United States Office of Science EPAB22'R/061002
Environmental Protection and Technology March 5, 2006
Agency Washington, D.C.

< EPA Office of Water

National Field Study for Coliphage Detection
in Groundwater: Method 1601 and 1602
evaluation in regional aquifers

FINAL REPORT



EPA/822/R/06/002

National Field Study for Coliphage Detection in Groundwater: Method 1601 and
1602 Evaluation in Regional Aquifers

ACKNOWLEDGMENT
The contributions of the following are gratefully acknowledged:

Nena Nwachuku, Ph.D.
EPA Lead Scientist for the study
Office of Water, Office of Science and Technology

Mark Sobsey, Ph.D.

University of North Carolina

Chief Investigator for the study and

Principal Investigator for the South East US Region

Sagar Goyal, Ph.D.
University of Minnesota
Principal Investigator for the Midwest US Region

Aaron Margolin, Ph.D.
University of New Hampshire
Principal Investigator, for the New England Regions

Suresh Pillai, Ph.D.
Texas A& M University,
Principal Investigator, South West US Region

Research Investigation assistants

Gregory Lovelace, Douglas Wait, Dorothy Thompson, Nicola Ballester, Baldev Gulati, Sigrun
Haugerud, Sunil Maherchandani, Yasphal Malik, James Totten and Robin Whitley.

il



External Peer Reviewers

Dr. Pierre Payment University of Quebec, Canada

Dr. Juan Jofre University of Barcelona, Spain

Dr. Charles Gerba University of Arizona, Tucson

Dr. Marylynn Yates University of California, Riverside

Dr. Roger Fujioka University of Hawaii

Dr. Sharon Long University of Massachussetts, Amherst
Dr. Morteza Abbaszedegan Arizona State University

Dr. Dean Cliver University of California

Dr. Gary Toranzos University of Puerto Rico

Dr. Howard Kantor College of William and Mary, Virginia
Dr. Mohammad Karim American Water Works System

Dr. Bruce Keswick Proctor and Gamble, Mason, OH.

Mr. Steve Via American Water Works Association

Internal Peer Reviewers

Dr. Nena Nwachuku USEPA-OST, Washington, DC

Dr. Stephen Schaub USEPA-OST, Washington, DC

Dr. Al Dufour USEPA-ORD, Cincinnati- OH

Dr. Paul Berger USEPA- OGWDW, Washington, DC
Dr. James Sinclair USEPA - OGWDW, Cincinnati OH.

Dr. Ann Grime USEPA- ORD, Cincinnati, OH.

Mr Stig Regli USEPA - OGWDW Washington DC
Ms. Crystal Rodgers USEPA-OGWDW, Washington, DC
Mr. Mark Messner USEPA-OGWDW, Washington, DC
Dr Shay Fout USEPA-ORD, Cincinnati, OH

Dr. Phil Berger USEPA-OGWDW, Washington, DC
Disclaimer

The mention of a product name or company does not constitute official USEPA endorsement of
the product or company.

il



Executive Summary

The United States Environmental Protection Agency (EPA) office of water in compliance with
the Safe Drinking Water Act (SDWA) is responsible for developing regulations to protect the
nation’s drinking water supply from drinking water contaminants.

EPA has proposed a groundwater rule which will require states to determine groundwater
systems that are vulnerable to fecal contamination. Studies were conducted by EPA on virus
fecal indicator occurrence across the U.S. A round robin testing for proposed coliphage indicator
has also been conducted.

A three year field study was conducted by Office of Science and Technology under the overall
supervision of Dr. mark Sobsey to determine the performance of method 1601 and 1602 in
detecting somatic and male-specific Coliphages in groundwater. In addition, Method 1601 and
1602 were tested using the confirmation procedure, as proposed by EPA, for all methods to
detect microbes in groundwater.

The investigation was conducted in four different regional aquifers across the united States.
These aquifers were in the Southeast region, the Northeast region, the south west region, and the
upper Midwest region.

