertiary treated wastewater, three from reclaimed groundwater and three from wells 

located in the East San Fernando Valley. Three of the ten samples represented 

groundwater. These samples were from the Rio Hondo River (RHR) spreading grounds, 

which received local storm water, imported surface water, and reclaimed water. 

Enteroviruses were detected on at least one occasion in monitoring wells Rio Hondo 

1590 A1 and 2909Y by ICC-PCR. The viruses were detected on three occasions in well 

South Montebello Irrigation District Well #5. This well is used as a potable drinking 

water source. This well was located 24m from a recharge basin and it was only 9m deep. 

The water used from this well was being chlorinated prior to use as potable water. 

Three of the ten samples were positive for enteroviruses by ICC-PCR originated 

from the East Valley control site. The control site (East San Fernando Valley) was a 

flood control basin recharging only urban runoff. The urban runoff water was not tested 

for enteroviruses during the SAT study. However, Jiang et al, 2001 studied the 
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transport and fate of viruses in urban runoff using nested-PCR. Human adenoviruses 

were detected primarily at the mouths of four major urban rivers, pointing to urban runoff 

as a source of coastal viral contamination. The detection of adenovirus should be viewed 

as an index for human fecal pollution and the presence of other human viruses. Of the 

12 samples tested in Jiang's study, 4 were positive for human adenovirus, indicating 

contaminated urban runoff 

Three Tujunga wells (#4, #6, and # 8) used as a source of potable water and one 

monitoring well from the Hansen Spreading Grounds (EV-05) were positive for 

enteroviruses. This site was subject to the same potential urban virus runoff as the 

Montebello Forebay sites i.e. leaking sewers and homeless encampments along the 

nearby river. 

4.4 Indicator Results for the Los Angeles Site 

Total coliforms were detected in each of the four tertiary treatment plants, 

however, levels were less than 5 coliforms per liter (<0.5/100 mL). E. coli was only 

detected in one sample (Whittier Narrows) at a concentration of 1.0 MPN/L. Fecal 

streptococcus was detected in three of the four treatment plants effluents ranging from 

0.44 to 1.84 MPN/L. Enterococcus was not detected in any of the treatment plant 

effluents. Clostridium perfringens was detected in all of the tertiary effluent samples 

ranging from 0.7-191 CFU/L (Fifth SAT Progress Report, 1999). 

The majority of monitoring wells in which non-CPE enteroviruses were detected 

showed no bacteria or coliphage indicators. No indicators were detected in the East 
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Valley control monitoring wells. No relationship was apparent between the occurrence 

of non-CPE producing enteroviruses and indicator organisms for the Los Angeles site. 

4.5 Non-CPE Producing Virus 

One possible explanation for the occurrence of the non-CPE producing 

enterovirus might be the loss of the 2A proteinase and its inability to inactivate host 

transcription factors. Poliovirus usually expresses a 2A proteinase, which inhibits host 

cell protein synthesis, thefore producing CPE (Lloyd et al, 1993). Poliovirus also 

inhibits host RNA transcription by inactiving several transcription factors, therefore 

eliciting CPE (Clark et al, 1990, 1991; Kliewer et al, 1990). Some viruses (human 

rotavirus and hepatitis A) do not produce CPE unless they are adapted to specific cell 

lines. 

A virus may produce CPE, however the cell growth rate is faster than the 

visualization of cell destruction. It is possible that this non-CPE enterovirus represents a 

mutant, which is a slow replicator in the cell lines used in this study. BGM cells are 

commonly used for the enterovirus assay, but not all human enteroviruses grow in this 

cell line. To be able to identify all the human enterovirus in a sample, more than one cell 

line is required (Schmidt et al, 1978). 

Maltese et al, (2000) suggested that non-CPE- non-cell line adapted viruses lack 

the conserved 18aa sequence found in most active picomavirus 2A trypsin-like proteases. 

Protease 2A cleaves the eIF-4G moiety of the cap binding complex which inhibits 



104 

cellular protein synthesis, therefore eliciting CPE. Picomaviruses are among the most 

cytolytic viruses and are able to induce a strong cytopathic effect in cell lines to which 

they were adapted (Venuti et al, 1985; Divizia et al, 1986). Most probably the virus 

discovered in this study lacks the consensus sequence of the putative catalystic site of the 

trypsin-like protease 2A (Lloyd et al., 1988). With the adaptation to tissue culture 

conditions cytolytic variants of this enteroviruses could possibly complement its mutated 

2A gene and eventually produce CPE. 

Another hypothesis for the lack of CPE might be that the amino acid sequence of 

the protein 2A encoded by the fast-growing enteroviruses might be identical to that of 

slow-replicating isolates, apparently unable to induce a noticeable cytopathic effect. 

However, with any virus isolate before adaptation to tissue culture conditions, the 

absence of detectable cytopathic effect is the logical, predictable consequence of the 

faster rate of cell division compared with the adapted virus isolate. Under these 

conditions, the still-dividing, non-infected cells would easily replace the few infected 

ones, masking the effect of infection. As the virus adapts to the cell culture conditions, 

the replication cycle shortens and the effects on host-cell protein synthesis becomes 

apparent. 
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4.6 Primers 

The selection of the primers used in this study was based the desription in section 

2.5.3 which produced a very short segment product (196 bp) therefore not allowing an 

isolation of a region of possible mutation within the polio genome. A future 

recommendation would be to use larger PGR primers (-500-1000 bp) specifically 

developed for poliovirus molecular typing. Tougianidou et al, (1993) designed a 

different enterovirus primer set yielding a ~ 400 bp product. Selective detection of 

infectious viruses can be achieved by specific amplification of intermediate cell culture 

replication products, which appear during the replication of the enteroviral RNA in the 

host cell. 

Shulman et al, (2000) reported nucleotide differences among 16 polio isolates in 

a polio outbreak where a 1,106 bp PGR product was amplified from Poliovirus RNA. 

4.7 Interpretation of the Virus Data 

During this study it was apparent that the virus demonstrated growth during three 

fiill successive passages (45 days) as initial IGG-PGR results demonstrated. However, 

growth of these viruses was not demonstrated in two additional passages. 

One of the strongest pieces of evidence that the non-GPE viruses were initially 

replicating in cell culture was the experiment that showed the cell culture lysates serial 

dilution reaching extinction at 10'^, after 3 full cell culture passes. 
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Positive ICC-PCR results proved the presence of encapsulated enteroviruses in 

water, since free RNA is rapidly degraded in environmental waters (Tsai et al, 1995). 

Grabow et al, (2000) also reported non-CPE producing enteroviruses in 67% of 

224 water samples collected from rivers and reservoirs and 23% of 413 treated drinking 

water samples. He also reported adenovirus in 4% and hepatitis A in 3% of the drinking 

water samples. The viruses were concentrated with glass wool filters, and four different 

cell lines were used for two cell culture passages prior ICC-PCR assay. 

4.8 Electron Microscope Visualization of Non-CPE Enteroviruses 

In an attempt to identify and visualize the non-CPE viruses, cell culture lysates 

141 and 183 were analyzed by transmission electron microscopy. The lysates were 

grown in BGM cells and titered using polymerase chain reaction and dilution extinction. 

Final titers ranged from 10^-10^ MPN/mL by RT-PCR assay. Electron microscopy was 

done at the University of Arizona Imaging Facility and photographs were taken by David 

Bentley-Facility Director. Results showed approximately one "virus-like" particle per 

field at 100,000X magnification. Higher concentrations of the non-CPE virus will have 

to be grown and concentrated to definitively visualize the virus. 
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4.9 Other Recharge Studies 

4.9.1 Viruses 

Even though there have been no reports of disease outbreaks associated with land 

treatment of wastewater, there has been reports of virus detection in groundwater after 

wastewater application to land or direct groundwater recharge (Goyal et a/., 1983). 

Wellings et al, (1975) demonstrated vertical and lateral movement of viruses in 

secondary effluent discharged from a wetland system. Viruses migrated 7-38 m laterally 

from the application point and survived for at least 28 days. 

In an earlier study, Wellings et al, (1974) recovered viruses from groundwater 

after spray irrigation of secondary effluent onto sand. Of particular interest in this study 

was that viruses survived chlorination, sunlight, spraying, and percolation through 3-6 m 

of sandy soil. These studies demonstrate that soil type and other factors can affect viral 

movement into groundwater, and that viruses are capable of surviving long_periods— 

which, when combined with the ability to move long distances laterally, could lead to 

wide dispersal through an aquifer. 

In another study by Vaugh and Landry (1977), isolated viruses from four 

groundwater recharge sites, including a stormwater recharge basin. At the groundwater 

recharge sites, viruses were recovered at depths up to 11.4 m and at distances up to 45.7 

m from the injection point of secondary or tertiary chlorinated effluent. Fecal 

streptococcal bacteria were also found in a 28.9 m deep well. In addition, total coliforms 

were detected. Total coliforms also occasionally occurred at greater depths. 
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In contrast, Gilbert et al,. (1976) found no viruses in any samples collected 

beneath an SAT site near Phoenix, AZ. This might be probably due to the lower water 

volume (174 to 378 liters) collected in their study, as well as using CPE to detect the 

viruses. 

4.9.2 Bacteria 

Bacteria are believed to be removed largely by filtration through the soil (Gerba et 

al., 1975). However, McFeter et al, (1974) and Keswick et al, (1982) found, that a few 

bacterial indictors (Enterococcus and fecal streptococcus) which reached the groundwater 

survive somewhat longer in well water than some enteric pathogenic bacteria. This may 

explain the findings of some indicator bacteria at the Tucson recharge site. 

