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EXECUTIVE SUMMARY

This study represents phase 2 of our contract with the Honolulu Board of Water Supply
(BWS) to obtain groundwater monitoring data to address the question as to whether the
groundwater sources used by the BWS are or are not vulnerable to contamination by sewage
borne microorganisms. This is the basic question which must be addressed by a water utility
which plan to seek a variance to the disinfection requirements as first proposed in EPA's
upcoming Ground Water Disinfection Rule (GWDR). As a result of input to EPA from many
different organizations and people, including those from the state of Hawaii, as well as the results
of our Phase 1 study, the GWDR has been changed to the Ground Water Rule (GWR). This
change in the title of this upcoming new rule represents a change in EPA philosophy which
originally relied on disinfection to protect the public from possible contamination ofgroundwater
by microbial nathozens The new PPA philosophy is to retain thp;,. commitment to p.....+"'~+ +\.'"""'''''"'V.I.'''''-&. y--. ...-b-....... . .... ... "AJ ....... a. y ............ _ ...._ "",i..U..i.J..& u .........LI. """".LL.LI.... IV,""''''''''' Ul~
public from drinking contaminated groundwater but to recognize that water utilities whose
groundwater sources are naturally protected from contamination may not need to undergo the
recommended disinfection requirements. In this regard, EPA is still in the process of
determining the monitoring requirements for the GWR.

During Phase 1 of this study, we completed a comprehensive water quality monitoring
study to determine the microbial quality of BWS deep groundwater sources, as well as water in
its distribution system to address the concerns raised in their development of the GWR. The
objective of that study was to determine the quality ofBWS potable water sources based on
concentrations of several groups of fecal bacteria (total coliform, fecal coliform, E. coli, fecal
streptococci, Clostridium perfringens) , other water quality related bacteria (total heterotrophic
bacteria, hydrogen sulfide producing bacteria) as well as FRNA coliphages or viruses of fecal
coliform. The results of that study showed negligible concentrations of all fecal bacteria and
FRNA coliphages in BWS groundwater sources. Thus, based on the monitoring data obtained
from the Phase 1 study, we concluded that the microbial quality ofBWS groundwater sources is
excellent and those groundwater sources are not vulnerable to contamination with fecal matter.

Despite the excellent results obtained during Phase 1 of our study, recent national
groundwater monitoring studies have reported recovering human enteric viruses from
groundwater samples which were determined to be negative for fecal indicator bacteria as well as
coliphages. As a result, there is now a general consensus that none of these fecal microbial
indicators, which are suitable for routine water monitoring programs, are absolutely reliable
surrogates for the fate and movement of human enteric viruses through the ground matrix. In
this regard, human enteric viruses have been determined to be the most likely microbial pathogen
to contaminate groundwater sources. Thus, it is clear that the most reliable way to demonstrate
that the groundwater sources are not contaminated with human enteric viruses is to monitor the
groundwater aquifers for human enteric viruses. This conclusion led to the implementation of
this present study which is called Phase 2. The objective of this present study was to complete a
virus monitoring program to determine whether Honolulu's potable groundwater sources are
vulnerable to contamination by human enteric viruses. The objective of this study was met by
monitoring representative groundwater samples obtained from all of the BWS aquifers from
each of the seven geographical sectors on the island of Oahu. To meet EPA requirements, the
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EPA approved cell culture method as prescribed in EPA's Information Collection Rule was used
to analyze each of the groundwater samples for the presence of viable human enteric viruses. To
exceed EPA's requirement, the cell culture extracts tested for human enteric viruses by the cell
culture method were also tested for human enteric viruses using the experimental gene probe
method called integrated cell culture-polymerase chain reaction (ICC-PCR) method. The greater
sensitivity of the ICC-PCR method is based on its rapidity and specificity as well as its ability to
detect viruses which grow in cell culture but cannot form cytopathic effect (CPE) due to cell
toxicity or because some viruses will not form CPE.

___ .The results ofthis present study showed that .when.the EPA approved cell culture assay
method was used, all 45 groundwater samples representing all of the potable groundwater
aquifers used by BWS were negative for human enteric viruses. These same groundwater
samples were also analyzed for viable hu.rna.'l enteric viruses using the newly developed gene
probe method called the standard integrated cell culture-polymerase chain reaction (ICC-PCR).
Although all 45 groundwater samples were also negative when this gene probe assay was used,
we determined that the sensitivity of this method as used in our laboratory did not match the
sensitivity as reported by the developers of this method. The problem was determined to be due
to cell culture extracts which interfered with the method to properly extract the RNA from
viruses as well as to cause some interference to the reverse transcriptase polymerase chain
reaction. As a result, the standard ICC-PCR method was modified to satisfactorily increase its
sensitivity. This involved using better virus RNA extraction methods and use oftechniques to

~ remove inhibitors from the reaction sample. Using this modified ICC-PCR method, the
remaining 40 groundwater samples were re-analyzed by this method and determined to be

r negative for human enteric virus. Thus, in the application of gene probe method, we confirmed
what has been reported in the literature that the sensitivity of PCR methods differ when used in
different laboratories because ofdifferences in the.sample which can affect the efficiency of the
method. Moreover, that PCR method used by any laboratory must be optimized to work under
the testing conditions of that laboratory. Based on these results, we conclude that the BWS
groundwater aquifers are characterized by excellent microbial quality and are not vulnerable to
contamination with human enteric viruses.

In summary, we have completed two extensive water monitoring study to assess the
quality of the groundwater sources used by the BWS. During Phase 1 of our study, we
determined that Oahu's groundwater sources were not being contaminated with important fecal
indicator microorganisms such as E. coli, C. perfringens and FRNA coliphages. In this current
study (phase 2), we determined that Oahu's groundwater sources showed no evidence ofhuman
enteric virus contamination using the EPA approved cell culture method as well as the more
sensitive gene probe method called integrated cell culture polymerase chain reaction (ICC-PCR)
method. It should be noted that the monitoring requirements as applied in these two studies
exceed the requirements as being discussed under the upcoming GWR. Thus, the results of
Phase 1 and Phase 2 provide direct monitoring data using stringent monitoring methods that the
potable groundwater sources used by BWS are not vulnerable to contamination with fecal borne
microorganisms, including human enteric viruses. These results provide water quality monitoring
data that the BWS potable groundwater sources are naturally protected and may not need to
fulfill the disinfection recommendations under the upcoming GWR.

3



CHAPTER ONE
INTRODUCTION TO STUDY

I. Development of Groundwater Disinfection Rule

A substantial population of the US use groundwater as their drinking water source and
disease outbreaks have been reported due to the contamination of groundwater sources by fecal
borne pathogens (Craun, 1984). Human enteric viruses were determined to be the most likely
microbial pathogen to contaminate groundwater sources. To protect the public health from
contaminated groundwater, the _USEPAhasbeen developing guidelines under the proposed
Ground Water Disinfection Rule (GWDR) which states that all groundwater sources should be
disinfected to ensure that pathogens which may be present are disinfected and will not cause a
public health problem. This rule has undergone many changes since the first draft GWDR was
published by USEPA in 1992 (Macler and Pontius, 1997). One of the problems with enforcing
the GWDR is that some groundwater systems used for drinking are naturally protected from
contamination with microbial pathogens and have been safely distributed to the public without
disinfection and without any history of water borne disease outbreaks. An example of such a
system is the Honolulu Board of Water Supply (BWS) which has historically distributed good
quality groundwater without routine disinfection and with no evidence of health problems.
USEPA recognizes that some groundwater systems will not need to disinfect their water and can
qualify for a waiver from the disinfection requirements as proposed in the GWDR. As a result,
the name of the GWDR has recently been changed to the Groundwater Rule (GWR). However,
USEPA has not yet agreed on guidelines and criteria to determine which groundwater sources
are not vulnerable to contamination with microbial pathogens and can therefore obtain a waiver
from the disinfection requirements of the GWR (USEPA, 1999).