Results obtained, show that coliphages can be used as a tool for screening groundwater samples
for the presence of fecal contamination. However the results show that there was no direct
correlation of the presence of human enteric viruses and the presence of viral indicators.

The inclusion of coliphages along with conventional bacterial indicator analysis increases the
likelihood for detection of fecally contaminated samples. The absence of detection of human
enteric viruses in the presence of viral indicator suggest that the presence of pathogens may not
routinely be detected unless under heavily contaminated conditions.
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INTRODUCTION AND BACKGROUND

Background

This report summarizes the results of Phase I and phase studies on a project to evaluate and, if
necessary further improve, EPA Methods 1601 and 1602 to detect coliphages in groundwater. In
the first phase of the study samples of groundwater were seeded with known quantities of
naturally occurring coliphages from sewage and the recovery efficiency of the methods in
detecting these added coliphages was determined in a series of controlled experiments performed
concurrently by four participating laboratories located in different regions of the country. The
data from the seeded sample recovery experiments were used to further establish and quantify the

performance characteristics of the methods.

In the second phase of the study EPA Methods 1601 and 1602 were applied to geographically
representative samples of groundwater potentially vulnerable to fecal contamination in order to
compare the performance of the different coliphage methods and to compare their ability to
detect fecally contaminated groundwater relative to the detection of fecal indicator bacteria and
the detection of culturable enteric viruses. Each of the four geographically representative
laboratories (southeast, northeast, upper Midwest and southwest) was to analyze at least 16
groundwater samples for coliphages, indicator bacteria and enteric viruses, for a total target
number of 64 samples to analyzed for second and final phase of the project. Several other tasks
were linked to this effort to further validate and improve the coliphage methods and their ability

to detect and characterize coliphages in groundwater



Experimental Approach

Coliphages and their detection methods. Coliphages are viruses infecting Escherichia coli
bacteria. Coliphages are present at high concentrations in sewage and other fecal wastes and they
are indicators of fecal contamination of groundwater, other waters and other environmental
media. There are two main groups of coliphages: somatic and male-specific. The relationships
between these coliphages and their host bacteria, showing specific bacterial strains as examples,
are summarized in Figure 1. The conventional method to detect coliphages is by their ability to
infect host cells in which they replicate (proliferate), producing large numbers of progeny viruses
and lysing (killing) the host cells in the process. It is this killing and lysis of host cells that forms
the basis of most coliphage infectivity assay methods, including those employed for coliphage

analysis by the EPA methods.

Figure 1. Somatic and Male-specific (F+) Coliphages and their Relationship to Host Bacteria

Somatic Coliphage F+ Coliphage
® ® Somatic
Coliphage

E. coli Famp
F+ Host

‘ F-plasmid

E.coliC
Somatic Host

F+ Coliphage
E. coli C3000
- ‘ F-plasmid
""" Combined Host - _
Somatic Coliphage
F+ Coliphage



Somatic coliphages infect host bacteria by attaching directly to the outer cell wall (outer cell
membrane). The male-specific coliphages infect only male F+ strains of bacteria by attaching to
the hair-like appendages projecting from the cell surface, called F-pili or fimbrae, that are the
characteristic male trait. Somatic coliphage hosts lack the F-pili and cannot be infected by F+
coliphages. F+ coliphage hosts differ in their ability to be infected by somatic coliphages. Some
F+ coliphage hosts are very resistant to somatic coliphage infection because they have an outer
cell membrane that differs from those of E. coli (such as the Salmonella typhimurium strain
WG49) and E. coli Famp (which was experimentally selected as a somatic-coliphage resistant
mutant). Other F+ coliphage hosts such as E. coli C3000 have not been subjected to selection for
resistance to somatic coliphages and are susceptible to F+ coliphage infection as well as somatic
coliphage infection. Therefore, some host bacteria are infected only by somatic coliphages (E.
coli C and CN13), others only by male-specific coliphages (E. coli Famp and Sa/monella

typhimurium WG49) and yet others by both groups of coliphages (E. coli C3000).