Another possible explanation for the presence of indicator bacteria is that under 

some conditions they can regrow in groundwater if sufficient nutrients are present. E. 

coli bacteria have been found to survive and even multiply during underground recharge 

projects in Israel (Kanarek et al,1996). Subsequent studies showed that only during the 

period between recharge and pumping would growth occur (Goldschmid et al, 1974). 

Many studies have indicated essentially complete fecal coliform removal after 

percolation of 1 m to a few meters through the soil (Bouwer et al, 1976). Gilbert et al, 

(1976) examined reclaimed groundwater wells under the influence of secondary sewage 

effluent at the Flushing Meadows Wastewater Renovation Project near Phoenix, Arizona. 

A decrease of fecal coliforms, fecal streptococci, and total bacteria by about 99.9% in the 

renovated well waters was observed afl:er the wastewater passed through only 9 m of soil. 
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Bouwer et al, (1985), suggested that coarse-textured material on the bottom and finer-

textured material in the deeper vadose zone was needed for efficient microorganism 

removal. At the SRF site, the sub-surface material was composed of gravel, sand, silt 

(recent alluvium) and clay-like silts (upper Fort Lowell Formation). This soil profile 

provided good bacterial filtration and quality improvement of the effluent as it passed 

through the vadose zone. 
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5.0 CONCLUSIONS 

1. Microbial indicators were most commonly isolated in wells in or adjacent to a 

recharge basins. 

2. Non-CPE enteroviruses were found in four tertiary treated wastewater 

samples, two secondary treated wastewater samples, three reclaimed 

groundwater samples in Los Angeles, one reclaimed groundwater sample in 

Tucson, and three groundwater well (not influenced by reclaimed water) 

samples in Los Angeles. 

3. Adenovirus and hepatitis A virus were not detected in any reclaimed water 

samples. This may have been due to the lower primer sensitivity relative to 

the primers used for enteroviruses. 

4. Total coliform bacterial data from the Tucson Sweetwater site showed a 

99.999581% reduction after SAT. 

5. None of the bacterial and coliphage indicators were indicative of the presence 

of non-CPE producing viruses at the Sweetwater site in Tucson. 

6. Coliphages were detected in the groundwater at the Tucson SAT site more 

often than indicator bacteria. 
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ABSTRACT 

There has been widespread concern over environmental and human health effects 

from exposure to estrogenic and other endocrine-disrupting compounds (EDC) in water. 

Many such compounds are present in trace quantities in domestic wastewater effluent, 

and may persist in the environment. 

In this study, the cell proliferation assay (E-screen) was used to test for the 

presence of EDC in secondary treated domestic wastewater before and after wetland 

treatment, and Soil Aquifer Treatment (SAT). It was hypothesized that SAT and 

wetland treatment reduces endocrine activity in secondary wastewater. 

The study on SAT was conducted at the Sweetwater Recharge Facility (SRF) in 

Tucson, AZ, which received secondary chlorinated wastewater. The wastewater applied 

to the recharge basin contained an average estradiol equivalent value (EEQ) of 71.1 

ng/L. This was reduced to 13.7 ng/L after 63 m of infiltration through the vadose zone. 

The results suggested that the vadose zone attenuated residual endocrine-disrupting 

compounds in treated wastewater by approximately 81%. The endocrine activity in the 

wells surrounding the SRP demonstrated the impact of reclaimed water. 

Other sites studied were sub-surface wetlands and a pond system both located at 

the Constructed Ecosystem Research Facility (CERF) in Tucson, AZ. The multi-species 

sub-surface wetland treatment, with a five day retention time, showed a 6-fold increase 

of endocrine activity (15.9 ng/L to 100 ng/L). Endocrine activity decreased 83% after 

passage of the wastewater through the CERF duckweed pond (98.0 ng/L to 16.7 ng/L). 
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The endocrine activity in a wetland receiving potable (unchlorinated) tapwater 

was also found to increase, rising from 0.0 ng/L to 32.0 ng/L. The source of this activity 

may be the phytoestrogens from plants or possibly the animal activity in the wetlands. 



114 

1.0 INTRODUCTION 

1.1 Endocrine Physiology 

The endocrine system involves chemical messengers, known as hormones, which 

are produced in specific glands and travel via bloodstream to target organs. The 

endocrine system is responsible for regulating a wide range of physiological responses. 

Some of the important glands in the endocrine system located in the brain include the 

hypothalamus, pineal body, hippocampus, and pituitary gland. The parathyroid gland, 

thyroid gland, thymus gland, kidneys, adrenal glands, pancreas, ovaries, uterus, breasts, 

vagina, testes, penis, and prostate are organs and glands also involved in the endocrine 

system (Colbum e/a/., 1997). 

Estrogens influence growth, differentiation and function of many target tissues. 

They play an important role in embryonic development as well as maturation to 

adulthood. In adults, estrogens influence bone density maintenance and reproduction. 

Estrogens are mainly produced in the ovaries and testes, and are retained with a high 

affinity and specificity in target tissues where estrogen receptors are present (Kuiper et 

al, 1997). 

The form of naturally occurring estrogen in humans is 17P-estradiol, followed by 

estrone and then estriol. In the body, 17p-estradiol is secreted and oxidized irreversibly 

to estrone. Both 17P-estradiol and estrone can be converted to estriol (Figure 1.0). These 

reactions mainly take place in the liver and all three forms are excreted in urine along 
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with glucuronides and sulfate conjugates (estrogens with added functional groups) 

(Hardman a/., 1996). 
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(16-a-OHase is 16-a-hydroxylase and 17-OH-SDH is 

O H  C4 

17 P-estradiol 17-OH-

P H  Chi C4 

17-OH-

estrone 
(17-hydroxysteroid dehydrogenase) 

estriol 

Figure 1.0. Biotransformation of Estrogens in the Body (Hardman et al, 1996). 
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Estrogens exert effects on the body by binding to estrogen receptors on target 

cells within the body. Estrogen receptors are intra-nuclear proteins; therefore it is 

necessary that the estrogens cross both the cell membrane and nuclear membrane to exert 

a response in the cell. In the nucleus, estrogen binds to a receptor to form a complex. 

This complex then binds to an estrogen response element (ERE), a specific section of 

DNA where binding occurs. Once the complex is bound to DNA, transcription results in 

signaling, which produces a variety of responses including protein production (Figure 

1.1) .  



Basis of Bidocrme Response 

118 

^ ocapedrecqjtior 

A unoccupied recqto" 

^ estrone carpound 

CELL p-galactoadase 

NUCLEUS 

• RNA 

Iroteins 
(lirmone Response) 

Figure 1.1. Schematic of Estrogen Effects in a Cell. 
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Two types of estrogen receptors have been identified. ER-a was identified in 

1986, followed by ER-p in 1996 (Greene et al., 1986; Kuiper et al, 1996). The overall 

homology between the receptors is very high, having a 95% homology in the DNA-

binding region and 60% homology in the ligand-binding region (Dechering et al, 2000; 

Merchenthaler and Shugrue, 1999). They differ, however, by their distribution in target 

tissues, physiological roles, and binding affinities for compounds. 

ER-a has been identified in high concentrations in the pituitary, vagina, and 

uterus, compared to ER-P found in the ovary and prostate. Most tissues appear to have 

both receptors present, although at differing concentrations. The physiological role of 

these receptors has been investigated in mice with dysfunctional or missing receptors. 

Thus far, mice with missing ER-a were found to be infertile (males and females), had 

decreased bone density, and decreased cardiovascular protective effects (decreased nitric 

oxide in the vascular endothelial cells) (Dechering et al, 2000). Mice with dysfiinctional 

ER-P displayed decreased fertility. 

The difference in the ligand-binding domain of these receptors (differ by 40%) 

causes ligands to bind with different affinities or strengths. Both receptors bind 

17P-estradiol with a high affinity, but have variances in the affinity for which they bind 

other compounds. Plant derived compounds, referred to as phytoestrogens, have higher 

binding affinities for ER-P (Davis et al, 1999; Kuiper et al, 1997, 1998). The 

compound bisphenol A, a monomer of plastic, binds to both receptors with a similar 

affinity, but appears to exert an agonistic (mimics estrogen) effect when bound to ER-P, 

and both an agonistic and antagonistic effect when bound to ER-a (Hiroi et al, 1999). 
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1.2 Evidence of Endocrine Disruption 

There is considerable concern over environmental and human health effects 

arising from exposure to endocrine-disrupting chemicals in water (Ashby et al., 1997; 

Colbum et al., 1993, 1996; Jobling et al. 1995, Kavlock, 1999; Sumpter et al., 1998; 

Tyler et al., 1998). Since World War II, thousands of chemicals used in industry have 

been released into the environment. Many of these chemicals have the potential to 

disrupt the endocrine system and result in developmental defects and infertility. 

Industrial chemicals with known estrogenic effects, such as pesticides, polychlorinated 

biphenyls, phthalates, alkylphenols, bisphenol A, and polycylic aromatic hydrocarbons 

have been detected in the environment. 

Additionally, advances in the medical field have led to the development of many 

compounds that act as hormones. Some pharmaceuticals, which may or may not have 

been developed for use as endocrine regulators, have the ability to disrupt the endocrine 

system. Classes of pharmaceuticals that have been detected in the environment, which 

include antibiotics, antidepressants, anticonvulsants, analgesics, anesthetics, cholesterol-

reducing medicines, and synthetic hormones from birth control pills and replacement 

therapies. The presence of these industrial and pharmaceutical chemicals in wastewater 

effluent poses a potential risk due to their potential magnification in the food chain. 