II. Previous Study Conducted for the Honolulu Board of Water Supply (BWS)

Nearly 100% of the Honolulu Board of Water Supply (BWS) drinking water is
groundwater and based on water monitoring results, the quality of water from these groundwater
sources has been determined to be excellent and can meet the total coliform requirement for
drinking water. Therefore, most of these groundwater sources have not been routinely
disinfected. Since there is not a need to routinely disinfect all groundwater sources as initially
proposed in the GWDR, the BWS intends to seek a variance from the disinfection requirements
as proposed in the GWDR. To document the quality of their groundwater sources, the BWS
contracted The Water Resources Research Center (WRRC) of the University of Hawaii to
conduct the reasonable studies suggested by USEPA to provide evidence that their groundwater
sources are not vulnerable to contamination by sewage-borne pathogens. In the initial study
called "Vulnerability to Pathogens-Phase 1", WRRC assessed the vulnerability ofBWS
groundwater to pathogen contamination by several approaches initially suggested by USEPA.
These included a modeling study to determine vulnerability ofHonolulu's groundwater sources
to contamination by surface or shallow subsurface sources of sewage (Orr and Li, 1997).
Another study included an extensive monitoring program for several indicator bacteria (total
heterotrophic bacteria, total coliform, E. coli, fecal streptococci, C. perfringens , Legionel/a
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pneumophila), total organic carbon and for bacterial virus (male specific RNA virus) to
characterize the quality of the groundwater sources. This study (Fujioka and Yoneyama, 1997)
has been completed and the results indicate that groundwater sources used by BWS are not
susceptible to contamination by surface sources of pathogens. Despite these encouraging results,
the data could not be used to conclude that the groundwater sources are not vulnerable to
contamination with human enteric viruses.

III. Identification of the Problem

The source of human enteric viruses is human feces and there are over 100 different
types of viruses which can be transmitted to man by ingestion of fecally contaminated water
(Craun, 1984). These viruses which include poliovirus, coxsackievirus types A and B, ECHO
virus, rotavirus, adenovirus, hepatitis A virus, and norwalk virus are capable of causing a wide
range of illnesses in humans (Melnick, 1990). These viruses are readily detected in sewage
(Sellwood et aI., 1995) and have been recovered from environmental waters such as rivers and
coastal waters (Wyn-Jones et aI.). Most significantly, these viruses have been documented in
groundwater, often in the absence of fecal indicator bacteria (Dutka et al., 1990; Abbaszadegan et
al., 1993). These results show that none of the fecal bacterial indicators as well as coliphages
which USEPA have recommended as surrogates for sewage contamination are totally reliable in
showing that the groundwater sources are not contaminated with human enteric viruses. Thus,
the most reliable way to demonstrate that the groundwater sources are not contaminated with
human viruses is to monitor the groundwater aquifers for human enteric viruses.

IV. Goal and Experimental Design of Study

The goal of this Phase 2 study was to complete a virus monitoring program to determine
whether Honolulu's potable groundwater sources are vulnerable to contamination by human
enteric viruses. The scope of this monitoring study was to analyze representative groundwater
sources used by the BWS for human enteric viruses using the EPA-approved, cell culture
method supplemented by the polymerase chain reaction (PCR) method, a gene-probe assay.

The experimental design of this study was to analyze groundwater sources representing
most of the groundwater sources used by the BWS for potable purposes. Selection of the
representative groundwater sources and wells was based on the results of Phase I of our study
(Fujioka and Yoneyama, 1997) and after consultation with personnel at the BWS. The EPA
approved cell culture method as prescribed for the Information Collection Rule (EPA, 1996) to
assay for human enteric viruses was used. Essentially this method calls for filtering 200 gallons
of groundwater through a 1 MDS filter as a means of concentrating viruses in the water onto the
surface of the 1 MDS membrane filter. This filter was then treated with 1.5 to 3% beefextract to
elute the viruses trapped on the membrane. The viruses in the beefextract solution was further
concentrated by an acid precipitation procedure. The viruses which have been concentrated in the
precipitate are then resuspended in small volumes of buffer which is then used as inoculum to
culture human enteric viruses on an established monkey kidney cell line called BGMK (Buffalo
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Green Monkey Kidney). Historically, the BGMK cell line has been the tissue culture ofchoice
and has been the standard method used to determine for the presence of enteroviruses in
environmental samples (Hurst et al., 1989). One advantageof this method is that it measures
only viable viruses and only viable viruses are relevant in making public health assessments. In
this regard, Dr. Morteza Abbaszadegan of American Water Works Service Company, visited
Hawaii in 1995 and presented the results of his EPAlAWWARF funded groundwater monitoring
study at the HawaiiAWWA section Annual Conference. He has served as an advisor to this

. project in the properuse of this method.. The method used by Dr. Abbaszadegan has been
previously described(USEPA, 1995). The value of this method is that it will detect infectious
viruses andthesevirusescanberecoveredand characterized. Although thisis the USEPA
approved method, it has many limitations related to sample toxicity, contamination,variationin
cell susceptibility and inabilityof cell to supportthe growth of many viruses. Moreover, this
method is labor intensive, expensive and time consuming as it reqnires2-4 weeks to complete a
single assay.

To increasethe sensitivityof the assay forhuman enteric viruses, the polymerasechain
reaction (PCR) which is currently consideredto be the most sensitive method to detect human
enteric viruses was also used. Since the genomeof human enteroviruses is RNA rather than
DNA, the Reverse Transcriptase PolymeraseChainReaction (RT-PCR) was used. Originally
PCR was performedon the same sample used to inoculate the cell culture. However, this method
suffers from several problems including interference, testing of only small volumes of samples
and not being able to distinguishbetween live and dead viruses. To avoid these problems,we
used the experimental method called Integrated Cell Culture PolymeraseChain ReactionOCC
PCR) as reported by Reynolds, Gerba, and Pepper, (1996). They reported that this methodof
subjecting the inoculated cell culture lysates to the PCR reaction was superior to the method
which performeddirect PCR analysison filter extract. The advantagesof this ICC-PCR method
are (a) it measuresonly infectious viruses, (b) the results can be obtainedquickly (2-7 days)and
(c) it can detect the presence of human entericviruses which can grow in BGMK cells but will
not cause the visible cytopathic effect or CPE. Drs. Gerba, Pepper and in particular Dr. Kelly
Reynolds of the University of Arizona servedas advisors in the use of this method. Dr. Yu-li
Tsai, County SanitationDistrictof OrangeCounty advised us in our attempts to increasethe
sensitivity of the PCR method.
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CHAPTER TWO
MATERIAL AND METHODS

I. Sampling Sites and Collection of Samples

Table 1 lists all of the BWS sites (wells) and show that groundwater samples were
obtained from each of the seven water districts on the island of Oahu (Figure 1). These sites
represent nearly all of the groundwater sources used by the BWS and were selected after
consultation with BWS staff members. In the collection ofwater samples, a BWS personnel was
always.there.to provide us ~cce~~ .!o.the~~ secured sites'_P~~~!U1etfrc>.ID: WRRC \\'~ responsible
for sampling the water at the site by filtering the water through the virus adsorbing filter (1
MDS) housed in the same apparatus ( see Figure 2) which was used in the ICR program to
monitor for viruses. The filtering apparatus contained a pressure regulator, pressure gauge,
cartridge housing, and water meter. This apparatus was disinfectedby immersing parts of the
apparatus in a 0.1 % chlorine solution for 30 minutes and neutralizing the chlorine with 0.2%
sterile sodium thiosulfate. All exposed areas were then covered with sterile heavy duty
aluminum foil to preventcontamination before use.

In order to increase the sensitivity of the assay, 200 gallons of groundwater were filtered
instead of the minimumrecommended volume of 52.8 gallons. Waterfrom these selected wells
was initially passed through an empty cartridge housing to clean and flush out any residual
chlorine in the filter apparatus. Once this was accomplished, a sterile IMDS cartridge filter was
aseptically inserted into the cartridge housing and approximately 200 gallons ofgroundwater
were filtered through this apparatus. The entire filter apparatus was then covered with sterile
heavy duty aluminum foil and transported on ice to the Universityof Hawaii for processing and
analysis.
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TABLE I: BWS SAMPLE LOCATIONS AND SAMPLING DATES

AREA DISTRICT WELL NAME WELL NO. SAMPLE DATE

HONOLULU East Honolulu Kuliouou 1843-01 10/22/97
Wailupe I 1745-01 12/3/97

< Wailae Iki 1746-02 11/26/97
Aina Koa 1746-01 9/4/97

Kaimuki Palolo 1847-01 9/29/97
Kaimuki Hi-Service 7/10/97

Beretania Beretania Low Service 6/19/97
BWS Well 10/7/96
Wilder 1849-15 5/28/97
Manoa II 1948-01 6/20/97

Kalihi Jonathan Springs 2052-12 NO-Secured
-- KalihiStation - Low Service --3/12/98--- --_.- - - --

Kalihi Uka 2250-01 5/14/98
Moanalua Kalihi Shaft 2052-08 3/18/98

Moanalua 2152-12 7/2/97
Halawa Shaft 2354-01 12/10/97
Kalauao 2355-13 12/17/97
Kaamilo 2356-58 1/7/98
Punanani 2457-05 11/5/97

PEARL HARBOR Waimalu Subarea Pearl City 10/15/96
Pearl City I 2458-03 10/29/97

Waipahu-Waiawa Waipio Heights I 2459-23 -2/26/98
Waipahu I 2400-03 1/29/98
Hoaeae 2301-38 1/14/98'-
Kunia II 2402-01 2/11/98" • . .