There are still questions about which groups of coliphages, somatic, male-specific or both groups
together, are the appropriate and preferred indicators of fecal contamination. There is evidence
in support of both somatic and male-specific coliphages as being effective and useful virus
indicators of fecal contamination. Some have suggested that both somatic and male-specific
coliphages should be detected as fecal indicator viruses of contamination of groundwater and
other waters. It is the understanding of the authors that EPA has so far not made any final
decisions about which of the coliphage groups to target for detection in future guidelines or

regulations. It also been suggested that both groups of coliphages, somatic and male-specific,



could be simultaneously detected on a single coliphage host, thereby giving the greatest

probability and highest sensitivity in detecting any coliphage indicative of fecal contamination.

EPA Methods for Coliphage Detection in Ground Water. EPA Methods 1601 and 1602 were
developed to detect somatic and male specific coliphages in large volumes of groundwater, with
target sample volumes of up to 1000 mL in Method 1601 (an enrichment method) and 100 mL in
method 1602 (a Single Agar Layer plaque assay method), respectively. The methods are based
upon the ability of the coliphages to infect host bacteria, which results in the lysis of the host
bacteria. This a widely used approach to detect coliphages. In plaque assays or other assays on
solid media, such as those containing agar, the lysis of the host bacteria is visualized as zones of
lysis or clearing of the bacteria as discrete, circular areas (called a lysis zones or plaques) in a
confluent layer (or "lawn") of host bacteria in a solid nutrient medium. In liquid enrichment
cultures in broth media, the lysis of host bacteria can in principle be observed as the clearing of
turbidity from the culture as the bacteria are lysed and their resulting cell debris settles out of
suspension. Because such clearing of broth cultures as evidence of host cell lysis can be hard to
observe due to interference from other bacteria that may grow in the broth culture, other ways to
confirm the presence of phages are often used. One of the most common ways is to take some of
the enrichment culture containing phages, apply it to a lawn of bacteria in an agar medium, and
allow the phages to infect and lyse the host cells in the lawn to produce a clear zone of lysis that

can be readily observed.



Method 1601. Method 1601 is a so-called two-step "enrichment" method and the steps of the
method are outlines in Figure 2. In the first step of this method, liquid bacterial media,
magnesium chloride (to promote coliphage attachment to the host bacteria), and the E. coli host
are added to the water sample, making a liquid (broth) culture for coliphage infection of the E.
coli host bacteria. After allowing for coliphage infection and lysis of the host bacteria during
overnight incubation, a small volume (several microliters) of the enrichment culture is placed on
the surface of a Petri dish of agar medium containing E. coli host bacteria (a spot). This is the
second step of the method. If the applied sample contains coliphages able to infect the host
bacteria, a circular zone of host cell lysis (clearing) develops after several hours of incubation in
the spot where the sample was applied. Such a lysis zone in the spot indicates coliphage
presence in the enrichment broth and is a positive result. If no such lysis zone develops in the
sample spot on the plate, the enrichment culture of the sample is considered negative for

coliphages.



Figure 2.

Method 1601 — Two-Step Enrichment-Spot Plate Method for Coliphage Presence-Absence

Groundwater Sample:

Add MgCl,, E. coli host and broth culture medium
!
Incubate ovemight at 37°C

1
Remove a small volume of enrichment culture and spot onto surface of Petri
plate containing agar medium and E. coli host

i

—

Appearance of lysis zone in the enrichment spot, indicating coliphage presence

When Method 1601 is applied to a single sample volume, the analysis provides a determination
of the presence or absence of coliphages in the sample volume analyzed. If the method is applied
to multiple sample volumes, each in separate enrichment cultures, the method is capable of
giving an estimation of the concentration of coliphages in the water sample, based on which

sample enrichment volumes become positive and negative for coliphages.