These compounds and a variety of natural estrogens, such as plant derived estrogens 

called phytoestrogens and excreted estrogens, may produce additive or synergistic effects 

in exposed animals and humans (Table 1.0) (Colbum, et a/., 1993). 
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Table 1.0. Known or Suspected Endocrine Disruptors. 

Estrogens 17p-estradiol, diethylstilbestrol, a-ethinylestradiol 
(natural and synthetic) 

Pesticides herbicides and insecticides 
Polychlorinated biphenyls (PCBs) adhesives, fire retardants, waxes 
Alkylphenols detergents, lubricants, paints, herbicides, dyes, 

perfumes 
Phthalates plasticizer 
Pharmaceuticals cimetidine, digitalis, sulfonamide 
Phytoestrogens alfalfa, soya beans, plant oils, wood 
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Contaminant-related endocrine system anomalies include aberrant animal 

behavior and disruption of reproductive patterns. Gulls from Lake Ontario and southern 

California, alligators in Lake Apopka, Florida, dolphins in the Mediterranean Sea, and 

fresh-water fish are among the examples of documented, waste-related endocrine system 

abnormalities (Colbum et al, 1993, 1996; Roefer et al., 2000; Tyler et al, 1998). In the 

United Kingdom, elevated levels of vitellogenin, an egg precursor protein, were detected 

in male trout and other fish species taken immediately downstream from wastewater 

effluent discharge points (Jobling et al., 1998; Purdom et al, 1994; Tyler et al., 1998). 

Similar observations have been made in the United Sates. Male carp fi"om the Las Vegas 

Wash and Las Vegas Bay, areas impacted by wastewater discharge, also exhibited 

elevated levels of vitellogenin (Roefer et al, 2000). Specific wastewater-derived 

compounds that have been implicated as sources of such effects include alkylphenols 

used in industrial cleaners, polychlorinated biphenols, DDT, and pharmaceutical 

estrogens like diethylstilbestrol (Desbrow et al, 1998; Harries et al, 2000; Jobling et al, 

1998; Purdom et al, 1994). 

In the last several years, in vitro assays with different endpoints like recombinant 

reporter gene induction in yeast and mammalian cells (Jobling et al, 1995, Zacharewski 

et al., 1995 and Routledge et al, 1996), ligand binding to isolating estrogen receptors 

(Jobling et al, 1995, Klotz et al, 1996) and proliferation of estrogen-sensitive human 

cells (Soto et al, 1995, Jobling et al, 1995,Villalobus et al, 1995) have been developed 

and applied. 
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1.3 Endocrine Disruption Assays 

A compound can act as an agonist and mimic effects of estrogen or it can 

behave as an antagonist and block effects of estrogen. A receptor-binding assay can be 

used to determine if a compound binds to a specific receptor; however it does not 

distinguish between agonists and antagonists. This data is informative for comparing the 

potency of unknown compounds to known compounds. 

In vitro assays test for the expression of known genes or proteins, with an increase 

in cellular growth if a chemical acts as an agonist. In vitro assays do not detect 

antagonists. In vivo assays can detect both agonists and antagonists. In vivo tests take 

into account the physiological response to the chemicals, such as biotransformation of the 

compound. For a compound to express its estrogenic-like effects, it must enter the cell, 

pass through the cytoplasm and bind to estrogen receptors inside the nucleus. The 

estrogen/receptor complex formed initiates transcription, followed by translation (Figure 

1.2). It may be necessary to apply combinations of in vitro and in vivo assays to 

characterize chemical disruption of hormone activity. In vitro estrogen disruption assays 

include receptor binding, cell proliferation (E-screen), and reporter gene assays. 

Assay-dependent sensitivities to aqueous phase 17P-estradiol vary by orders of 

magnitude. The same assays also differ considerably in terms of effort and demand for 

technical skill (Table 1.1). Sensitivity is represented by the ECjo for 17P-estradiol. The 

cell proliferation assay, also known as the E-screen assay, with its EC50 0.01 nM 

sensitivity was used during this study. 
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Different E-screen results reported by a number of laboratories have complicated 

the routine application of the MCF-7 cell proliferation assay as a screening tool for the 

identification of estrogenic agents (Payne et al, 2000). Widely varying test regimens and 

numerous cell sub lines have been used, which may explain much of the variability in test 

results (Zacharewski et a/., 1997). Payne et al, (2000) recently reported that changes in 

culture conditions, such as the numbers of cells plated and the duration of incubation of 

estrogen-free medium before treatment with test compounds, can have striking effects on 

the responses to estradiol. Villalobos et al, (1995) demonstrated the impact of different 

MCF-7 cell sub lines on test outcomes. In a recent larger inter-laboratory study, Oh et 

al, (2000) reported that by using a standardized cell line (MCF-7/BUS) with similar 

protocols, good agreement can be achieved with most test compounds. 
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Figure 1.2. Basis of Response to Estrogens Among Regulated Cells 
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Table 1.1. Comparison of Endocrine Disruptor Assay Sensitivities and 
Durations. 

Assay Representative 
EC50 (nM) 

Time Required 
(day) 

Reference 

Receptor-binding 10 1 Bolgerefa/., 1998 

Gene Expression 0.5 1 - 3  Arnold 1996 
Coldham et al., 1997 

Graumann et al., 
1999 

Cellular Proliferation 0.01 5 - 7  Komere/a/., 1998 
Soto et al, 1995 

In Vivo (vitellogenin) 1.8 10-130 Sherry et al., 1999 

EC50 = Effect Concentration; the concentrations of a substance at which 50% of the 
investigated organisms (MCF-7 cell line) show an effect (inhibition or proliferation) 
Comparison of in vitro assays for chemical estrogenicity based on sensitivities and effort. 
Sensitivity figures are the lowest concentration of 17P-estradiol at which estrogenic 
effects can be readily detected in ng/L. 
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Receptor binding assays are particularly fast and comparatively straightforward. 

They generally involve a single receptor (ER-a or ER-P, etc.); one test does not provide a 

universal indication of endocrine disruption. Furthermore, although both agonist and 

antagonist compounds can be detected, binding assays do not generally distinguish 

between them. For these reasons (sensitivity, agonist/antagonist recognition) receptor 

binding assays and in vitro assays, in general, cannot completely replace animal tests 

based on lifespan, behavior or measurement of biomarkers like vitellogenin, that indicate 

the disruption of secondary sex characteristics (Harries et al, 2000; Jobling et al, 1996, 

1998; Tyler e/a/., 1998). 

The receptor-binding assay follows procedures established for the Estrogen 

Receptor-P Competitor Assay developed by the PanVera Company (Madison, WI). In 

this method, estrogenic activity is measured by displacement of a fluorescent ligand 

bound to the human estrogen receptor (ER-p). Compounds capable of binding to the 

receptor {e.g., IVp-estradiol) displace the fluorescent ligand where it can be detected by 

fluorescence polarization. 

The yeast-based, estrogen-inducible expression system was derived from the 

method of Routledge and Sumpter (1996). In this approach, estrogenic activity was 

measured via expression of lacZ fused to a human estrogen response element sequence in 

passing through the cell wall, which can initiate expression of the lacZ reporter gene. 

The P-galactosidase activity is then measured colorimetrically based on conversion of 

chlorophenol red P-D-galactopyranoside to a red colored product. The assay has been 
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used extensively to measure estrogenicity among synthetic compounds. A human 

estrogen receptor gene was integrated into the yeast's genome in the nucleus and formed 

estrogen receptor elements. The estrogen receptor in the yeast was activated by binding 

with estrogen-like substances resulting in the ligand-binding receptor unit expressing a 

reporter gene, Lac Z, on the plasmid in the yeast, p-galactosidase is produced due to 

expression of Lac Z and is secreted by the yeast. The yellow P-galactosidase changes 

color in the presence of ligands to chlorophenol red P-D-galactopyranside (CPRG). 

Because production of p-galactosidase depends upon the of estrogen-like substances, 

measurement of absorbance by a spectrophotometer results in an estimate of the amount 

of estrogen-like substances (Routledge and Sumpter, 1996). 

This assay has numerous advantages over the cell proliferation assay: results are 

available within 72 hours, the procedure is very easy to perform, and it requires no strict 

sterility. Unfortunately its sensitivity is less than the E-screen assay (EC50 0.01 nM). 

In the cell proliferation assay or E-screen , estrogenic response is quantified via 

growth among estrogen-sensitive cells. The MCF-7 cell line is derived from a human 

adenocarcinoma of the breast and is well established as a model for estrogen-responsive 

cells. It has been shown previously that the MCF-7 cell proliferation test is specific for a 

number of chemicals that are known to be estrogenic in vivo (Soto et al, 1995). 

The MCF-7 cell proliferation assay is widely used to detect weakly estrogenic 

compounds. A dose-related increase in cell numbers in treated cultures is taken as 

evidence of estrogenicity of the test compound (Soto et al, 1995). However, there is no 
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standardized protocol for this assay, and various test regimens and cell sub-lines have 

been used. 

1.4 Regulation of Endocrine Disruptors 

There is great difficulty in assessing the human and animal health risk from 

endocrine disruptors due to low-dose risk extrapolations for receptor-mediated processes. 

An additional difficulty in assessing endocrine disruptors is the synergistic effect of 

chemical mixtures. 

Currently there are no specific government regulations for control of safe EDC 

levels in the environment. In 1996, amendments to the Safe Drinking Water Act and the 

Food Quality Protection Act were passed which directed the Environmental Protection 

Agency (EPA) to develop a screening program to determine which compounds in 

drinking water cause adverse effects in humans. 