Mililani I 2800-01 -1/22/98 · ......

. - .'
WINDWARD Koolauloa Hauula 3655-01 7/24/97 :-. .,

Kaluanui 3554-04 - 4/22/98 ;-)
;.;.

Punaluu II 3553-06 8/14/97 ~t- ';
Kahana 3353-03 -4/29/98 .• f, ~'-__

Luluku HWS-18 10/29/96· if:-
Koolaupoko Kahaluu 2651-03 3/4/98 ~

Kuou I 2348-05 ND-Inadequate Pressure
Waimanalo II 1943-01 10/8/97

WAHIAWA Wahiawa1 2901-11 9/24/97

WAIALUA! Waialua 3405-01 9/10/97
KAHUKU Haleiwa 3405-03 9/7/97

Waialee II 4101-08 8/7/97
Kahuku 4057-15 7/17/97
Waialua 10/21/96

WAIANAE Waianae I . 2909-02 11112/97
Kamaile 2712-30 4/8/98
Makaba Shaft 2812-01 4/2/98
Makahalli 3010-11 11119/97
Makaha 1114/96

EWA Makakilo 2004-04 5/6/98
Honouliuli 2303-02 ND-Secured
Honouliuli II 2303-04 4/16/98

.:
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II. Sample Processing for Tissue Culture Analysis

A. Sample Processing to Concentrate Virus. Within 4 hrs after the well water had been
processed for viruses, the filter apparatus was returned to the University of Hawaii where the
1MDS virus adsorbing filter was aseptically removed from the cartridge housing and transferred
into a sterile canister. To elute (detach) the viruses adsorbed to the filter, 1 liter of a sterile 1.5%
beef extract solut ion containing glycine was first added to the canister to allow the beefextract
solution to bathe the 1MDS filter for 1 minute. This process gently changed the pH of the filter
and allowed the proteins in the beef extract to change the charge characteristics of the filter to
Ctiemicallydesorb virus particles from the filter. To expedite this process and to remove-all of the

. beef extract from the filter housing, positive pressure from a nitrogen gas source was applied
through the 1 MDS filter and the filter eluate or filtrate collected into a sterile 2 liter container.
This filtrate was once again returned to the filter housing and allowed to come into contact with
the 1MDS filter for an additional 1 minute, after which time the beefextract eluate was again
purged from the filter with nitrogen gas. The pH of the collected eluate was then adjusted to 7.0
7.5 with 1M HCl. Since the volume of the filter eluate was still large, its pH was then readjusted
to 3.5 and mixed slowly for 30 minutes to allow the proteins and viruses in the sample to
flocculate. The flocculated solution was centrifuged at 2,500 x G for 15 minutes at 4°C and the
supernatant discarded. The pellet was then resuspended in approximately 8 ml of 0.15M
sodium phosphate to dissolve the precipitate present at the bottom ofthe centrifuge bottle. The
pH of the resulting solution was then adjusted to 9.0-9.5 with 1M NaOH and centrifuged for 15
minutes at 4,500 x G (4°C) to pellet bacterial and fungal contamination. The supernatant
containing the virus was transferred into a sterile beaker and the pH readjusted to 7.0-7.5 with
1M HCl. The fmal sample (pH 7.0-7.5) was then filter sterilized by passing it through a 0.45 um
filter pretreated with 15 mL ofa 1.5% beefextract solution to prevent virus adsorption onto the
filter. The fmal 8 ml product called the concentrated sample or inoculum was then transferred
into two sterile tubes (4 ml per tube) and stored at -40°C for further analysis.

B. Inoculation of Tissue Culture : Primary Passage. Buffalo Green Monkey Kidney Cells
(BGMK) between the passages of 117 - 250 were used for virus infectivity assays of the
groundwater samples (USEPA, 1996). A monolayer of BGMK cells grown in a 25 em' flask
was used for the infectivity study. Flasks containing confluent monolayer (2-3 days old) were
initially washed with 5 mL of Hanks Balanced Salt Solution (HBSS). Four of these flasks were
inoculated with 1.0 mL each of the concentrated sample, representing approximately 25 gallons
of filtered groundwater. To ensure that any virus in the inoculum will come in contact and then
adsorb to the cells, the flasks were slowly rotated at room temperature for 80 minutes. After
this adsorption period, the inoculum was discarded and 5 mL of maintenance media with 4%
FBS were added to each flask and incubated for a maximum of 14 days at 37°C. Flasks were
checked everyday for any cytopathic effect (CPE) for 14 days. These cells were called primary
passage. Representative flasks from primary passage at days 1, 7, and 14 were frozen for
subsequent analysis by secondary passage onto fresh BGMK cells and by ICC-PCR.

C. Inoculation ofTissue Culture: Secondary Passage. All BGMK cells which had been
inoculated with groundwater samples and did not develop CPE during primary passage were
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subjected to three freeze/thaw cycles at 37°C and -80° C to lyse the cells and free any internal
particles such as viruses. The resulting cell suspension was then transferred to a 15 ml conical
centrifuge tube and spun for 30 minutes at 3,000 x g to pellet the lysed cells . The supernatant
was collected and 0.5 ml used as the inoculum onto a fresh monolayer of passage number 117
250 Buffalo Green Monkey Kidney Cells (BGMK) grown in 12.5 em' flasks. These flasks were
then slowly rocked at room temperature for 80 minutes to facilitate virus adsorption. Following
the 80 minute adsorption period, the inoculum was discarded and the monolayer overlayed with
maintenance media and incubated at 37° C for 14 days. These cells were called secondary
passage. Flasks were checked for any cytopathic effect (CPE) for 14 days and frozen for ICC
PCRanalysis.

III. Sample Processing by Standard RT-peR Analysis

A. Preparation of Inoculum for RT-PCR. As stated earlier, the purpose of the standard
RT-PCR reaction was to apply gene probe technique to detect for the presence of infectious
human enteric viruses which may have multiplied on the tissue culture assays during Passage 1
or Passage 2. In this study, cell culture extracts ofPassage 1 were used as the inoculum for the
gene probe assay called the standard RT-PCR reaction. Since human enteric viruses have RNA
genome, the reverse transcriptase (RT) reaction must first be completed before the polymerase
chain reaction (PCR) can take place.

B. Primers. Primers are the oligonucleotide sequences which prime the RT- PCR
reaction to produce the specific virus products. The primers used in this study were those which
were previously determined by Abbaszadegan et .al., (1993) to effectively detect various
enteroviruses including poliovirus, coxsackievirus, and ECHO viruses. The primers were
selected based on multiple alignment computer program and computer assistedanalysis .of the
genomic RNA sequences of six enterovirus serotypes. All oligomeric strands were synthesized
by the Biotechnology Molecular Biology Instrumentation Facility, University of Hawaii at
Manoa. The downstream primer, base pair 577 to 596 (5'- TGT CAC CAT AAG CAG CC-3'),
and the internal probe, base pairs 531 to 550 (5'-CCC AAA GTA GTC GOT TCC GC-3') were
synthesized antisense to genomic viral RNA. The upstream primer, base pair 445 to 465 (5'-TCC
GGC cce TGA ATG eGG CT-3'), was synthesized sense to genomic RNA. Amplification of
the target enterovirus sequence should result in a 149 base pair product.

C. Standard RT-PCR Protocol. The protocol for a single-tube reverse transcription (RT)
and Polymerase Chain Reaction (PCR) method is described. The 30.83 ul RT reaction volume
was used in this assay . Ten microliters of sample were added to a 0.2 u1 thin walled reaction
tube containing 5mM MgC12 (25 mM), IX Buffer (500 mM KCl and 100 mM Tris-HCI), 200
uM each ofdNTPs (10 mM). The tube was then heated to 99°C for 5 minutes in a Perkin Elmer
9600 Thermal Cycler to liberate any genomic viral RNA from the viral protein coat. To thistube
was then added 50 U of reverse transcriptase, 20 U ofRNase inhibitor, and 0.5 uM of
downstream primer (0.83 ul ofa 60 uM solution). Samples were then placed in a thermal cycler
(perkin-Elmer 9600) for reverse transcription with a temperature profile of25°C for 10 minutes,
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42°C for 45 minutes and 99°C for 5 minutes to completely denature the reverse transcriptase.
Following the RT reaction, a PCR master mix was prepared containing 2.5 uM of MgCI2 (25
roM), IX Buffer (500 mM KCI and 100 mM Tris-HCI), 2.5U AmpliTaq (5U/ul), 0.5 uM of
upstream primer (60 uM), and 56.84 ul of sterile HPLC grade water to make a final volume of
100 ul. PCR amplification was then performed with a temperature profile of 96°C for 3 minutes
followed by 35 cycles consisting of 94°C for 45 seconds, 55°C for 30 seconds, noc for 45
seconds. Final extension was carried out at noc for 7 minutes and the final product stored at
4°C until further processing.