Method 1602. EPA Method 1602 is a so-called single agar layer method for the enumeration of
coliphage plaques (discrete clear zones of lysis of host bacteria) developing in a culture of host

bacteria in an agar medium in a Petri dish. As shown in Figure 3, a 100-mL sample of
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groundwater is supplemented with magnesium chloride, host bacteria and then combined with
molten agar medium. The mixture is then distributed into Petri plates, the agar medium is
allowed to solidify and the plates are incubated overnight for the development of coliphage
plaques, which are clear, circular zones of lysis, each produced by a separate or individual
coliphage. The plaques are then counted to determine the total number of number of coliphages

in the sample, assuming each plaque arose from an individual infectious coliphage.

Figure 3.

Method 1602 — Single Agar Layer (SAL) Plaque Assay Method for Coliphage Enumeration

Groundwater Sample

e

1
Add MgCl;, E. coli host and molten agar culture medium
J
Mix briefly and then distribute contents into several Petri dishes
4
Incubate at 36°C overnight

n{_

J
Count coliphage plagues
(clear zones of lysis appearing in agar medium-host mixture)
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Confirmation of Positive Results by Methods 1601 and 1602. For both Methods 1601 and
1602, EPA has proposed a method to confirm positive results. For confirmation of positive
results, material is removed (picked or aspirated with a capillary pipette or a micropipettor) from
the lysis zones of enrichment spots on agar medium-host cell plates (Method 1601) or from the
plaques that develop in agar medium-host cell plates of Method 1602. The recovered material is
transferred to a small volume of buffered water, mixed briefly, and then a small volume (several
microliters) of the material is placed ("spotted") on the surface of a Petri dish of agar medium
containing E. coli host bacteria. If the applied material contains coliphages capable of infecting
the host bacteria, a circular zone of host cell lysis develops after incubation (for several hours or
overnight) in the spot where the sample was applied. Such a lysis zone in the spot is indicative
of coliphage presence in the material recovered from either a lysis zone on the spot plate of an
enrichment broth (Method 1601) or from the plaque of a Single Agar Layer plate (Method 1602).
If no such lysis zone develops in the sample spot on the confirmation plate, the sample
(presumptive lysis zone from an enrichment culture or presumptive plaque from an SAL plate) is

considered negative for coliphages.

Simultaneous Detection of both Somatic and Male-specific Coliphages on a Single Host.
EPA Methods 1601 and 1602 were originally developed to separately detect somatic and male-
specific coliphages using separate E. coli hosts able to support the growth of only one or the
other coliphage group (somatic or male-specific, respectively). E. coli CN13 is used to detect
somatic coliphages and E. coli Famp is used to detect male-specific coliphages (Figure 1). It was

later suggested that perhaps a single E. coli host could be used to simultaneously detect both

12



somatic and male-specific coliphages present in a groundwater samples rather than having to use
two separate E. coli hosts to separately detect each coliphage group (Figure 1). If the presence of
either or both groups of coliphages indicates fecal contamination, simultaneous detection of both
on one host would reduce time, effort, materials and cost and provide appropriate data about
coliphage presence in a sample. As previously noted, E. coli C3000 is such a host. However use
of a single E. coli host bacterium capable of detecting both somatic and male-specific coliphages
had not been adequately tested for its performance characteristics in previous studies on the
development and evaluation of Methods 1601 and 1602 and their application to either seeded

samples or field samples of groundwater.

Survival of Coliphages in Groundwater. In the development and evaluation of methods for
coliphage detection in groundwater, the question has been raised as to how long samples can be
held before being subjected to analysis. It has been suggested that samples may have to be
collected and sent to a distant lab capable of coliphage analyses, but that the time between
sample collection and analysis may be more than 1 or 2 days. If the sample holding time is 2 or
more days will the coliphages still be present and be detectable? To address this question
additional experiments were done as an added task in Phase II of this study at the request of Dr.
Nena Nwachuku, the EPA project manager. Groundwater was seeded with known, low level
amounts of mixed populations of sewage-derived coliphages and aliquots of these samples were
subjected to coliphage analysis by Methods 1601 and 1602 on days 0, 2, 3 and 6. These assay
days were chosen to model those that might be used if samples were shipped to a lab for

coliphage analysis and even held overnight before analysis once received by the lab. The
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resulting data on coliphage concentrations were analyzed to determine if the coliphages were

stable and still detectable for periods ranging from 1 to 6 days.