The EPA chartered a scientific advisory committee, The Endocrine Disruptor 

Screening and Testing Advisory Act (EDSTAC), to provide advice and recommendations 

on a strategy for determining whether substances may have an effect similar to natural 

hormones. This committee established the Endocrine Disruptor Screening Program 

(EDSP) in August 1998. The EDSP will use a multi-tiered approach for determining the 

endocrine disruption activity of compounds, which will involve both in vitro and in vivo 

tests. The EPA anticipates the required screening of these compounds to begin in 2003, 

with a proposed list of chemicals to be tested published one year in advance (EPA Report 

to Congress, 2000; Kavlock, 1999). 
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1.5 Endocrine Disruptors in Wastewater 

Many endocrine-disrupting compounds are present at trace quantities in 

wastewater effluent and persist in water bodies, which are influenced by the disposal of 

treated wastewater. Estrogens are probably the largest contributors to the endocrine 

disruption activity in domestic wastewater, since daily urination adds estrogen to 

household wastewater. Humans are known to excrete between 10,000-to-100,000 ng/L 

17p-estradiol per day (Hardman et al, 1996; Tyler et al., 1998). 

Synthetic estrogens, such as 17a-ethinylestradiol, have been detected in 

wastewater effluent and in surface waters affected from effluent discharge. Levels have 

been detected as high as 100 ng/L (Bowman et al., 2000). Studies have shown that a 

concentration of 212 ng/L trigger vitellogenin induction in male fish (Denslow et al, 

2001). A natural estrogen, 17p-estradiol, has been detected at concentrations as high as 

2.5 )ig/L (2,500 ng/L) in surface waters impacted by wastewater discharges (Roefer et al, 

2000). In the human male, the plasma concentration of 17p-estradiol is 20 ng/1 (Hulka et 

al, 2002; Ongphiphadhanakul and Rajatanavi, 1998). 

Alkylphenolic chemicals are another class of endocrine disruptors that are present 

in wastewater effluent. Alkylphenol ethoxylates (APE) are non-ionic surfactants that 

have been used for over 40 years. They are involved in the manufacturing of plastics, 

elastomers, agricultural chemicals, pulping and industrial detergent formulations. 

Nonylphenol ethoxylates (NPE) are the most common, accounting for 82% of production 

(Tyler et al, 1998). Nonylphenols and octylphenols have been shown to be estrogenic. 
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They can induce vitellogenin production at 100 to 10,000 ng/L and 3,000 ng/L, 

respectively (Tyler et al., 1998; Tabata et al, 2001). 

Concentrations as high as 1,300,000 ng/L of NPE have been detected in 

wastewater effluent and 13,800 ng/L in surface water (Field and Reed, 1996). Estrogens 

and alkylphenolic chemicals are removed primarily by biological treatment during the 

wastewater treatment process, where they are converted to breakdown products that may 

have more endocrine disruption activity than the original compound (Tyler at al, 1998; 

Pantere/a/., 1999). 

1.6 Statement of the Problem 

There is considerable concern within the scientific community over 

enviroimiental and human health effects arising from exposure to endocrine-disrupting 

chemicals (EDC) in water bodies influenced by treated wastewater (Patlak et al., 1996). 

The increased demand for reclaimed water will continue, especially in the semi-arid 

Southwest. The City of Tucson currently recycles 2,630 hectare of effluent per year for 

landscape irrigation. This continuing use of reclaimed water and the possible use of 

reclaimed water as a potable source have created a need to understand the fate and 

potential health effects of endocrine disrupting chemicals (EDC). 

The goal of this project was to assess endocrine-disrupting compounds (EDC) in 

wastewater effluent, and after treatment of the effluent by soil aquifer infiltration and 

artificial wetland passage. 
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In this study, a cell based proliferation assay was chosen to detect substances 

capable of causing endocrine disruption via the human estrogen receptor. 

The Specific Aims were: 

1) Determine the validity of utilizing an in vitro assay for the presence of EDC in 

reclaimed wastewater 

2) Determine the effect of soil-aquifer treatment on EDC removal 

3) Determine the fate of EDC during wetland treatment 



133 

2.0 MATERIALS AND METHODS 

2.1 Study Sites 

2.1.1 Sweetwater Recharge Facility 

The Sweetwater Underground Storage and Recovery Facility (SRF) (Figure 2.1) 

in Tucson, AZ, is located on the west bank of the Santa Cruz River, approximately 0.4 

km from Pima County's Roger Road Wastewater Treatment Plant (RRWWTP). The 

facility consists of four spreading basins, excavated approximately 3 m below the land 

surface. 

The SRF was built in 1985, consisting of eight recharge basins and wetlands, 

covering a total of 11 hectars for the basins and 7 hectars for the wetlands (Figure 2.1). 

The basins on the West side of the Santa Cruz River receive reclaimed wastewater from 

the Tucson Water Reclamation Facility. The SRF filters the effluent from RRWWTP 

through mixed media filters before entering the city's reclamation distribution system. 

During the winter months when demand for the reclaimed water is less, it is infiltrated 

into the basins on the West side of the Santa Cruz River. The backwash firom the filters 

at the Tucson Water Reclamation Plant is first discharged into the Sweetwater wetlands 

before entering the basins on the East side of the Santa Cruz River. Secondary effluent is 

at times is also discharged into the Sweetwater Wetlands. 

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

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

Bed, and the Pantano Formation. The recent alluvium is comprised of gravel; sand and 

silts deposited in terrace, flood plain, and stream channel environments. These deposits 
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overlie the Fort Lowell Formation, which is comprised of clay-like silts, sands and sandy 

gravel. Composition of the Tinaja Beds range 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. 

At the 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 are 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. 

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 37 m 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 

Tucson region does not add significantly to the recharge volume. Groundwater may enter 



135 

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 recharge basins received weekly flooding of secondary chlorinated 

wastewater, originating from Roger Road Wastewater Treatment Plant (RRWWTP) 

Figures 2.1 and 2.2). Treatment consists of primary sedimentation, biological treatment 

(biotowers), clarification, chlorination and de-chlorination. The average daily influent 

flow at the County's Roger Road Wastewater Treatment Plant in 1998 was about 144 

MLD. The average aimual flow through the filters of the City's Reclaimed Water 

Treatment Plant in 1998 was about 17 MLD. The average annual flow through the City's 

reclaimed boosters (which includes treated water from the Reclaimed Plant and recovered 

water from Sweetwater Recharge Facilities) was 31 MLD. RRWWTP effluent flow in 

excess of infiltration and reuse requirements is discharged to the Santa Cruz River. 

Wells located inside and outside the SRF were chosen to determine the impact of 

reclaimed water on water quality. Samples collected underneath and adjacent to the pond 

RB-1 represented chlorinated secondary effluent before and after it entered the 

infiltration basins. Samples collected at monitoring well MW-5 represented wastewater 

after it had passed through 3-5 m of soil. Well WR-199A collected infiltrated 

wastewater after it had passed vertically through 27-63 m of soil (Figure 2.0). Well WR-

69A, 53 m from RB-1, and WR-205A, 6 m from Recharge Basin Eight, are alongside of 

the spreading basins. 
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Boron tracer studies (personal communication with Konrad Quast, Hydrology 

study) have shown that effluent in the basins reaches wells WR-69A, WR-199A, and 

MW-5. These wells were sampled three times: summer 2001, fall 2001, and winter 2002 

(except WR-199A, which could not be sampled in the fall of 2001) (Table 2.1). To 

assess the fate of EDC during the passage of the wastewater through the vadose zone, 

sampling of infiltrated wastewater from eight stainless-steal lysimeters inside RB-1 was 

collected (Table 2.2). 

In addition to the wells sampled beneath the SRF, nearby wells along the Santa 

Cruz River and wells distant from the site were also sampled. Well ML-002, northwest 

of the spreading basins and across Silverbell Rd from the SRF, was an old domestic well 

that had a history of total coliform bacterial contamination. This may have come from the 

sub-flow of nearby residents or a nearby leach field. WR-92A, located upstream of the 

SRF on the Silverbell golfcourse, was assumed to be unaffected by reclaimed water. 

However, recent boron tracer studies revealed that it is impacted by reclaimed 

wastewater. 

WR-313A is located about 8 m fi-om the NE comer of Recharge Basin Eight. It 

is the closest to the recharge basins of the 300-series wells and is in between the 

Sweetwater wetlands and SRF. Prior to the knowledge of the absence of reclaimed water 

influence to wells WR-310A and WR-312A, these wells were sampled to determine their 

endocrine activity. All the wells assayed for endocrine activity are listed in Table 2.0. 
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Table 2.0. Wells Monitored for Endocrine Disrupting Activity. 

Monitoring Well Location Distance in ft Screen Interval 
Well from Recharge (m) 

Basins 

Water Table 
Depth-(m) 
Pump level 
(m) 

Influenced by 
Reclaimed 
Water* 

WR-69A 
Located 

between Basin 
1 and 2 

From RB-1 
175 

27-41 37 yes 

WR-92A 
Up gradient 
of basin on a 
golfcourse 

FromRB-I 
850 

29-41 37 
yes 

MW-5 

ML002 

Located inside 
ofRB-1, 

shallow well 
Inside of RB-1 

West of basin 
& Silverbell Rd From RB-1 = 

306 

3-5 

34-66 

3-5 

45 

yes 

yes 

WR-199A East of basin & 
Silverbell Rd Inside of RB-1 27-63 27-39 yes 

WR-205A East of the 
Sweetwater 
Wetlands 

From RB-
20 

40-61 37 yes 

WR-310A East of the 
Sweetwater 
Wetlands 

From RB-
-300 

40-52 36 no 

WR-312A East of the 
Sweetwater 
Wetlands 

From RB-8 = 
-300 

32-50 36 no 

WR-313 A East of the 
Sweetwater From RB-8 = 
Wetlands 25 

40-52 36 
yes 

RB-1 = Recharge Basin One RB-8 = Recharge Basin Eight SRF= Sweetwater Recharge Facility * Bason on boron tracer studies 
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Figure 2.0. Depth Profile of Recharge Basin One (RB-1) in m. 
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Figure 2.1. Schematic of the Sweetwater Recharge Facility (SRF). 
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2.1.2 Constructed Ecosystem Research Facility (CERF) 

The CERP facihty has four raceways to investigate the effects of plant habitats 

(wetlands) on treated wastewater effluent quality. Only three raceways were used in this 

study: Raceways 4, 5, and 6. The raceways (61 m long by 8 m wide by 1.4 m deep) 

received municipal potable water (non-chlorinated) (Raceway 4), secondary non-

chlorinated wastewater (Raceway 6), and the effluent of Raceway 6 (Raceway 5) (Figure 

2.2). 