-- D.-Detection ofAmplifiedVirus Specific Products -(Amplicons). .lfhumanentericviruses
were present in the sample, its specific gene sequences would have been amplified by the PCR
reaction and many identical products of these virus specific gene sequences or amplicons would
be produced. These amplicons (uNA products) were detected by the following two methods:

1) Agarose gel electrophoresis. In this method, 3 ul of a 6X loading buffer and 15 ul of
the PCR product were mixed and added to a 1.6% agarose gel containing ethidium bromide for 1
hour at 100 volts. Under these conditions, the amplicons migrate through the gel at a rate which
is dependent on its molecular weights. The amplicons are separated on the gel as bands and
these bands are visualized by their reaction with ethidium bromide and their molecular weight
determined based on comparison with the position of standard DNA markers in the same gel.
The enterovirus products can be identified because it will have a specific number of base pairs
with a specific molecular weight.

2) Southern and Slot-Blot Hybridization. In this method, the PCR products are first
adsorbed to a membrane. Then, oliogonucleotide probes which will specifically hybridize with
the virus directed amplicons are added to the membrane to allow these probes to hybridize with
the amplicon products because of its complementary sequences of bases. Thus, if the amplicons
are truly enterovirus products, the probes will be detected on the membrane. If the amplicons are
not enterovirus products, the probe will not be able to hybridize and will not be attached to the
membrane. The probes are usually labeled with a fluorescence, color or radioactivity marker
which allow for increasing the sensitivity of detection by at least 10-fold (Cromeans et al 1997).
In summary, this hybridization procedure is used to confirm that the sequence of the PCR
product is truly that of the expected enterovirus product. With environmental samples it is
important to confirm the sequence amplified because of the presence of high amounts of
exogenous nucleic acid (Tsai et al 1994).

E. Detection of Probes. To detect or visualize the probes, markers such as radioactivity,
fluorescent chemicals, or color specific enzymes are usually attached to the probe. In this study,
a colorimetric marker (the Genius 5 nonradioactive DNA labeling kit using digoxigenin
manufactured by Boehringer Mannheim, IN) was used to label the specific oligonucleotide probe
following the protocols described by the manufacturer. The amplified DNA was first transferred
onto Hybond-N' positively charged nylon membrane and crosslinked under IN irradiation. The
probe labeled with anti-digoxigenin [Fab] conjugated to alkaline phosphatase was then added to
the membrane to allow specific hybridization with the amplified target fragments. The presence
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of the probe was determined by the colorimetric reaction of the alkaline phosphatasewith
nitroblue tetrazolium salt (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (X-phosphate)
following the protocol previously described by Tsai et al (1994).

F. Sephacryl S-200 Treatment. Chemicals which inhibit the PCR reaction are often found
in samples. The standard way to remove these chemical inhibitors is to treat the sample to
selectively remove these inhibitors. Commercially available MicroSpin columns from
Amershan-Pharmecia Biotech packed with sephacryl S-200 (sephadex) resin were used to
remove PCR inhibitory substances in the samples based on the principle of size exclusion
chromatography. This methodhas been used successfully to remove the inhibitors. However,
under some conditions, this methodcan remove some of the virus and this may result in some
decrease in the efficiency ofRT-PCR detection of virus (Traore etal, 1998).

G. Detennining the Sensitivityof the RT-PCR for Poliovirus. In the ICC-PCR method as
described by Reynolds et al. (1996), a sample size of 10 ul was used in the reverse transcription
(RT) reaction. To determine the sensitivity of the RT-PCR reaction, concentrationsofpoliovirus
in plaque forming units in 10ul were initially prepared based on plaque forming units (pFU) on
BGMK cells. For the assessmentof the sensitivity of the RT- PCR reaction, poliovirus type 1
suspensions containing 4180 PFU, 418 PFU, 41 PFU, and 4 PFU per 10ul were used. It should
be noted that determination of PFU measures only the fraction ofviable virus and PCR will
detect both live and dead viruses. In this regard, for most tissue culture preparation, there arelO
to 100 dead poliovirus particles to 1 live poliovirus. The ratio of dead to live virus particles
differs in different samples, especiallyat different laboratories and is a major cause why results
of PCR experiments from different laboratoriesmay differ. Other variables include the cell
culture, sample used which may interfereor enhance the PCR reaction. Thus, although the same
PCR method is used in two separate laboratory, the sensitivity of the test results can be expected
to vary from one laboratory to another. .

IV. The Alternative RT-rcn Method

Based on laboratory evaluation, the sensitivity of the standard ICC-PCRmethod to detect
human enteric viruses was determined to be lower than expected. The problem was determined to
be due to the ineffective extractionof RNA from virus using the standard ICC-PCR protocol.
The following three alternative methodswere evaluated to extract RNA before the RT-PCR
reaction was applied.

A. Manual Boiling Method. This method involved simply boiling the samples for 5
minutes to ensure that enough heat is applied to release RNA from virus particles followed by
chilling the sample on ice. The samplesare now ready for the RT-PCR assay.

B. Chemical Extraction MethodUsing Guanidinium isothiocyanate (GID. In this
method, one hundred microlitersof the sample (eg. tissue culture extract) were added to 600 ,..11
of a denaturing solution containing4 M guanidine isothiocyanate, 25 mM sodium citrate (pH
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7.0),0.5% Sarcosyl, 0.1 M ~-mercaptoethanol. The sample was then vortexed vigorously and 50
microliters of2 M sodium acetate (pH 4.0) were added and mixed thoroughly by inversion. This
process will denature the virus structure releasing the RNA. Next, 700 ~l of warm
phenol/chloroform/isoamyl alcohol (25:24:1) heated to 65°C were added and the sample was
mixed by inversion 2-3 times followed by a 10 sec vortex as described by Palmer et al (1995).
After 2 minutes, the sample was placed on ice for 15 minutes and the aqueous phase was
separated by centrifugation at 10,000 x g for 10 minutes at 4°C. This process separates the RNA
from the other components such as proteins. The upper aqueous phase which contains the RNA
was then transferred to a fresh tube and the nucleic acid was then precipitated with an equal
volume ofcold isopropanol at -20°C for a minimumoflhr.The sample was then centrifuged at
10,000 x g for 20 minutes at 4°C and the supernatantwas discarded. The pelleted RNA was
washedwith 500 ~l of cold ethanol, centrifuged for 15 minutes at 4°C, allowed to dry and
resuspended in 50 ul of DEPC-treated water. Toe sample is ready for the RT-PCR assay.

C. Qiagen's QIAmp Viral RNA Mini Kit. This is a commercially available kit developed
to recover RNA from tissue and serum samples. All reagents are provided and the manufacturer's
instructions are followed. The basic principleof this test is to add a buffered lysing agent to the
sample to chemically extract the RNA fromthe virus. The sample is then centrifuged to trap the
released RNA on a selective RNA adsorbent while allowing the rest of the components to be
centrifuged to the bottom of the test tube. The adsorbed RNA is then eluted with 50 ul ofDEPC
treated water. This sample is ready for the RT-PCR assay.

D. Amplification of Viral RNA by RT-PCR. The RT-PCR reaction was performedwith a
GeneAmp PCR System 9600 and reagents purchasedfrom Perkin-Elmer (Norwalk, Conn.). The
final volume of the reverse transcription assay was adjusted to 30 ~l to accommodate a larger
sample volume. Eight microliters of the extractedRNA sample were added to 19 ~l ofan RT
mixture containingthe following: 5 ~l of25 mM MgCI2; 3 Jll of lOX peR buffer II (500 mM
KCl, 100 mM Tris-HCl, pH 8.3); 1 Jll of 100 mM OTT; 2 JlI each of 10 mM dGTP, 10 mM
dATP, 10 mM dTTP, and 10 mM dCTP; and 2 ul of 50 ~M random hexarners. After the 8 Jll
sample was added to 19 ul ofRT reactionmixture, the tubes were heated at 99°C for 5 min and
cooled at 4°C for 5 min. Then, 1.5 JlI of reversetranscriptase (50 Uzul) and 1.5 ul of RNase
inhibitor (20 U/Jll) were added, and the 30 Ill-reverse transcription reaction was completedwith a
temperature profile of 25°C for 10 min, 42°C for 45 min, and 4°C for 5 min. The PCR mixture
(70Jll) containing2 ul of each 30 11M primer, 4 III of25 mM MgCI2; 7 ~IIOX PCR bufferIl,
54.5 ul of dH20 , and 0.5 ul of AmpliTaq DNA polymerase, was added to the reaction. The PCR
was carried out with the following temperature protocol: initial denaturation at 95°C for 5 min;
45 amplification cycles, with 1 cycle consisting of 95°C for 1 min, 55°C for 45 sec, and noc for
45 sec; and a final extension at 72°C for 7 min. The PCR products were stored at 4°C before
analysis.
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CHAPTER THREE
RESULTS AND CONCLUSIONS

I. Assay for Virus by EPA-Approved Cell Culture Method

A. Results: During this phase of the study, 45 groundwater samples were analyzed for
human enteric viruses by the EPA-approved cell culture method which detects for the presence
of live human enteric viruses by their ability to grow and form CPE in BGMK cells. To increase
the sensitivity of the assay, the inoculated cell cultures were observed for CPE up through 14
days ofincubation . This was called the first passage andifnoCPEwas observed at this time,
these cells were frozen and thawed and the cell extract inoculated onto a second set of BGMK
cells on the chance that viruses which may have been restricted from growing during the first
passage win grow better during the second passage. The cells in the second passage were also
incubated for 14 days and observed for CPE. The results of all first cell culture passages (CPE:
PI) and second cell culture passages (CPE:P2) are summarized in Table 2 and show that all 45
groundwater samples were negative for viruses.

