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FOREWORD

The Water Research Foundation (WRF) is a nonprofit corporation that is dedicated to the 
implementation of a research effort to help drinking water utilities respond to regulatory require-
ments and address high-priority concerns of the water sector. The research agenda is developed 
through a process of consultation with WRF subscribers and other drinking water professionals. 
Under the umbrella of a Strategic Research Plan, the Board of Trustees and Board-appointed vol-
unteer committees prioritize and select research projects for funding based upon current and future 
needs, applicability, and past work. WRF sponsors research projects through the Focus Area, 
Emerging Opportunities, and Tailored Collaboration programs, as well as various joint research 
efforts with organizations such as the U.S. Environmental Protection Agency and the U.S. Bureau 
of Reclamation.

This publication is a result of one of these sponsored studies, and it is hoped that its find-
ings will be applied in communities throughout the world. The following report serves not only as 
a means of communicating the results of the water industry’s centralized research program but also 
as a tool to enlist the further support of the nonmember utilities and individuals.

Projects are managed closely from their inception to the final report by WRF’s staff and 
large cadre of volunteers who willingly contribute their time and expertise. WRF serves a plan-
ning and management function and awards contracts to other institutions such as water utilities, 
universities, and engineering firms. The funding for this research effort comes primarily from the 
Subscription Program, through which water utilities subscribe to the research program and make 
an annual payment proportionate to the volume of water they deliver and consultants and manufac-
turers subscribe based on their annual billings. The program offers a cost-effective and fair method 
for funding research in the public interest.

A broad spectrum of water supply issues is addressed by WRF’s research agenda: resources, 
treatment and operations, distribution and storage, water quality and analysis, toxicology, econom-
ics, and management. The ultimate purpose of the coordinated effort is to assist water suppliers to 
provide the highest possible quality of water economically and reliably. The true benefits are real-
ized when the results are implemented at the utility level. The WRF trustees are pleased to offer 
this publication as a contribution toward that end.

Denise L. Kruger Robert C. Renner, P.E. 
Chair, Board of Trustees  Executive Director 
Water Research Foundation Water Research Foundation
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EXECUTIVE SUMMARY

OBJECTIVES 

The goal of WRF Project 4238 was to collaborate with water utility laboratories to evaluate 
whether molecular testing can be of value for monitoring water quality associated with their opera-
tions, with a specific focus on detection of viable E. coli in source and finished drinking water. 

BACKGROUND

The standard methodology for total coliform and E. coli testing by water utilities is culture 
using agar or broth media. Increasingly, molecular techniques—such as PCR and RT-PCR—have 
become standard, well-established tools for detecting and quantifying the presence of microbes 
in clinical, environmental, and food samples. Molecular testing for E. coli may also prove to be a 
valuable tool for water utilities, either alone or in conjunction with standardized culture methods. 
Unlike culture methods which often require incubation for 18-24 hours, molecular testing tech-
niques have the potential to detect and confirm the presence of E. coli on the same day as sample 
collection, thereby providing water quality data with shorter turnaround times for water utility use. 
However, no standardized methods for molecular analysis of water samples have been reported for 
use by water utilities or environmental scientists. A multitude of alternative methods, supplies, and 
equipment are available, but little evidence-supported guidance is available that water laboratory 
professionals can use to compare alternative methods, optimize a selected method, establish per-
formance expectations, account for method inhibition, and troubleshoot assays when faced with 
unexpected results. 

APPROACH 

A literature review was conducted to identify alternative sample processing and molecular 
assay techniques for E. coli. Several DNA and RNA molecular assays were screened to identify 
the best assays for further performance evaluation. Selected molecular assays were optimized and 
standardized according to USEPA QA/QC guidance for PCR. Additionally, an internal control was 
optimized and standardized for quality control and potentially to serve as a method for assessing 
sample inhibition. Two sample processing approaches, a culture-dependent method (RC-PCR) 
and a culture-independent method (PMA-PCR), were investigated for performance in conjunction 
with the developed molecular method with the goal of enabling molecular analysis to meet cur-
rent regulatory requirements for detecting viable E. coli in drinking water. The RC-PCR method 
was compared with several USEPA-approved culture-based methods to evaluate differences in 
sensitivity and specificity. This method was transferred to participating water utilities for their 
comparison with culture-based E. coli methods. An inter-laboratory study was conducted in which 
each participating laboratory performed the RC-PCR method in parallel with a USEPA-approved 
culture technique for at least 5 water samples on a weekly basis for 6 months. 
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RESULTS/CONCLUSIONS 

The literature review identified many candidate gene targets and molecular assays for 
screening. In total, 18 molecular assays were evaluated, including published assays and assays 
developed by CDC for this project. Selected assays were optimized to identify the assay or com-
bination of assays that provided the most sensitive and specific detection of E. coli. It was deter-
mined that a multiplex TaqMan assay targeting uidA (beta-glucuronidase) and tnaA (tryptophanase 
operon) with an internal control provided excellent sensitivity and specificity. The culture-depen-
dent sample processing method paired with the multiplex PCR assay (RC-PCR method) was found 
to provide similar sensitivity and specificity as several USEPA-approved culture methods. By 
combining a short-term (5-hour) culture step with a molecular assay, the RC-PCR method has the 
potential to detect viable E. coli within an 8-hour working day. The culture-independent sample 
processing method paired with the multiplex PCR assay (PMA-PCR) could detect viable E. coli 
without culture using propidium monoazide (PMA), however the method detection limit was rela-
tively high (50 CFU/100 mL). The multiplex PCR assay was also used to confirm the results of 
USEPA-approved culture methods by analyzing colony material or broth culture. The results of 
the inter-laboratory validation study showed that the RC-PCR method was comparable to USEPA-
approved culture methods for E. coli detection in source water, finished drinking water and distri-
bution system water. 