Field Application of Methods 1601 and 1602 to Detection of Coliphages as Indicators of
Fecal Contamination in Vulnerable Groundwater. An important test of the newly developed
EPA methods to detect coliphages in groundwater, Methods 1601 and 1602, would be to validate
their performance for coliphage detection in vulnerable groundwater, in comparison with the
detection of fecal indicator bacteria and human enteric viruses in the same samples. Preferably
such studies would apply the methods to different, geographically representative groundwater in
order to make sure that the methods were not adversely affected by interfering constituents in the
groundwater, or so-called "matrix effects". Furthermore, the concurrent detection of coliphages
by Methods 1601 and 1602 in the same groundwater samples would provide an opportunity to
compare their relative detection sensitivities and lower limits of coliphage detection. In addition,
the concurrent detection of coliphages as well as fecal indicator bacteria and enteric viruses in the
same groundwater samples would make it possible to determine if coliphages were as good or
better than fecal indicator bacteria or enteric viruses in identify fecally contaminated ground
water. Such analysis would make it possible to determine if one of these microbe groups was a
superior indicator of fecal contamination because it was detected more frequently and/or at

higher concentrations. Such analyses were done in Phase II of this study.
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PHASE I STUDIES

PURPOSES, GOALS AND TASKS OF PHASE I STUDIES

The overall purposes and goals of Phase I studies were to determine the performance
characteristics of Methods 1601 and 1602 in detecting and quantifying somatic and male-specific
coliphages in ground water samples seeded with known quantities of natural, mixed populations
of coliphages obtained from municipal sewage. These studies were done using certain
modifications and additions to Methods 1601 and 1602 in order to address recommendations
suggested for the methods after their original development, evaluation and multi-laboratory
testing. Specifically, host E. coli C3000 was tested for simultaneous detection and quantification
of both somatic and male-specific coliphages in addition to testing the methods with the
individual hosts previously specified for separate detection of somatic (E. coli C3000) and male-
specific (E. coli Famp) coliphages. In addition, Methods 1601 and 1602 were tested using the

confirmation procedure, as proposed by EPA for all methods to detect microbes in ground water.

The key tasks and activities of the Phase I studies are listed below.

1. Recruit a total of 4 experienced laboratories, each from a different region of the country, to test
Methods 1601 and 1602 using the standard protocols with the modifications indicated: a)
include host E. coli 3000 for simultaneous detection of both somatic and male-specific

coliphages, and b) include confirmation of presumptive positive results obtained from samples.
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The 4 laboratories are:
University of North Carolina (UNC), under the direction of Mark D. Sobsey (southeast)
University of New Hampshire (UNH), under the direction of Aaron Margolin (northeast)
Texas A&M University (TAMU), under the direction of Suresh Pillai (southwest)
Wisconsin State Hygiene Lab (WSHL), under the direction of David Battigelli (upper

Midwest)

2. Develop bench sheets (bench laboratory aids or protocols in easy-to-follow format) to be used

by analysts performing the methods in these repeated, weekly experimental trials.

3. Perform weekly experimental tests (trials) of the methods using the developed bench sheets.

4. Test each method (1601 and 1602) simultaneously by the 4 laboratories on a weekly basis,
using locally collected ground waters seeded with the same stock of sewage-derived coliphages
prepared and distributed weekly by the lead or reference laboratory (UNC) and all three E. coli

hosts (CN13 for somatic, Famp for male-specifics and C3000 for both).