Raceway 6 is an aquatic pond, maintained at a depth of 0.9 m, containing only 

Lemna sp. (duckweed) and receiving secondary non-chlorinated wastewater. Raceway 4 

(receiving municipal tapwater) and Raceway 5 (receiving duckweed-treated secondary 

effluent) are multi-species sub-surface wetlands and contain the following plants: 

Cottonwood (Populus fremontii), blackwillow (Salixnigra), ash (Fraxinus sp.) three-

square bulrush {Scirpus olneyi), cattail {Typha domingensis), Yerba mansa {Anemopsis 

californica), and giant reed (Amndo donax). 
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Figure 2.2. Physical Layout of CERF Wetland Facility. RRWWTP = Roger Road 
Wastewater Treatment Plant. Graphic was courtesy of Office of Arid Lands 
Studies, University of Arizona. 
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Table 2.1. Collection Dates of Pond and Recharge Wastewater Samples. 

Date of sample collection Location Well Depth (m) 

07/02/01 RB-1 pond 0 
10/02/01 RB-1 pond 0 
01/28/02 RB-1 pond 0 
07/02/01 *^MW-5 3-5 
10/02/01 MW-5 3-5 
01/28/02 MW-5 3-5 
07/02/01 *3199A 27-63 
01/28/02 199 A 27-63 

RB-1 = Recharge Basin One 
MW-5 = Monitoring Well 5 
199A = Monitoring well inside Recharge Basin One 
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Table 2.2. Dates of Vadose Sample Collections. 

Date of sample collection Location Depth (m) 

10/02/01 RB-1 S* ' 2.5 0.76 
10/02/01 RB-1 2.5 0.76 
10/02/01 RB-1 N 5.0 1.5 
10/02/01 RB-1 S 10.0 3 
10/02/01 RB-1 N17.0 5 
10/02/01 RB-1 N 40.0 12 
10/02/01 RB-1 N 60.0 18 
10/02/01 RB-1 S 80.0 24 

RB-1 = Recharge Basin One 
S= South 
N= North 
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2.2 Sample Collection and Preparation 

Samples were collected in 1-L amber glass bottles that had been acid washed (to 

remove metals) and muffled for five hours at 550°C (to incinerate organics). All samples 

were filtered through pre-rinsed (distilled water) 0.45 )^m pore size cellulose acetate filter 

membranes (Millipore, Bedford, MA) and then 0.22 ^m pore size acetate filter 

membranes (Millipore, Bedford, MA) to remove bacteria. Samples were processed 

within four hours of collection and stored at 4°C until analysed. 
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2.3 Concentration of Samples 

Most groups utilizing the E-screen assay concentrate their samples via the liquid 

liquid extraction (LLE) method (Soto et al, 1995) or the solid phase extraction (SPE) 

method (Sumpter and Routledge, 1996). Due to problems with the concentration 

procedures at the University of Arizona, it was decided to test unconcentrated samples. 

2.4 E-Screen Assay 

The E-screen assay is a cellular proliferation assay. Cancerous cells with estrogen 

receptors are used to test for estrogenic activity by demonstrating increased cell growth. 

It has been shown that the E-screen assay responds to estrogens and estrogen mimics 

(agonists) but not to anti-estrogens (blockers—compounds that bind to the estrogen 

receptor without inducing a cellular response). Thus, if both classes of compounds are 

present in a complex mixture, the cell proliferation assay may not respond at lower doses. 

One troublesome aspect of the assay is that some compounds cannot enter the cell 

cytoplasm and therefore cannot elicit a cell proliferation response. Some compounds 

might be able to bind to the estrogen receptors in the nucleus, but the passage into the 

nucleus might be prohibited (Colbum et al, 1993). 

2.4.1 Drawbacks of the E-screen assay 

In contrast to the other endocrine detection methods (gene expression and 

receptor binding assay) used in the SAT study, the E-screen assay demands more 

technical skills, more time, and more complex procedures. Furthermore, this assay 

encompasses a longer learning phase. Also, in comparison to regular cell culture 
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procedures, the cell line used for the E-screen assay appears to be more problematic than 

other cell lines. The MCF-7 cells do not respond well to antibiotics, making the cell line 

more prone to microbial contaminations. Other disadvantages of the assay are the 

necessity of expensive ingredients (CD-FBS), special precautions during the assay (such 

as the use of glass pipettes versus plastic pipettes), and the cumbersome procedure of the 

((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid (Sigma Milwaukee, WI) 

(MTT) assay (Koemer et al, 1999). Overall, the E-screen assay is more time consuming, 

difficult, and demanding compared to other cell lines and other endocrine assay methods. 

2.4.2 Cell Line and Cell Culture Conditions 

An estrogen receptor-positive human breast cancer MCF-7 cell line at passage 

117 was obtained from Tufts University, Boston, MA was used for the E-screen assay. 

For routine maintenance, cells were grown in Dulbecco's modification of Eagle's 

medium (DMEM) (Irvine Scientific, Santa Ana, CA) with 15 mg/L phenol red 

supplemented with 5% fetal bovine serum (FES) (Hyclone, Logan, Utah) in an 

atmosphere of 5% C02/95% air at 37°C. Additional experiments were conducted to 

optimize the proliferative effect of the cell line, such as alteration of the cell culture 

medium components and their concentrations, and variation of initial cell seeding 

concentration. 
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2.4.3 Experimental Media Preparation 

Unconcentrated water samples (5 mL) were diluted in Dulbecco's modified Eagle 

medium (DMEM) without phenol red (Irvine Scientific, Santa Ana, CA). This type of 

media is often referred to as "experimental media" in the literature. "Experimental 

media" represents media that has been stripped of any estrogen-like stimulatory 

ingredients, such as phenol red and steroid containing serum. In order to remove sex 

steroids naturally present in serum, the serum is treated with a charcoal-dextran mixture. 

Charcoal (Norit A, acid washed, Sigma Chemical Co, St.Louis, MO) was washed 

twice with cold, sterile water (autoclaved nanopure water) immediately before use. A 

0.5% charcoal/0.05% dextran T70 (Sigma Chemical Co, St.Louis, MO) suspension was 

prepared. Charcoal-dextran (CD) suspension was centrifuged at 227 x g for 10 minutes. 

Supematants were aspirated and serum aliquots were mixed with charcoal pellets. This 

charcoal serum mixture was maintained in suspension in a roller bottle on a conveyer belt 

at 4 cycles / min at 31°C for 1 hour. The suspension was then centrifuged at 1000 x g for 

20 min with the resulting supernatant filtered through a spiral cap 0.8/0.2 }^m pore size 

filter (Pall- Sciences, Ann Arbor, Michigan). Charcoal dextran (CD) sera was stored at 

-20°C until needed. 
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2.4.4 Sample Assay 

The prohferation test (E-screen assay) was carried out according to the method 

described by Soto et al., 1995. Sub-confluent MCF-7 cells were grown in 25 sq.cm^ 

flasks (Falcon) in 5% FBS-supplemented Dulbecco's modified Eagles medium (DMEM), 

trypsinized with 0.25%Trypsin, 0.03% EDTA, and resuspended in DMEM. 

Cells were seeded into 24 well plates (ICN, Aurora, OH) at a density of 10,000 

cells per well and allowed to attach for 24 hours. The medium was then aspirated and 

replaced by dilutions of the sample prepared in experimental medium. The experimental 

medium consisted of phenol red-free DMEM (Irvine Scientific, Santa Ana, CA), 

supplemented with 5% charcoal-dextran treated FBS (CD-FBS, lOmM HEPES (Sigma 

Chemical Co., St.Louis, MO) and 10,000 units of penicillin (Sigma Chemical Co., 

St.Louis, MO) 

After filteration, the water samples were passed through a 0.22 |am pore size 

syringe Tuffryn membrane (Pall-Sciences, Ann Arbor, MI), and were diluted in a 1:2 

dilution series in steroid free media (experimental media). 

Nanopure water was used as a negative control to demonstrate the lack of 

contamination introduced during the handling and filtration of the water samples. The 

nanopure water represented reverse osmosis treated tap water passed through two 

deionizing, organic free cartridges, and then through a 0.22 ^im filter (Pall-Sciences, Ann 

Arbor, MI). 

Water samples were repeatedly analyzed until three successive experiments 

produced similarities with little variation. An experiment was classified as "successful" 
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if the 17p-estradiol control curve (E2 curve) yielded a sigmoidal-shaped curve and the 

cell proliferative rate between the control and the E2 curve exhibited a three- to five-fold 

difference. 

Each sample dilution was tested in quadruplicate. Four wells in a 24-well plate 

served as a negative control containing only experimental media (Figure 2.3). 