B. Conclusion: Based on the results of using the EPA approved cell culture method, all
45 groundwater samples tested were negative for human enteric viruses. Since these 45
groundwater samples were obtained from the seven geographical areas of the island of Oahu, the
results provide direct evidence using EPA approved culture method that the groundwater sources
used by BWS are not contaminated ·with human enteric viruses. These results provide monitoring
data that the potable groundwater sources used by the BWS are not vulnerable to contamination
with fecal matter and in particular to human enteric viruses.
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TABLE 2: TISSUE CULTURE ANALYSIS OF BWS GROUNDWATER SAMPLES
AREA DISTRICT WELL NAME WELL NO. SAMPLE DATE CPE-Pl CPE-P2

HONOLULU East Honolulu Kuliouou 1843-01 10/22/97 Neg Neg
Wailupe I 1745-01 12/3/97 Neg Neg
Wailae Iki 1746-02 11/26/97 Neg Neg
Aina Koa 1746-01 9/4/97 Neg Neg

Kaimuki Palolo 1847-01 9/29/97 Neg Neg
Kaimuki Hi-Service 7/10/97 Neg Neg

Beretania Beretania LowService 6/19/97 Neg Neg
BWS Well 10/7/96 Neg Neg
Wilder 1849-15 5/28/97 Neg Neg
Manoa II 1948-01 6/20/97 Neg Neg

Kalihi JonathanSprings 2052-12 ND-Secured NO NO
Kalihi Station LowService 3/12/98 Neg Neg

- Kalihi Uka - - -2250-01 - 5/14/98 - --- -- -- - - Neg -- Neg
Moanalua Kalihi Shaft 2052-08 3/18/98 Neg Neg

Moanalua 2152-12 7/2/97 Neg Neg
HalawaShaft 2354-01 12/10/97 Neg Neg
Kalauao 2355-13 12/17/97 Neg Neg
Kaamilo 2356-58 1/7/98 Neg Neg
Punanani 2457-05 11/5/97 Neg Neg

PEARL HARBOR Waimalu Subarea Pearl City 10/15/96 Neg Neg
Pearl City I 2458-03 10/29/97 Neg Neg

Waipahu-Waiawa Waipio Heights I 2459-23 2/26/98 Neg Neg
WaipahuI 2400-03 1/29/98 Neg Neg
Hoaeae 2301-38 1/14/98 Neg Neg
Kunia II 2402-01 2/11/98 Neg Neg
Mililani I 2800-01 1/22/98 Neg Neg

WINDWARD Koolauloa Hauula 3655-01 7/24/97 Neg Neg
Kaluanui 3554-04 4/22/98 Neg Neg
Punaluu II 3553-06 8/14/97 Neg Neg
Kahana 3353-03 4/29/98 Neg Neg
Luluku HWS-18 10/29/96 Neg Neg

Koolaupoko Kahaluu 2651-03 3/4/98 Neg Neg
Kuou I 2348-05 NO-Inadequate Pressure NO NO
Waimanalo II 1943-01 10/8/97 Neg Neg

WAHIAWA Wahiawa I 2901-11 9/24/97 Neg Neg

WAIALUA! Waialua 3405-01 9/10/97 Neg Neg
KAHUKU Haleiwa 3405-03 9/7/97 Neg Neg

Waialee II 4101-08 8/7/97 Neg Neg
Kahuku 4057-15 7/17/97 Neg Neg
Waialua 10/21/96 Neg Neg

WAIANAE WaianaeI 2909-02 11/12/97 Neg Neg
Kamaile 2712-30 4/8/98 Neg ' Neg
MakahaShaft 2812-01 4/2/98 Neg Neg
MakahaIII 3010-11 11/19/97 Neg Neg
Makaha 11/4/96 Neg Neg

EWA Makakilo 2004-04 5/6/98 Neg Neg
Honouliuli 2303-02 ND-Secured NO NO
Honouliuli II 2303-04 4/16/98 Neg Neg

ND = Not Done
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II. Assay for Virus by Standard ICC-PCR Method

Results: Although all 45 groundwater samples were determined to be negative for the
presence of human enteric viruses using the EPA approved cell culture method, it has been
reported that some viruses can grow in cells without producing CPE. One way to address this
problem is to use gene probe assays such as PCR to analyze the inoculated cell culture. The
advantage of using the PCR gene probe method to assay the inoculated cell culture is its
capability of detecting viruses which may not be forming visible CPE because of several reasons
such as poor growth, toxicity to the cells or because the growth of some human enteric viruses
does not form Cf'Efncellculture. In-this-regard-the standard ICC-PCR-methodwaspreviously
reported to be more sensitive than using only the cell culture assay. Thus, the objective of this
phase of the study was to use the standard ICC-PCR gene probe assay as recommended by
Reynolds et al (I 996) to analyze the same groundwater samples which had been assayed by the
cell culture method . The results of this gene probe assay are summarized in Table 3 and show
that viruses were not detected in any of the 45 groundwater samples tested using the standard
ICC-PCR method.

Conclusions: The results of this gene probe assay confirm the results of the EPA approved
cell culture method that the 45 groundwater samples assayed for human enteric viruses on cell
culture did not contain viable human enteric viruses. These results support the conclusions made
during Phase I of this study that the potable groundwater sources used by BWS are not
vulnerable to contamination with human enteric viruses.
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TABLE 3: ANALYSIS OF 45 GROUNDWATER SAMPLES USING STANDARD ICC-PCR

AREA DISTRICT WELL NAME WELL NO. SAMPLE DATE ICC-PCR

HONOLULU East Honolulu Kuliouou 1843-01 . 10/22/97 Neg
Wailupe I 1745-01 12/3/97 Neg
Wailae Iki 1746-02 11/26/97 Neg
Aina Koa 1746-0 I 9/4/97 Neg

Kaimuki Palolo 1847-01 9/29/97 Neg
Kaimuki Hi-Service 7/10/97 Neg

Beretania Beretania Low Service 6/19/97 Neg
BWS Well 10/7/96 Neg
Wilder 1849-15 5/28/97 Neg
Manoa II 1948-01 6/20/97 Neg

Kalihi Jonathan Springs 2052-12 ND-Secured NO
Kalihi Station Low Service 3/12/98 Neg

- -- - ~

Kalihjt.!ka
- ~ - 2250-01 5/14/98 Neg

Moanalua Kalihi Shaft 2052-08 3/18/98 Neg
Moanalua 2152-12 7/2/97 Neg
Halawa Shaft 2354-01 12/10/97 Neg
Kalauao 2355-13 12/17/97 Neg
Kaamilo 2356-58 1/7/98 Neg
Punanani 2457-05 11/5/97 Neg

PEARL HARBOR Waimalu Subarea Pearl City 10/15/96 Neg
Pearl City I 2458-03 10/29/97 Neg

Waipahu- Waiawa Waipio Heights I 2459-23 2/26/98 Neg
Waipahu I 2400-03 1/29/98 Neg
Hoaeae 2301-38 1/14/98 Neg
Kunia II 2402-01 2/11/98 Neg
Mililani I 2800-01 1/22/98 Neg

WINDWARD Koolauloa Hauula 3655-01 7/24/97 Neg
Kaluanui 3554-04 4/22/98 Neg
Punaluu II 3553-06 8/14/97 Neg
Kahana 3353-03 4/29/98 Neg
Luluku HWS-18 10/29/96 Neg .