5. Perform repeated trials of each method and submit the results to the lead (UNC) laboratory for

compilation and data analysis in order to develop and evaluate a sufficient database to

characterize the performance of the methods.

16



6. Identify any deficiencies or limitations encountered with the methods. If possible within a
short time period (no more than a few weeks), devise and implement modifications or corrective

measures to improve the performance characteristics of the methods.

7. Based on the compiled data from the 4 laboratories, determine if the performance
characteristics of the methods are of sufficient quality to recommend the use of the methods to

detect coliphages in ground water samples.

8. Save (archive) representative coliphages detected by each method on each E. coli host for
further characterization by the UNC laboratory to determine if the coliphage isolates have
properties consistent with a fecal origin. These properties include bacterial host range, growth

temperatures and taxonomic group (sub-set of representative isolates only).
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PHASE 1 METHODS AND MATERIALS

The methods and materials used in this project are those specified in the documents for US EPA
Methods 1601 and 1602. Stepwise procedural steps in the application of these methods for the
specific purpose of this study are also given in the laboratory bench sheets (laboratory bench
protocols) presented in the Appendix to this report. The only departures or modifications to
Methods 1601 and 1602 employed in this study are: (a) the addition of E. coli C3000 as a host
bacterium for the simultaneous detection of both somatic and male-specific coliphages, and (b)
the addition of the newly proposed confirmation procedure for plaques from plates of Method

1602 and from lysis zones of plates from Method 1601.

Method 1601

For Method 1601, the two-step enrichment method, the goal was for each of the 4 participating
laboratories to seed 30+ liters of ground water with a quantity of coliphage stock (filtered
sewage) to achieve between 1 and 2 infectious units of coliphages per liter of water. The seeded
water was then aliquotted into 30 1-liter volumes. Groups of 10 1-liter volumes were subjected
to the enrichment assay method using one of the three host bacteria, thereby testing each host
bacterium for coliphage detection using 10 replicate 1-liter volumes per host bacterium per
weekly experiment. As negative control samples, three additional 1-liter volumes of unseeded
ground water were also subjected to coliphage analysis by the two-step enrichment method using
each of the three different E. coli host bacteria. As negative controls, these samples were

intended to demonstrate no background level of coliphages were present in the ground water

18



prior to seeding with sewage-derived coliphages. A total of 8 replicate experiments were

conducted, one experiment per week, between May and July, 2001.

Method 1602

For Method 1602, the single agar layer (SAL) method, the goal was for each of the 4
participating laboratories to seed replicate 300-mL volumes of water with a quantity of coliphage
stock (filtered sewage) to give about 100 infectious units of coliphages per 100 mL of ground
water. The seeded water was aliquotted as 3 100-mL volumes and each of these volumes was
assayed by the single agar layer method using one of the three different E. coli host bacteria. As
negative controls, 3 100-mL volumes of unseeded ground water were subjected to coliphage
analysis by the SAL method using each of the three different host bacteria. As negative controls,
these samples were intended to demonstrate no background level of coliphages were present in
the ground water prior to seeding with sewage-derived coliphages. A total of 10 replicate

experiments were performed, once experiment per week, during February and April, 2001.
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PHASE I RESULTS

Coliphage Recovery by Method 1602

Table 1 shows the recovery of seeded coliphages by method 1602 (single agar layer assay) for the
total of 10 successive trials performed weekly. In some initial weekly trials no data were
available from the WSLH laboratory. This was due to other obligations that precluded their
participation. In the interest of time, the initial three experiments were performed among the
other three laboratories in order to initiate the project and to begin addressing potential logistical
issues of coordination among laboratories. No serious logistical problems arose among the three
labs participating initially. This indicated a reliable system for concurrent method performance
among the labs using the same coliphage stocks prepared by UNC lab to seed test groundwater.

The WSLH also was unable to participate another week due to a state-mandated holiday.