For the control, ivp-estradiol was inoculated at various concentrations between 

10"'^M and 10"^ M. The assay has a detection limit of 10"'^M E2 (0.014ng/L or 0.05 

pmol EEQ (Koemer et al.lOOO) and 0.27 pg/L or IpM) (Soto et al, 1995). The EC50 

value obtained in this study was about 10"'' mol/L or 0.01 nM. 

A 10 mM stock solution was prepared by adding 0.0136g of 17p-estradiol 

(Sigma Chemical Co, St. Louis, MO) to 5mL to 100% ethanol (Bolger et al, 1998). This 

stock was then diluted to make a 200-|j,M stock solution. 

The assay was terminated on day six during the late exponential phase of cell 

proliferation by removing the media from the wells and determining the cell number in 

each well. Cell numbers were assessed by measurement of mitochondrial metabolic 

activity using the MTT assay (Koemer et al, 1999). 

The MTT assay was performed by incubating the cells 5 hours at 37°C with 

500-^1 MTT medium per well in a 24 well plate. A 5 mg/mL MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid, (Sigma, St. Louis, MO) medium 

was prepared in phosphate buffer solution and then filter sterilized through a 0.22 jam 

pore size membrane (Pall-Sciences, Ann Arbor, MI). The yellow tetrazolium salt was 

reduced in the cells to black/purple insoluble MTT-formazan. After removal of the MTT 
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medium the formazan was dissolved in 500 |il of Di-methylSulf-Oxide (DMSO) (Sigma 

Chemical Co., St.Louis, MO) per well. After transferring the purple solution to 96 well 

plates, each sample was read in triplicate at an optical density (OD) of 550 nm using a 

microplate reader Elx 808 (BIO-TEK Instruments, Inc Winooski,Vennont). Differences 

of color intensity can be seen with 17a-ethinylestradiol and negative control wells 

(Figure 2.3). Soto et al, (1995) and numerous other investigators use the SRB method 

(Sulforrhodamine-B), which determines the cell concentration at the end of the assay. It 

measured cell concentrations via fixing/staining cells in their wells of the 24 well plates. 

Koemer et al, (1999) utilized the MTT method, which measured the metabolic 

activity of cells and therefore accounted for only viable, respiring cells. The MTT 

method was preferred over the SRB technique based on the detection of viable cells and 

its simplicity in comparison with the SRB method. MTT results obtained with the E-

screen assay were converted to estradiol equivalent (EEQ) concentrations using the 

outcome of individual assays and corresponding EC50 value derived from the positive 

control involving 17P-estradiol. 
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l7a-ethiny Iestradiol 

Figure 2.3. MTT Assay. 
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2.4.5 Measurement of Cell Nuclei 

A Coulter Counter instrument Multisizer 3 (Beckman Coulter, Fullerton, CA) was 

used to measure MCF-7 cell nuclei and compared to the collected/averaged data of color 

intensity of the MTT assay. A cell stock was diluted 1:2 in growth media (Dulbecco's 

modified Eagles media with phenol red). Half of the dilution volume was added to wells 

in a 24 well plate and the other half was lysed with a laboratory prepared lysing solution 

(Soto et al, 1995) and counted. The Coulter Counter counted each dilution three times 

and an average determined. After a 24 hour incubation period, the cells were incubated 

with MTT and color intensity measured. 

With the help of a computer program (Excel 2000) linear regression was 

performed on the Coulter Counter data, revealing the approximate relationship between 

color Optical Density (OD) intensity and cell number (Figure 2.4). Using this 

relationship, the cell per well could be determined from the optical density reading: 

Cells per Well = (Optical Density - 8.2046 x 10"^) /1.9539 x 10'^ 
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y = L9539E-06X + 8.2046E-03 

= 7.4478E-01 

• 
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Figure 2.4. Optical Density (OD 550 nm) vs. Cells per Well, obtained via linear 
regression on Coulter Counter measurements. 
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2.4.6 Data Analysis 

The endpoint of the E-screen assay is the resulting cell number after exposure to a 

compound relative to the hormone-free control after 5 days in charcoal-dextran DMEM 

media. The proliferative effect (PE) of a sample is the ratio of the highest cell 

concentration achieved by the cells exposed to the sample relative to the unexposed cells. 

The PE method has been used to analyze known endocrine disruptor compounds, such as 

estrone, octylphenol, nonylphenol and 17a-ethinyIestradiol (Koemer et al, 2000). 

PE = maximum cell number (sample) / cell number (negative control) 

The method chosen to calculate the estradiol equivalence (EEQ) involved using 

a linear regression of the standard estradiol curve to solve for unknowns. This ensures 

that the sample's response will be linear to the portion of the E2 curve. The dilution 

value closest to the EC50 (50% of the maximal cell proliferation response elicited by 

estrogen-like compounds) of the sample curve was selected for the EEQ calculations. 

The highest and lowest dilutions graphed were deleted to obtain the linear portion of a 

graph. It can be summarized it with the following equation: 

EEQ = (log EC50 (E2) * EC50 (sample)) / (log EC50 (E2) * dilution factor) 

Koemer et al., (1999) used a similar method. The EEQ represents the total 

content of estrogenic substances in a sample and is usually expressed as pmol EEQ/L or 

ng EEQ/L. Any EEQ value above 0.00 ng/L has been classified as positive for endocrine 

disruptors, due to their accumulate effect they exert in the body (Desbrow et al., 1998). 
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3.0 RESULTS 

3.1 The 17B-Estradiol Dose Response Standard Curve 

With every E-screen assay a 17P-Estradiol (E2) dose response curve was 

determined (Figure 3.0). The proliferative rate of most 17p-Estradiol dose response 

standard curves was between 3- to 5-fold. Soto et al, (1995), reported an 8- to 10-fold 

proliferative rate of the MCF-7 BUS cell line. Attempts to enhance the proliferative rate 

of this cell line were not successful. 

Efforts were made to contact other E-screen assay researchers to resolve the cause 

of low proliferation rates observed at the University of Arizona. Contacts were made 

with Dr. Wolfgang Koemer (personal communications with Dr. Koemer) and a 

Toxicology Research Laboratory in Wisconsin (personal communications with Miel 

Barmann). It was confirmed that their laboratories observed a 3- to 5-fold proliferative 

rate as well. Additionally, further literature reviews confirm a proliferative rate of 3- to 

5-fold to be sufficient for experiments (Ohyama et al, 2000). To validate and better 

characterize the E-screen assay at the University of Arizona, a series of additional studies 

were performed. A consistent proliferative rate of 3- to 5-fold was repeatedly obtained at 

the University of Arizona. Although the proliferation rate suggested by Dr. Soto (8- to 

10-fold) was not achieved, the results obtained were consistent and the sensitivity of the 

assay was not affected. 
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Figure 3.0. Standard E-screen Dose Response Curve for ivp-estradiol (average of 15 
different concentrations). 
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3.2 Comparison of Commercially Available versus Laboratory Extracted CD-FBS 

All E-screen published protocols have utilized laboratory processed charcoal-

dextran stripped Fetal Bovine Serum (CD-FBS). To expedite and simplify the E-screen 

procedure, commercially available CD-FBS (Hyclone, Logan, UT) was compared and 

contrasted to the laboratory-processed CD-FBS. No significant differences in E2 

measurements were seen between the commercial CD-FBS and the laboratory generated 

CD-FBS (Figures 3.1 and 3.2). Therefore, the commercially available CD-FBS was used 

for the E-screen analysis. 
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Figure 3.1. Comparison of E2 curves obtained with commercially available CD-
FBS. 
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Figure 3.2. Comparison of E2 curves obtained with laboratory prepared CD-FBS. 
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3.3 Validation of the E-Screen Assay and Comparison of Known EDCs 

To validate the E-screen proliferation assay, five known endocrine disruptors 

were tested. These were 17P-estradiol, 17a-ethinylestradiol, octylphenol, nonylphenol, 

and estrone. Since all the compounds were dissolved in ethanol, the solvent ethanol was 

used as a negative control to confirm that it contained no estrogenic properties. 

17p-estradiol and 17a-ethinylestradiol were the most estrogenic compounds and were 

comparable to each other in activity (Table 3.0). Octylphenol and nonylphenol were the 

weakest endocrine disruptors in the group of compounds selected. Table 3.0 depicts the 

proliferative effects (PE) seen with known endocrine compounds. Koemer et al, 1999 

demonstrated the same estrogenic activity trend of these compounds (Figure 3.3). Based 

on these results, the method was considered validated. 

Table 3.0. Proliferative Effect of Endocrine Disrupting Compounds 

PE = Proliferative Effect (comparison of control to highest proliferation reached with 
known compounds 

Endocrine Disruptors PE 
173-estradiol 

17 a-ethiny lestradiol 
Estrone 

Octylphenol 
Nonylphenol 

3.6 
3.4 
2.7 
2.1 
1.7 
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Figure 3.3. Endocrine Activity of Endocrine Disrupting Compounds by the Cell 
Proliferation Assay (E-screen). 
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3.4 EEQ Assay Results 

3.4.1 Sweetwater Recharge Facility (SRF) 

Secondary chlorinated wastewater entering Recharge Basin One (RB-1) had the 

highest EEQ (36.33 ng/L and 71.1 ng/L) in comparison to MW-5 (30.21 ng/L and 46.0 

ng/L) which collects wastewater 3-5 m below the basin, and well WR-199A (7.78 ng/L 

and 13.70 ng/L), which collects wastewater 27-63 m beneath Recharge Basin One (Table 

3.1). These results suggest that there is a significant reduction of EDC during SAT. 
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Figure 3.4. Decrease of Endocrine Activity in Recharge Basin One Via SAT. 
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Figure 3.5. Results of E-screen Assay for Wells MW-5, WR-199A and Reclaimed 
Wastewater RB-1. 
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Table 3.1. Estradiol Equivalency Measurements (in ng/L) for RB-1*^ MW-5*^ 
and WR-199A*^ ng/L. 