Koolaupoko Kahaluu 2651-03 3/4/98 Neg
Kuou I 2348-05 NO-Inadequate Pressure NO
Waimanalo II 1943-01 10/8/97 Neg

WAHIAWA Wahiawa I 2901-11 9/24/97 Neg

WAIALUA! Waialua 3405-01 9/10/97 Neg
KAHUKU Haleiwa 3405-03 9/7/97 Neg

Waialee II 4101-08 8/7/97 . Neg
Kahuku 4057-15 7/17/97 Neg
Waialua 10/21/96 Neg

WAIANAE Waianae I 2909-02 11/12/97 Neg
Kamaile 2712-30 4/8/98 Neg
Makaha Shaft 2812-01 4/2/98 Neg
Makaha III 3010-11 11/19/97 Neg
Makaha 11/4/96 Neg

EWA Makakilo 2004-04 5/6/98 Neg
Honouliuli 2303-02 ND-Secured NO
Honouliuli II 2303-04 4/16/98 Neg

ND=NotDone
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III. Evaluating and Optimizing the Sensitivity of the Standard RT- PCR Method to Detect
Human Enteric Viruses

The objective of this phase of this study was to determine the sensitivity of the standard
ICC-PCR method and to modify the method to increase the sensitivity of the PCR method used.
This objective was pursued because of numerous reports that the sensitivity of the PCR method
used varies at each laboratory because each laboratory uses a different set of reagents, standards
and samples. The efficiency of the PCR method is known to be sensitive to many different
parameters. Thus, the efficiency of the same method used in one laboratory cannot beassumed to
be the same when used at _anotherJaboratory.Moreover, theRT-PeR requirement to detect
human enteric viruses adds another level ofcomplication to the ICC-PCR method used in this
study. As a result, there is a general recommendation that the sensitivity of the PCR method used
by each laboratory should be evaluated. The standard method to assess the'sensitivity ofany
peR method is to add known concentrations of viruses to samples and determine the ability of
the PCR method to detect for the presence of viruses in these samples.

A. Evaluating the Sensitivity of the Standard ICC-PCR Method. The sensitivity of the
standard ICC-PCR protocol was evaluated by determining the effect of the various components
used in the method. The results (Table 4) show that the standard ICC-PCR method was able to
detect at least 41 PFU of poliovirus but not 4 PFU of poliovirus suspended in PBS. However,
the results in Table 5 show that when the protocol was applied to samples containing culture
medium (2% or 4% serum or cell extracts), the method was not able to detect 4,180 PFU of polio
virus. Since the method was able to detect 41 PFU of poliovirus which were suspended in
phosphate buffered saline (PBS) or unused cell culture medium (L 15), it was clear that serum
and the cell culture extracts were interfering with the efficiency of the standard ICC-PCR method
to detect poliovirus. Based on these results, it was concluded that the standard ICC-PCR as used
in our laboratory was insufficiently sensitive to detect low concentrations of viruses in our
samples which contained cell culture extracts. Thus, alternative and more sensitive method than
the standard ICC-PCR is required. In examining the standard ICC-PCR method, there are many
places in the procedure which could interfere with the efficiency of the reaction. However, we
concluded that the most likely source of the problem was the heat treatment method used to
break open the virus to extract the RNA from the viruses. This conclusion was based on previous
reports that serum and cellular factors stabilize poliovirus to heat destruction.

Table 4: Sensitivity of RT-PCR for Polio 1 in PBS
CONCENTRATION (pFU/IO RT-PCR

ul)

4 -
41 +

418 +
4180 +
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Table 5: Evaluation of RT-PCR to Detect Poliovirus in
Different Components of the Reaction Mixture

CONCENTRATION DILUENT· RT-PCR
POLIOVIRUS (PFU/IO ul) .

4 PBS -
41 PBS +

418 PBS +
- - -~ .- - 4180___ -- - ---~--- - --

PBS - ,-- -- +--_ .. ~ -._- --

4 4%FBSIPBS -
41 4% FBSIPBS -

418 4% FtlSIPBS -
4180 4%FBSIPBS -

4 2% FBSIPBS -
41 2%FBSIPBS -

418 2%FBSIPBS -
4180 2%FBSIPBS -

4 4%FBS/CE -
41 4%FBS/CE -

418 4%FBS/CE -
4180 4%FBS/CE -

4 2%FBS/CE -
41 2%FBS/CE -

418 2%FBS/CE -
4180 2%FBS/CE -

4 CEIL15 -
41 CEIL15 -

418 CEIL15 -
4180 CEIL15 -

4 CEIPBS -
41 CElPBS -

418 CEIPBS -
4180 CEIPBS -

4 L15 -
41 LIS +

418 LIS +
4180 LIS +

PBS: Phosphate Buffered Salme
FBS: Fetal Bovine Serum

CE: Cell Extract
LIS: Leibovitz IS culture medimn
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B. Evaluation of Alternate Treatment 1: Qiagen Kit. The simplest and most expedient
way to extractRNA from viruses in tissue culture is to use the commercially available Qiagen
RNA Mini Kit which has been tailored for samples containingserumand tissue culture extracts.
The advantage of using this kit is that all the required reagents and protocol are provided and
have been standardized. However, the efficiency of each method is dependent on the
characteristics of the sample. To determine the expectedefficiency of using this method to
detect for the presenceof poliovirus in our samples and using the RT-PCRmethod, we
evaluated three testing conditionswhich would assess the value of sephacryl treatment as a
means of removing PCR inhibitors from the sampleand using random hexamer primers and
higher cycles (45) of amplification to enhance theRf-PflR reaction; The results-are summarized
in Table 6 and show that the most sensitivecombination was to extractand purify the RNA using
the Qiagen Kit, treat the productwith sephacryl and then run the RT-PCR reaction in presence
of random hexamerprimersat 45 cycles. This combinationof conditions resulted.in detectingat
least 72 PFU ofpoliovirus.

Table 6. Alternate Treatment 1: Qiagen Protocol (100 III of sample)

a) No additional treatment: RT-PCR (Downstream Primer, 35 cycles)

Date FBS Cone. (%) Seeded virus titer Gel Slot Blot Sensitivity
(pFU/IO Ill) PFU

515 2 "4 - -
515 2 45 - - -

515 2 418 - -
515 2 4180 - + 6680
515 4 4 - -
515 4 45 - -
515 4 418 - + 668
515 4 4180 - +1- 6680

b) Sephacryl treatment: RT-PCR(Down Stream Primer, 45 cycles)

Dater FBS Cone (%) Seeded virus titer Gel Slot Blot Sensitivity
(pFU/IO Ill) PFU

5/7 2 418 - -
5/7 2 4180 +1- + 6680
5/7 4 418 - -
5/7 4 4180 - + 6680
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c) Sephacryl treatment: RT-PCR (Random Hexamer Primers, 45 cycles)

vvuv

Date FBSConc (%) Seeded virus titer Gel Slot Blot Sensitivity
(pFU/IO ~l)

5/13 2 4 - -
5/13 2 45 - + 72
5/7 2 418 - - ?
5/7 2 4180 - +1- 6680
5/13 4 4 - -

~ ~ ~ ~ ~ _ ~ _ - - 1- ~ ~ ~_~ I - -~ ~ ., --- - ~ _~__ ~~~ .~ ~ ~ ~- . .. ~~~- ~ . .~ ~. . ~~ ~ ~ .

5/13 4 45 - -/-1+ 72
5/7 4 418 - + 668
'\/7 .1 .11SUl - +'- {;:{;:Q(\

C. Alternate Treatment 2: Heat-boiled extraction. In the standardICC-PCR protocol, heat
is used to release RNA from the virus by using the thennocycler to automatically heat the sample
to 99°C for five minutes. This automaticheat treatmentcondition was determined to be too
inefficient to denature the virus because the cell extract and serum in the sample interfere with
the destructionof the virus. In Alternatetreatment2, the samples were boiled for five minutesto
ensure that high temperature was achievedfor sufficientperiod to extractthe RNA from
poliovirus in the sample. In addition, the effectiveness of treatment withsephacryl to remove
PCRinhibitors and the effect ofusing random hexamerprimers at 45 cycles of amplification to
enhance the RT-PCRreaction were evaluated. The results are summarized in Table 7 and show
that when the samplewas poliovirus suspended in buffer (PBS) rather thanin cell extractor in
serum (PBS) as little as 3 to 36 PFU ofpoliovirus were detected under the following conditions:
heat-boil extractionmethod to recoverRNA, followed by RT-PCR reaction using random
hexamer primersand amplification for 45 cycles. Under these same conditions the additionof the
sephacryl treatment resulted in a sensitivity of 334 PFU of poliovirus. These results suggest that
sephacryl treatment can interfere with PCR reaction under some conditions and enhance the PCR
reaction under other conditions. The results in Table 7 also show that the efficiency of the
detecting poliovirus suspended in 2 and 4% serumwas lower when downstream primerat 35
cycles were used. In summary, these results, indicate that use of random hexamer primersand 45
cycles of amplification increased the sensitivity of the RT-peR reaction.