20



Table 1: Recovery of Seeded Coliphages in 100-mL Groundwater Samples by Method 1602

(Single Agar Layer Assay)

Date Host UNC TAMU WSLH UNH
21-Feb-01 C3000 2% 14% no data 22%
CNI13 80% 90% no data 65%

Famp 246% 160% no data 24%

27-Feb-01 C3000 9% 79% no data 131%
CN13 43% 43% no data 127%

Famp 22% 15% no data 53%

6-Mar-01 C3000 9% 6% no data 45%
CN13 37% 19% no data 50%

Famp 101% 18% no data 35%

13-Mar-01  C3000 9% 0% 20% 26%
CN13 19% 0% 35% 23%

Famp 72% 0% 28% 33%

20-Mar-01| C3000 12% 8% 56% 37%
CN13 20% 9% 94% 39%

Famp 91% 68% 92% 45%

27-Mar-01| C3000 4% 8% 39% 81%
CN13 73% 30% 120% 118%

Famp 48% 20% 40% 70%

3-Apr-01 C3000 10% 16% 28% 88%
CN13 30% 36% 70% 77%

Famp 49% 47% 67% 72%

10-Apr-01 | C3000 5% 17% 34% 93%
CN13 21% 63% 64% 96%

Famp 26% 10% 32% 77%

17-Apr-01 C3000 44% no data 49% 86%
CN13 139% no data 77% 84%

Famp 72% no data 94% 98%

24-Apr-01 | C3000 33% 55% 32% 77%
CN13 117% 88% 76% 89%

Famp 36% 33% 26% 84%

The percent coliphage recovery data were subjected to Analysis of Variance (ANOVA) to
discover if there were significant recovery differences among the hosts and/or the laboratories
(Table 2) . As shown in Table 2, there were significant differences in recovery among the 3 hosts
(p=0.00008), and significant differences in recovery among the four labs (p=0.000002). The
highest recovery (73%) was obtained using E coli CN13, the lowest (39%) was obtained using £
coli C3000 and an intermediate recovery of 46% was obtained with E coli Famp. The

differences among host bacteria were consistent (not significantly different) within each
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laboratory (p=0.42). This latter result suggests that recoveries among the three host bacteria are
generally similar within a lab and therefore, the hosts are equivalent on a within-lab basis. In
other words, the three different E. coli hosts will give similar recovery efficiencies when used by
an individual lab to analyze mixed populations of coliphages of sewage (fecal) origin in a

groundwater matrix.

Table 2: Descriptive Statistics for Seeded Coliphage Recovery by Method 1602

OVERALL C3000
UNC TAMU WSLH UNH UNC TAMU WSLH UNH
Mean 49% 35% 56% 68% 14% 23% 37% 69%
Median 35% 19% 49% 75% 9% 14% 34% 79%
Mode NONE 0% NONE NONE NONE NONE NONE NONE
Std. Dev. 52% 37% 28% 31% 14% 26% 12% 35%
Var. 27% 14% 8% 10% 2% 7% 2% 12%
Minimum 2% 0% 20% 21% 2% 0% 20% 22%
Maximum @ 246% 160% 120% 131% 44% 79% 56% 131%
Count 30 27 21 30 10 9 7 10
95% CI 19% 15% 13% 12% 10% 20% 11% 25%
CN13 Famp
UNC TAMU WSLH UNH UNC TAMU WSLH UNH
Mean 58% 42% 77% 77% 76% 41% 54% 59%
Median 40% 36% 76% 81% 61% 20% 40% 62%
Mode NONE NONE NONE NONE NONE NONE NONE NONE
Std. Dev. 43% 33% 26% 33% 65% 49% 30% 25%
Var. 18% 11% 7% 11% 43% 24% 9% 6%
Minimum 19% 0% 35% 23% 22% 0% 26% 24%
Maximum 139% 91% 120% 127% 246% 160% 94% 98%
Count 10 9 7 10 10 9 7 10
95% CI 31% 25% 24% 24% 47% 38% 28% 18%

The differences in coliphage recovery efficiency among the laboratory groups led us to question
whether there were differences in the groundwater of each region (i.e., a "matrix" effect) which
might account for those observed differences in recovery. Further experiments were conducted
using regional groundwater and additionally reagent water (as a control measure) in an attempt to

answer this question. Four replicate experiments were conducted and these data are summarized
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in Table 3, with descriptive statistics in Tables 4a, 4b and 4c for hosts E. coli C3000, CN13 and

Famp, respectively..