Date of sample 
collection 

Date of assay RB-1 MW-5 WR-199A 

08/2001 08/08/2001 35.0 31.3 7.4 
08/10/2001 33.2 29.1 ND 
08/13/2001 40.8 ND 9.6 
08/16/2001 ND ND 7.2 
08/24/2001 ND ND 7.0 

EEQ avg. 36.3 30.2 7.8 

10/2001 10/26/2001 63.9 31.5 ND 

02/2002 02/19/2002 68.5 35.5 13.7 
02/23/2002 ND 54.4 ND 
02/26/2002 73.7 48.1 ND 

EEQ avg. 71.1 46.0 13.7 

Recharge Basin One 
Monitoring Well-5 
Monitoring Well 199A 

EEQ =Estradiol Equivalency 
ND= Not Done 
Bold = Estradiol Equivalency average of the same sample assayed numerous times 
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3.4.2 Lysimeter Samples 

Assay results for the lysimeter samples are shown in Table 3.2 and Figure 3.7. 

Table 3.2 depicts chlorinated effluent RB-1 (63.93 ng/L) and its passage through the 

vadose zone at various lysimeter sampling depths. Figure 3.6 depicts a trend of 

decreasing endocrine activity with increased depth. Most of the endocrine activity 

decreased after passage through the first 3-5 m of soil. An assessment of possible 

endocrine removal caused by the lysimeters was not investigated during this study. 

RB-1 MW-5 S2.5 N5.0 N17.0 S17.0 N40.0 N60.0 S80.0 

Sample 

Figure 3.6. Decrease of Endocrine Acitivity with Depth in Recharge Basin One. S2.5, 
N5, N17, N40, N60, S80 represent sample depth of Lysimeters in 
Recharge Basin One. 
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Table 3.2. Estradiol Equivalency Measurements (in ng/L) for Lysimeters 
Inside Recharge Basin One. 

Sample*^ Depth (m) Estradiol Equivalent 

RB-1*' 0 63.9 
MW-5*^ 3-5 31.5 
RB-1 S2.5 0.76 29.1 
RB-1 N5.0 1.5 27.3 
RB-1 N17.0 5 21.2 
RB-1 S17.0 5 20.0 
RB-1 N40.0 12 19.9 
RB-1 N60.0 24 17.5 
RB-1 S80.0 80 13.0 

EEQ = Estradiol Equivalency 
Recharge Basin One 
Monitoring Well-5 
All samples were collected on 10/02/02 and assayed on 10/26/02 

S= South 
N= North 
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Figure 3.7. Endocrine Activity in Lysimeters at Various Depths inside Recharge 
Basin One. 
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3.4.3 Wells Impacted by Recharge 

Table 3.3 and Figure 3.8 demonstrate the wide range of estrogenicity in wells 

nearby the SRF. WR-310A showed the least estrogenic activity and WR-69A (EEQ 68.7 

ng/L) demonstrated the greatest. WR-69A is located adjacent to Recharge Basin One. 

WR-205A showed recurringly the least endocrine disrupting activity followed by well 

ML-002 (Table 3.3 and Figure 3.9). Table 3.4 and Figure 3.10 showed WR-310A and 

WR-312A with relatively low EEQ activity in comparison to well WR-313A (Figure 

3.11). 

Table 3.3. Estradiol Equivalency Measurements (in ng/L) for WR-69A, WR-
205A, WR-92A and ML-002. 

Date of 
sample 

collection 

Date of 
assay 

performed WR-69A WR-205A WR-92A ML-002 
08/2001 08/08/2001 ND ND 46.0 13.3 

08/16/2001 ND ND 54.8 24.8 
EEQ avg. ND ND 50.4 38.1 

02/2002 02/19/2002 76.2 12.7 ND ND 
02/23/2002 ND 9.6 ND ND 
02/26/2002 61.3 10.3 ND ND 

EEQ avg. 68.7 10.9 ND ND 

EEQ = Estradiol Equivalency 
ND = Not Done 
Bold = Estradiol Equivalency average of the same sample assayed two/three times 
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Figure 3.8. EEQ Activity in Wells at the Sweetwater Recharge Facility. These wells are 
adjacent to or near Recharge Basin One. 
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Figure 3.9. EEQ Activity in Monitoring Wells ML-002 and WR-92A. Well-92A 
(EEQ 50.4 ng/L) and well ML-002 is south of the recharge facility 
(EEQ 38.1 ng/L). 
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Figure 3.10. EEQ Activity in Wells WR-313A, WR-312A and WR-3 lOA. WR-313A 
are influenced by reclaimed water; wells WR-312 and WR-31 OA are 
not. Well WR-313A demonstrated a very high (EEQ 52.6 ng/L), in 

comparison to WR-312A (10.1 ng/L) and WR-310A (6.7 ng/L). 
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Table 3.4. Estradiol Equivalency Measurements (in ng/L) for WR-310A, WR-
312A and WR-313A 

Date sample Date assay 
collected performed WR-310A WR-312A WR-313A 
02/2002 02/19/2002 6.8 7.3 55.5 

02/26/2002 6.5 13.0 49.8 
EEQ avg. m 52.6 

EEQ = Estradiol Equivalency 
Bold == Estradiol Equivalency average of the same sample assayed two times 
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Figure 3.11. EEQ Activity in Three Monitoring Wells Near the Sweetwater Recharge 
Facility. WR-313A is affected by reclaimed water from the East Recharge 
Basins. WR-312A and WR-313A are not affected by SRF nor the nearby 
wetlands based on boron tracer studies. 
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3.4.4 Constructed Ecosystem Research Facility (CERF) 

Samples collected at CERF in the summer of 2001 and winter of 2002 were 

assayed for endocrine dismptor activity. Table 3.5 depicts the summer 2001 and winter 

2002 sampling round. 

Results from sampling conducted in the summer of 2001 showed that EEQ 

activity of the non-chlorinated wastewater entering the duckweed pond decreased from 

98.3 ng/L to 24.6 ng/L. The outflow from this pond then passed through the sub-surface 

wetland in Raceway 5 where the EEQ activity increased to 100 ng/L (Figure 3.12). An 

adjacent sub-surface wetland (Raceway 4) receiving potable tapwater sampled also had 

an increase in EEQ from 1.0 ng/L to 28.8 ng/L after passage through the wetland (Figure 

3.13). 

3.4.5 Chlorinated vs. Non-chlorinated Secondary Wastewater 

Figure 3.12 shows a comparison of chlorinated secondary wastewater entering 

Recharge Basin One with an EEQ value of 33.2 ng/L and non-chlorinated secondary 

wastewater with an EEQ value of 103 ng/L entering the duckweed pond Raceway 6. 

Several experiments were conducted on samples from the same sampling date including 

chlorinated secondary effluent entering Recharge Basin One, with an average EEQ value 

of 52.5 ng/L, and non-chlorinated secondary effluent entering Raceway 6, with an 

average EEQ value of 98.3 ng/L. It would appear chlorination decreased EEQ activity by 

70%. Figure 3.14 shows the comparison of endocrine activity between the different 

wetlands as well as a comparison of chlorinated and non-chlorinated secondary effluent. 
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3.4.6 Nanopure Water 

Nanopure water was tested as a control to demonstrate the absence of 

contamination during the collection, storage, and handling of the water samples. Its 

EEQ value was 0.0 ng/L. Figure 3.12 shows nanopure water tested with the E-screen 

assay. 
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Figure 3.12. EEQ Activity in August 2001 of CERF, Recharge Basin One and Nanopure 
Water. Nanopure water control represented the negative control. Endocrine 
activity decreased after passage of the unchlorinated secondary wastewater 
through Raceway 6, a duck weed pond, but increased after passage through 
the multi-species sub-surface wetland (Raceway 5). 
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Table 3.5. Estradiol Equivalency Measurements (in ng/L) at CERF Analyzed in 
the Summer of 2001 and Winter of 2002. 

Pond SSW SSW 
Date Date assay 

sampled performed 6 influent 6 effluent 5 influent 5 effluent 4 influent 4 effluent 
08/2001 08/10/2001 103.0 29.0 18.0 131.0 ND ND 

08/13/2001 100.0 23.8 16.0 53.0 ND ND 
08/16/2001 92.0 21.1 13.9 116.0 ND ND 

EEQ avg. 98.3 24.6 15.9 100 ND ND 

10/2001 10/25/2001 ND ND ND ND 0.0 31.7 

02/2002 02/27/2002 84.8 17.4 11.2 214.0 ND ND 
02/28/2002 115.7 22.3 14.1 201.4 1.05 25.7 
03/05/2002 93.5 10.4 14.3 189.2 ND 32.0 

EEQ avg. 98.0 16.7 13.2 201.5 1.0 28.8 

Overall EEQ Avg. 
EEQ = Estradiol Equivalency in ng/L 
ND = Not Done 
Bold = Estradiol Equivalency Average of the same sample assayed three times 
SSW= subsurface wetland. SSW 5 receives effluent from the pond (5) and SSW (4) 
potable water 
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4.0 DISCUSSION 

4.1 Impact of Soil Aquifer Treatment on Endocrine Disrupting Activity 

As expected the greatest endocrine activity w^as observed in the reclaimed 

wastewater before SAT. The secondary chlorinated wastewater applied to the recharge 

basins had an average EEQ value of 71.1 ng/L. As the wastewater percolated through the 

first 3-5 m of soil the endocrine activity declined by 35% to an average EEQ of 46.0 

ng/L. This activity decreased further as the wastewater moved through the vadose zone 

(27-63 m) to the last sampling port, monitoring well WR-199A, with an average EEQ 

value of 13.7 ng/L. 