21



Table 7: AlternateTreatment 2: Manual, Heat-Boil Method .

a) No additional treatment. RT-PCR (downstream primer, 35 cycles)

Date FBS Cone. (%) Seeded virus titer Gel Slot Blot Sensitivity
(pFU/IO ).11) PFU

SIS 2 4 - -
SIS 2 45 - -
SIS 2 418 - + 334
SIS 2 4180 - +1- 3340
SIS 4 4 - -
SIS 4 45 - -
SIS 4 418 - + 11L1

-'-'.

SIS 4 4180 - + 3340

b) Sephacryl S-200-treated. RT-PCR (Down stream primer, 45 cycles)
Date PBS Stock Seeded virus titer . Gel Slot Blot Sensitivity

(pFU/IO ).11) PFU
5/7 PBS 4 - -
5/7 PBS 45 - -
5/7 PBS 418 - +1- 334
5/7 PBS 4180 - + 3340

c) No additional treatment. RT-PCR (Downstream Primer, 45 Cycles)
Date PBS Stock Seeded virus titer Gel Slot Blot Sensitivity

(pFU/IO ).11) PFU
5/7 PBS 4 - -
5/7 PBS 45 - + 36
5/7 PBS 418 +/- + 334
5/7 PBS 4180 +1- + 3340

d) No additional treatment. RT-PCR (Random Hexamer Primers, 45 Cycles)
Date PBS Stock Seeded virus titer Gel Slot Blot Sensitivity

(pFU/IO ).11) PFU
5/7 PBS 4 - + 3
5/7 PBS 45 - + 36
5/7 PBS 418 - + 334
5/7 PBS 4180 +/- + 3340
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e) Sephacryl S-200 Treatment. RT-PCR (Random Hexamer Primers, 45 Cycles)

Date PBS Stock Seeded virus titer Gel Slot Blot Sensitivity
(pFU/IO JlI) PFU

5/7 PBS 4 - -
5/7 PBS 45 - + 36

5/7 PBS 418 - + 334

5/7 PBS 4180 + + 3340

D. Alternate Treatment 3: Chemical Extraction Using Guanidine Isothiocyanate (GIn.
Chemicalextraction o{ RNA. -uSing GIT is the niost tediousmetlicd biif reporteclly-the mosf
reliable method to extract RNA from cells and viruses. The efficiency of this chemical (GIT)
method to extract RNA was evaluated with and without the use of sephacryl to remove PCR
inhibitors. Moreover, the use of random hexamer primers and amplification for 45 cycles were
also evaluated to enhance the RT-PCR reaction. The results are summarized in Table 8 and
show that the best combination of treatments was chemical extraction of RNA with GIT,
followed by no additional treatment with sephacryl, the use of random hexamer primers and
amplification for 45 cycles. Under these conditions, whether the poliovirus was suspended in
2% or 4% serum or in buffer (PBS), the sensitivity of this reaction was 167 PFU poliovirus. In
summary, when chemical extraction with GIT was used, the best conditions for RT-PCR was no
additional treatment followed by RT-PCR using random hexamer primers and amplification for
45 cycles.

Table 8. Alternate Treatment 3: Chemical (GIT) Extraction (100 ul ofsample)

a) No additional treatment. RT-PCR (Down Stream Primer, 35 cycles)

Date FBS Cone. (%) Seeded virus titer Gel Slot Blot Sensitivity
(pFU/IO Jll) PFU

5/6 2 . 4 - -
5/6 2 45 - -
5/6 2 418 - + 668
5/6 2 4180 - + 6680
5/6 4 4 - -
5/6 4 45 - -
5/6 4 418 - + 668
5/6 4 4180 - + 6680
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b) Sephacryl treatment. RT-PCR (Down Stream Primer, 45 cycles)

Date FBS Cone (%) Seeded virus titer Gel Slot Blot Sensitivity
(pFU/IO Ill) PFU

5/7 2 418 - -
5/7 2 4180 - +1- 6680
5/7 4 418 - +1- 668
5/7 4 4180 - + 6680

c) Sephacryltreatment. RT-PCR (Random Hexamer Primers, 45 cycles)

Date FBS Cone (%) Seeded virus titer Gel Slot Blot Sensitivity
(pFU/IO Ill) PFU

5/13 2 4 - -
5/13 2 45 - -
5/7 2 418 - + 668
5/7 2 4180 - + 6680

5/13 4 4 - -
5/13 4 45 - -
5/7 4 418 - + 668
5/7 4 4180 - + 6680

d) No additional treatment. RT-PCR (Random Hexamer Primers, 45 cycles)

Date FBS Cone (%) Seeded virus titer Gel Slot Blot Sensitivity
(pFU/IO Ill) PFU

5/13 2 4 - -
5/13 2 45 - -
5/13 2 418 - + 167
5/13 2 4180 - + 1670
5/13 4 4 - -
5/13 4 45 - -
5/13 4 418 - + 167
5/13 4 4180 - + 1670

e) No additional treatment. RT-PCR (Random Hexamer Primers, 45 cycles)

+ Positive; - Negative

Date PBS Stoek Seeded virus titer Gel Slot Blot Sensitivity
(pFU/IO Ill) PFU

5/13 PBS 4 - -
5/13 PBS 45 - -
5/13 PBS 418 - + 167
5/13 PBS 4180 - + 1670..
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IV. Re-Analysis oCGroundwater Samples by Alternative peR Method

A. Overall Objective and Rationale. The objective of this phase of this study was to re
analyze the groundwater samples for presence of human enteric viruses using alternative RT
PCR methods which would be more sensitive than the standard ICC-PCR method. To achieve
this objective, we determined that the best approach would be to use two different and
complementary alternative methods. The two alternative methods selected were based on the
following assessment. First, we determined that the standard ICC-PCR was not as efficient in
detecting viruses in our groundwater samples because groundwater samples contain cell extract
and serum which interfered with the automated (thermocycler} heat-treatmentmethod to extract
the RNA from viruses. As a result, we determined that for our samples, a chemical means to
extract viral RNA would be more reliable. Second, we determined that the sephacryl treatment
which is recommended to remove peR inhibitors sometimes reduced the efficiency of obtaining
enough viral RNA. In this regard, Shieh et aI., (1995) reported that chemical extraction ofRNA
with guanidinium isothiocyanate (GIT) effectively removed PCR inhibitors from environmental
samples without the need for additional treatment such as with sephacryl, Based on our
assessment, we concluded that chemical extraction with orr was one of the methods to be used.
The second, complementary method of choice was the Qiagen Kit because it also used a
chemical lysing or virus denaturing agent to extract RNA but also incorporated an RNA
adsorption and sample cleaning process utilizing a RNA adsorbing resin. Finally, to enhance the
RT-PCR reaction, we determined that 45 cycles of amplification were superior to 35 cycles of
amplification. Moreover, we determined that random hexamer primers were often more efficient
than the use of traditional Down Stream Primers.

B. Selection of the Two Complementary method. Based on our assessment, the two
complementary methods selected were: 1. Qiagen extraction and purification of viral RNA
followed by RT-PCR using Down Stream Primer at 45 cycles of amplification. 2. Chemical,
GIT extraction of RNA followed by RT-PCR using random hexamer primers at 45 cycles of
amplification. To detect for the presence of virus specific RNA products, both gel electrophoresis
and slot blot were used. By using these two complementary methods, variations in the
composition of individual samples which could affect the efficiency of extracting RNA, of
interfering with the RT-PCR reaction or in the detection of amplicon products would be
addressed resulting in an expected efficiency of detecting 36-167 PFU of poliovirus. The
remaining 40 of the 45 groundwater samples which had been determined to be negative for virus
by culture and by the standard ICC-PCR were then reanalyzed on 5/11/99 using alternative
method one and on 5/18/99 using alternative method two.