Table 3: Coliphages Recovery Efficiency of Method 1602 Concurrently Applied to Seeded

Groundwater and Reagent Water

Date Matrix Host UNC TAMU WSLH UNH
3-Apr-01 ground C3000 10% 16% 28% 88%
reagent C3000 51% 22% 26% 87%

ground CN13 30% 36% 70% 77%

reagent CNI13 61% 49% 57% 74%

ground Famp 49% 47% 67% 72%

reagent Famp 64% 88% 48% 72%

10-Apr-01 = ground C3000 5% 17% 34% 93%
reagent C3000 52% 13% 37% 92%

ground CN13 21% 63% 64% 96%

reagent CNI13 76% 66% 63% 78%

ground Famp 26% 10% 32% 77%

reagent Famp 66% 18% 47% 75%

17-Apr-01 = ground C3000 44% no data 49% 86%
reagent C3000 73% no data 67% 76%

ground CNI13 139% no data 76% 84%

reagent CNI13 135% no data 68% 82%

ground Famp 72% no data 94% 98%

reagent Famp 87% no data 138% 97%

24-Apr-01 | ground C3000 33% 55% 32% 77%
reagent C3000 31% 13% 51% 79%

ground CN13 117% 88% 76% 89%

reagent CNI13 103% 48% 65% 83%

ground Famp 36% 33% 26% 84%

reagent Famp 59% 49% 78% 79%
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and Reagent Water on Host E. coli C3000

Table 4a: Descriptive Statistics: Coliphage Recovery by Method 1602 for Seeded Groundwater

GROUNDWATER REAGENT WATER

UNC TAMU WSLH UNH UNC TAMU WSLH UNH
Mean 23% 29% 36% 86% 52% 16% 45% 84%
Median 21% 17% 33% 87% 52% 13% 44% 83%
Std. Dev. 18% 22% 9% 7% 17% 5% 18% 7%
Var. 3% 5% 1% 0% 3% 0% 3% 1%
Minimum 5% 16% 28% 77% 31% 13% 26% 76%
Maximum 44% 55% 49% 93% 73% 22% 67% 92%

Count 4 3 4 4 4 3 4 4
95% CI 29% 55% 14% 11% 27% 13% 28% 12%

and Reagent Water on Host E. coli CN-13

Table 4b: Descriptive Statistics: Coliphage Recovery by Method 1602 for Seeded Groundwater

GROUNDWATER REAGENT WATER
UNC TAMU WSLH UNH UNC TAMU WSLH UNH
Mean 77% 63% 2% 86% 94% 54% 63% 79%
Median 73% 63% 73% 86% 90% 49% 64% 80%
Std. Dev. 60% 26% 6% 8% 32% 10% 5% 4%
Var. 36% 7% 0% 1% 11% 1% 0% 0%
Minimum 21% 36% 64% 7% 61% 48% 57% 74%
Maximum 139% 88% 7% 96% 135% 66% 68% 83%
Count 4 3 4 4 4 3 4 4
95% CI 95% 65% 9% 12% 52% 25% 8% 6%

Table 4¢: Descriptive Statistics: Coliphage Recovery by Method 1602 for Seeded Groundwater

and Reagent Water on Host E. coli Famp

GROUND REAGENT

UNC TAMU WSLH UNH UNC TAMU WSLH UNH
Mean 46% 30% 55% 83% 69% 52% 78% 81%
Median 43% 33% 49% 81% 65% 49%