This indicated that most endocrine activity was reduced during the travel of 

wastewater through the first 24 m of soil. This decrease may be due to either or both 

degradation of EDC's by microbial activity or their adsorption to the soil (Naylor et al, 

1992). Overall, SAT reduced endocrine activity by 81%. 
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4.2 Wells Surrounding the SRF Site 

Elevated EEQ above the control wells was observed in wells WR-199A, WR-

92A, WR-69A, WR-313A, and WR-205A (3.7, 50.4, 68.7, 52.6, and 10.9 ng/L). Well 

WR-205A is only 6 m away from the southeast comer of Recharge Basin eight, at a depth 

of 37 m. Therefore it is not surprising that its endocrine activity was very similar to that 

of well WR-199A, which is located in Recharge Basin One. The water in well WR-

205A, along with WR-199A, is believed to be 100% reclaimed water, based on boron 

tracer studies and other basic ion compositions (Quast et al, 2001). Both wells WR-92A 

and WR-313A demonstrate similar endocrine activity, even though they are similar in 

depth to WR-199A and WR-205A. This may be explained by the lateral movement of the 

reclaimed groundwater from the SRF. 

Well WR-92A is approximately 61 m away from the SRF. However, boron 

tracer work shows the influence of reclaimed water in that well, therefore explaining the 

endocrine activity observed. WR-313 is located about 8 m down gradient of the 

groundwater flow from the northeast comer of Recharge Basin Eight. It is the closest to 

the recharge basins of the 300-series wells and is in between the wetlands and recharge 

basins. 

Eighty percent of well water in WR-313 A was reclaimed water, based on 

isotope signatures performed in January 2002 (personal communication with Konrad 

Quast). The exact source of the reclaimed water could not be determined based on the 

water chemistry; it could have originated out of leaky wetlands or the SRF. Neighboring 
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wells WR-310A (6.6 ng/L) and WR-312A (10.1 ng/L), had much lower EEQ values than 

WR-313A, and are not influenced by reclaimed water (based on boron tracer studies). 

Well WR-310A, with the lowest EEQ value of the 300-series wells, was 91 m 

from the SRF, making it the most distant well of the group. Based on boron tracer 

studies, wells WR-310A and WR-312A were not under the influence of reclaimed water. 

Well ML-002, located a large distance (93 m) from the Recharge Basin One, also 

demonstrated some endocrine activity (38.1 ng/L). Boron tracer studies confirmed the 

influence of reclaimed water in this well. 

4.3 Constructed Wetlands Facility (CERF) 

Discharges from the multi-species sub-surface wetlands represented by the sub

surface wetlands 4 (EEQ average 28.8 ng/L) and 5 (EEQ average 201.5 ng/L) had greater 

estrogenic activity than their respective influent waters (Raceway 4 1.0 ng/L and 

Raceway 5 13.7 ng/L). This increase in estrogenic activity may be partially due to the 

addition of phytoestrogens during the wetland passage. Phytoestrogens are plant-derived 

weakly-estrogenic compounds that can be produced in a variety of natural settings 

(Barton et al, 1998; Graumann et al, 1999; Tyler et al, 1998). No previous studies have 

been conducted on the possible influence of plant phytoestrogens on water systems. One 

of the main reasons as to why phytoestrogens in water have not been studied as much as 

synthetic compounds is due to the rapid degradation of phytoestrogens inside animals, 

rendering them harmless. For example, Pelissero et al, (1993) and Miksicek et al, 1993 

studied the mode of action and effect of phytoestrogens, like phloretin, genistein, chrysin 

and apigenin. Their potency was experimentally 1,000 to 2,000 times less than 17p-
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estradiol. Synthetic compounds, conversely, potentially become stored in adipose tissue, 

exerting their possible harmful effects. Most environmental endocrine disruptor related 

research has been done on the analysis of different wastewater treatment options within 

wastewater treatment facilities and the influence of wastewater discharged into water 

bodies (Routledge et ah, 1996) 

It is also possible that the increased estrogenic activity across the sub-surface 

wetlands 4 and 5 is partially due to evapotranspiration, which would act to concentrate 

dissolved substances and phytoestrogens in the water. The average evapotransporation in 

January was 123.2 mm/month and 202.5 mm/month in August. 

In the wintertime, wastewater entering sub-surface wetland 5 demonstrated an 

influent EEQ average of 13.2 ng/L and an effluent EEQ average of 201.5 ng/L, a 21-fold 

increase. However, in the summertime, only a six-fold increase was noticed, as the EEQ 

values increased from an EEQ average 15.9 ng/L to an EEQ average of 100 ng/L, with 

passage through sub-surface wetland 5. The hypothesis of evapotransportation might not 

be apparent with only the two data sets. One of the reasons for seasonal differences 

might have been that in the wintertime dead leaves and dying plants led to the decay of 

organic matter, releasing phytoestrogen compounds. Also, the increased presence of 

migratory birds (red-winged birds and yellow-necked birds) in a multi-species wetland 

might have had added a slight contribution of IVP-estradiol addition (personal 

communication with Dr. Martin Karpisack). None of the raceways received any 

herbicides, pesticides, or insecticides. Bacillus thuringensis. Bacillus sphaericus, and 

lady bug larvaes were the only insecticide agents used to control the mosquito population 
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in the wetlands. Therefore, pesticides were not responsible for the increased endocrine 

activity. Further testing of the CERF wetlands may aid in the establishment of the pattern 

of endocrine activity distribution. 

Unchlorinated secondary wastewater entering the duckweed pond raceway had an 

average influent EEQ value of 98.3 ng/L. The effluent of this raceway produced an 

average EEQ value of 24.6 ng/L, yielding an 75% reduction. This reduction could have 

been due to the extended retention time of the wastewater and the intense solar 

irradiation. The UV of the sunlight can change the chemical structure of the endocrine 

compounds. Schulte-Oehlmann et ah, (2000) determined that endocrine compounds with 

small alkyl chains degrade slowly in the environment. Some endocrine disruptors are 

less stable, such as tributylin and may, under certain conditions (e.g. intense UV 

radiation) rapidly lose their endocrine activity (Sturgeon et al, 1995). Also, duckweeds 

have no roots and represented just one type of plant (in contrast to the multi-species 

wetlands. Raceways 4 and 5). 

An enormous variation in EEQ was noticeable between unchlorinated secondary 

wastewater (98.3 ng/L) entering the wetlands and chlorinated wastewater (36.3 ng/L) 

entering the recharge basins. Huang et al, (2001) found in their study that commonly 

found endocrine disruptors (antibiotics—ciprofloxacin, enrofloxacin) in wastewater were 

removed via activated sludge and the reaction with chlorine, using liquid chromatography 

mass spectrometry (LC/MS) to quantify endocrine disruptors in complicated water 

matrices. An estimated concentration of 1,400 ng/L of ciprofloxacin in wastewater 

influent was reduced to 20-350 ng/L. This suggested that these compounds were likely 
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being removed to some degree by conventional wastewater treatment processes. 

Advanced processes such as reverse osmosis, granular activated carbon and ozonation 

could have facilitated further removal of these compounds. 

The EEQ values of the duckweed pond effluent (16.7 ng/L) and sub-surface 

wetland influent (13.7 ng/L) were somewhat comparable. In the wintertime the influent 

of Raceway 6 contained an average EEQ value of 98.0 ng/L, while the effluent contained 

an average EEQ of 16.7 ng/L, a 83% reduction. In the summertime the reduction was 

75%. 

The different EEQ values obtained for the different pond vs the sub-surface 

wetlands showed a clear distinction between a multi-species wetland and a single-species 

duckweed pond. To establish the potential additive effect of phytoestrogens in Raceway 

5, a control multi-species sub-surface raceway (Raceway 4) receiving municipal drinking 

water was tested. Municipal potable water entering Raceway 4 had no detectable 

endocrine activity (EEQ 0.0 ng/L) but the water leaving the wetland had an average EEQ 

value of 29.8 ng/L. 

The potential detection of the likely phytoestrogens in sub-surface wetlands 4 and 

5 might not be of significant importance, due to the fact that phytoestrogens differ 

remarkably from synthetic environmental estrogens in that they are easily broken down, 

are not stored in tissue, and spend very little time in the body (Hughes et ah, 1996). 

All of the samples tested during this study were unconcentrated. Therefore, the 

results obtained with unconcentrated water samples may have presented an unique 
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endocrine picture not seen in concentrated samples. This study represents the first time 

the E-screen assay has been used with unconcentrated water samples. 
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5.0 CONCLUSIONS 

1. Endocrine activity of chlorinated secondary wastewater applied to recharge basins 

had an Estradiol Equivalency (EEQ) of 71.7 ng/L. This was reduced to 13.7 ng/L 

after passage through 63 m of sandy soil, resulting in a 81% reduction in EEQ. 

EEQ was above background in all wells impacted by wastewater. 

2. The EEQ of non-chlorinated secondary wastewater held for 5 days in a duckweed 

pond was reduced by an average of 83% in the winter time (98.0 ng/L to 16.7 

ng/L) and by an average of 75% (98.3 ng/L to 24.6 ng/L) in the summer time. 

3. A multi-species wetland receiving non-chlorinated wastewater was found to 

increase the EEQ from 15.9 ng/L to 100 ng/L after a 5 day retention. 
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