C. Results. Alternative Method One: Extract and purify the viral RNA using the Qiagen
Kit and run RT-PCR using downstream primers at 45 cycles of amplification. The results are
summarized in Table 9 and show that all 40 of these groundwater samples were negative for
evidence of human enteric viruses using this method.
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TABLE 9: Re-analysis of 40 Groundwater Samples: Qiagen Extraction and RT-PCR UsingDown Stream Primers at 45
Cycles of Amplification

NO = Not Done; + POSItIve; - Negative

AREA DISTRICT WELL NAME WELL NO. GEL SLOT BLOT

HONOLULU East Honolulu Kuliouou 1843-01 - ·
Wailupe I 1745-01 - -
Wailae Iki 1746-02 - -
Aina Koa 1746-01 - ·

Kaimuki Palolo 1847-01 - -
Kaimuki Hi-Service - ·

Beretania Beretania LowService - -
BWSWell NO NO
Wilder 1849-15 - ·
Manoa II 1948-01 - -

Kalihi Jonathan Springs 2052-12 NO- SECURED
-Kalihi Station -- - Low.Service, - - - - 1 - - - - - - -

Kalihi Uka 2250-01 - -
Moanalua KalihiShaft 2052-08 - -

Moanalua 2152-12 - -
HalawaShaft 2354-01 - -
Kalauao 2355-13 - -
Kaamilo 2356-58 - ·
Punanani 2457-05 - ·

PEARLHARBOR WaimaluSubarea PearlCity NO NO
PearlCity I 2458-03 - -

Waipahu-Waiawa Waipio Heights I 2459-23 - -
Waipahu I 2400-03 - -
Hoaeae 2301-38 - ·
Kunia II 2402-01 - -
Mililani I 2800-01 - -

WINDWARD Koolauloa Hauula 3655-01 - ·
Kaluanui 3554-04 - -
PunaluuII 3553-06 · -
Kahana 3353-03 - -
Luluku HWS·18 NO- Inadequate Pressure

Koolaupoko Kahaluu 2651-03 - -
Kuou I 2348-05 - -
Waimanalo II 1943-01 - -

WAlllAWA Wahiawa I 2901-11 - -
WAIALUN Waialua 3405-01 - -
KAHUKU Haleiwa 3405-03 - -

Waialee II 4101-08 - -
Kahuku 4057-15 - -
Waialua NO NO

WAIANAE .Waianae I 2909·02 - -
Kamaile 2712·30 · -
MakahaShaft 2812-01 · -
MakahaIII 3010·11 - -
Makaha NO NO

EWA Makakilo 2004-04 - -
Honouliuli 2303-02 NO- SECURED
Honouliuli II 2303-04 - -

Neg. Control - -
Blank(Water) - -
Pos. Control Not Tested +..
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D. Results: Alternative Method Two: Chemical extraction of RNA using OJT followed
by RT-PCR using random hexamer primers at 45 cycles of amplification. The results are
summarized in Table 10 and show that all 40 of these groundwater samples were negative for
evidence of human enteric viruses using this method.
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TABLE 10: Re-analysis of 40 Groundwater Samples: GIT Extraction and RT-PCR Using Random Hexamer Primers at 45
Cycles of Amplification

NO - Not Done; + POSitive; - Negative

AREA DISTRICT WELL NAME WELL NO. GEL SLOT BLOT

HONOLULU East Honolulu Kuliouou 1843-01 - -
Wailupe I 1745-01 - -
Wailae Iki 1746-02 - -
Aina Koa 1746-01 - -

Kaimuki Palolo 1847-01 - -
Kaimuki Hi-Service - -

Beretania Beretania Low Service - -
BWS Well NO NO
Wilder 1849-15 - -
Manoa II 1948-01 - -

Kalihi Jonathan Springs 2052-12 NO- SECURED
Kalihi Station Low Service - -I · ···

Kalihi Uka 2250-01 - -
Moanalua Kalihi Shaft 2052-08 - -

Moanalua 2152-12 - -
Halawa Shaft 2354-01 - -
Kalauao 2355-13 - -
Kaamilo 2356-58 - -
Punanani 2457-05 - -

PEARL HARBOR Waimalu Subarea Pearl City NO NO
Pearl City I 2458-03 - -

Waipahu-Waiawa Waipio Heights I 2459-23 - -
WaipahuI 2400-03 - -
Hoaeae 2301-38 . -
Kunia II 2402-01 - -
Mililani I 2800-01 - -

WINDWARD Koolauloa Hauula 3655-01 - -
Kaluanui 3554-04 - -
Punaluu II 3553-06 - -
Kahana 3353-03 - -
Luluku HWS-18 NO- Inadequate Pressure

Koolaupoko Kahaluu 2651-03 - -
Kuou I 2348-05 - -
Waimanalo II 1943-01 - -

WAHIAWA Wahiawa I 2901-11 - .
WAIALUA! Waialua 3405-01 - -
KAHUKU Haleiwa 3405-03 . -

, Waialee II 4101-08 - -
Kahuku 4057-15 - -
Waialua NO NO

WAIANAE Waianae I 2909-02 - -
Kamaile 2712-30 - -
Makaha Shaft 2812-01 - -
Makahaill 3010-11 - .
Makaha NO NO

EWA Makakilo 2004-04 - -
Honouliuli 2303-02 NO- SECURED
Honouliuli II 2303-04 - -

Neg. Control - -
Blank (Water) - -
RNA Pos. Control (410 b.p.) - +
RNA Negative Control - -
Enterovirus + Control Not Tested +. .
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v. Project Conclusions

1. Using the EPA-approved cell culture method, all 45 groundwater samples representing
all of the potable groundwater aquifers used by BWS were negative for human enteric viruses.
These results are significantbecause this is the method of choice for detecting human viruses in
groundwaterand is the same method used in the EPA program called InformationCollection
Rule.

2. When the standard ICC-PCR method as reported by Reynolds et al (1996) was applied
to the same 45·groundwater samples, all samples were negative for human enteric virus based on
absence of enterovirus specific RNA productsor amplicons. However, in assessing the
efficiency of the standard ICC-PCR method in our laboratory, we determined that it was too
insensitive to be reliablebecause some componentsof the reaction mixturewere interferingwith
the efficiencyof the RT-PCR assay. These results confmn previous conclusionsthat the
efficiency ofPCR methoddepends on conditions of the reactionat the specific laboratory.

3. Three other methods (Qiagen Kit, Heat-Boil, Chemical Extraction) were then tested to
more efficientlyextract RNA from poliovirus in the groundwater samples. Chemical extraction
of the virus was determined to be more reliable than physical heatextractionbecause our samples
contain tissue culture extracts and serum which interferewith heat extraction. It was decided that
two complementary method should be used to overcome any combination of interfering
substances present in any individual sample. The two complementary method selected were as
follows: 1. Qiagen Kit to extract and purify RNA, followed by RT-PCR using down stream
primers and 45 cyclesof amplification. 2. Chemical Extractionwith guanidine isothiocyanate
followed by RT-PCR using random hexamerprimers and 45 cyclesof amplification. For
detection of amplicons, both the gel electrophoresis and slot blot methodwere used. These
results confirmpreviousconclusions that many controls must be tested to optimize the PCR
reaction at each laboratory.

4. When the two alternative, more sensitive and complementary PCR methods were
used, all 40 of the groundwater samples remaining were determined to be negative for the
presence ofhumanentericviruses. Due to the higher sensitivityof these two methods as
compared to the standardICC-PCR method, these results reliably confirmthe results obtained
from the standard EPA-approved cell culture method that the groundwater samplesare not
contaminatedwith human enteric viruses. These results providedirectmonitoring data that the
groundwatersourcesused by BWS are not contaminatedwith human entericviruses and
therefore these groundwater sources are not vulnerable to contamination with human enteric
viruses.

5. The results of this study represents the second study we have completed to determine
the quality of the groundwater sources used by the BWS. In the first study we determined that the
BWS groundwater sourcesshowed negligibleevidenceof contamination by fecal bacteria (E.
coli, enterococci, C. perfringensy; and fecal bacterial viruses (FRNA coliphages). During this
second study we determined that these same groundwatersources showedno evidence for the
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presence of human enteric viruses, the pathogen most likely to contaminate groundwaters. It
should be noted that the monitoring requirement for these two studies exceed those being
discussed under the current GWR. Taken together, these results provide comprehensive
monitoring data that the potable groundwater sources used by the BWS are not vulnerable to
contamination with fecal borne microorganisms and in particular with human enteric viruses.

6. The results of these two monitoring studies are supported by existing physical
conditions. First, the time for transport (TOT) of rainwater to reach Oahu's deep groundwater
aquifer has been calculated to be in the neighborhood of 20 years and the average distance of
transport is approximately .600 feet. Moreover, the temperature ofthe groundwater is greater.than
15 C, which allows for faster inactivation ofmicroorganisms. Thus, these physical factors make
it unlikely that viruses in sewage can survive the expected transport time and conditions to
contaminate the potable groundwater sources of the island of Oahu.
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Figure 1. Map of Oahu showing the seven water districts (Honolulu, Pearl Harbor,
Windward, Waialua/Kahuku, Wahiawa, Waianae, Ewa) used by the Honolulu Board of
Water Supply. Numbers in parenthesis indicate the number of wells sampled from each
of the water districts.
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Figure 2. Diagram of virus concentrating filter assembly as usedl in ICR Program.
Source: ICR Microbial Laboratory Manual BPA16001R-951178