APPLICATIONS/RECOMMENDATIONS 

The molecular methods developed in this project have the potential to be useful to water 
utilities for detecting the presence of viable E. coli in their water systems within a shorter time 
frame (8 hours) than possible using USEPA-approved culture methods (18–24 hours). The  
multiplex-PCR assay is also potentially useful as a technique for confirming the results of standard 
culture-based tests. However, feedback from utility collaborators indicated that the utility of the 
RC-PCR method for E. coli detection would likely be limited to a narrow set of applications. These 
applications included emergency response (when fecal contamination is known or suspected) and 
when finished water samples can be collected early in the work day. These utility collaborators 
indicated that the utility of the method was limited because most samples do not arrive in the lab 
for testing until the afternoon, leaving insufficient time for the 8-hour RC-PCR method. Holding 
samples overnight for processing by RC-PCR the next morning would yield little advantage over 
traditional culture methods. In addition, utility collaborators indicated that the method was labor-
intensive compared to traditional culture methods. They also stated that data from such molecular 
methods for E. coli would not have much utility for response because the data could not be used 
within the current regulatory framework. It would therefore be useful for USEPA to evaluate the 
RC-PCR method (or alternative molecular techniques) for use by water utilities to produce water 
quality data that can be used for regulated water quality monitoring and/or confirmation of stan-
dard culture-based results. 

RESEARCH PARTNERS

This study was funded by the Water Research Foundation (WRF), with a portion of the 
funding provided by the United Kingdom Drinking Water Inspectorate. 
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1

CHAPTER 1: 
INTRODUCTION

USEPA’s National Primary Drinking Water Regulations provide enforceable safety stan-
dards that apply to public water systems. Under these regulations, the maximum contaminant 
level goal (MCLG) for total coliforms, which include E. coli and fecal coliforms, in drinking 
water is zero per 100 mL. The maximum contaminant level (MCL) that is allowed under USEPA’s 
primary standards is 5% or fewer total-coliform positive samples per month. A sample positive 
for total coliforms must be analyzed for fecal coliforms or E. coli. If there are two consecutive 
total coliform positive samples, and one is also positive for fecal coliforms or E. coli, the water 
utility has an acute MCL violation. The standard methodology water utilities employ for total 
coliform/E. coli testing is agar or broth culture. Standard Methods for Examination of Water and 
Wastewater (APHA, AWWA, and WEF 2012) provides traditional agar and broth culture methods, 
but companies such as Hach and IDEXX produce rapid and easy to use E. coli detection systems 
such as Colilert®, Colisure®, and Modified Colitag™ that are also USEPA approved.

In recent years molecular techniques, such as PCR and RT-PCR, have become standard, 
well-established tools for detecting and quantifying the presence of microbes in clinical, food and 
environmental samples. Molecular testing for pathogens and fecal indicators such as E. coli may 
also prove to be valuable for water utilities, either alone or in conjunction with standardized culture 
methods. Unlike culture methods which often require 18–24 hour incubation, molecular testing 
could confirm the presence of E. coli within one working day. A highly specific molecular assay 
could eliminate or drastically reduce false-positive results. Finally, molecular techniques could be 
used to confirm standardized culture results. Along with the potential benefits of molecular testing, 
there are potential constraints and limitations. These include cost (capital and consumables), need 
for specialized analyst training, relative lack of standardization and QA/QC procedures, uncer-
tainty regarding the precision and accuracy of microbial quantitation estimates using molecular 
testing, and uncertainty regarding interpretation of risk represented by the results of molecular 
testing when not combined with culture.

No standardized methods for molecular analysis of water samples have been reported for 
use by water utilities or environmental scientists. A multitude of alternative methods, supplies, 
and equipment are available, but little data-supported guidance is available that water laboratory 
professionals can use to compare alternative methods, optimize a selected method, establish per-
formance expectations, account for method inhibition, and troubleshoot assays when faced with 
unexpected results. The goals of Project 4238 included providing an evidence base for recom-
mending procedures for optimizing and standardizing molecular assays for water testing, with a 
specific focus on detection of E. coli in source and finished drinking water, in order to evaluate 
how molecular testing can be a valuable tool for drinking water quality monitoring. The specific 
objectives of the study were accomplished in two phases:

Phase 1:

• Conduct a literature review to identify alternative sample processing and molecular 
assay techniques for E. coli
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• Screen DNA and RNA detection assays to identify best assays for further performance 
evaluation

• Optimize and standardize molecular assay conditions for each assay investigated
• Optimize and standardize the use of an internal control to assess sample inhibition
• Develop a sample processing method (culture-dependent or culture-independent) that 

enables molecular analysis to meet current regulatory requirements, including charac-
terizing viability of E. coli

Phase 2:

• Compare the optimized molecular method with USEPA-approved culture-based 
methods to evaluate differences in sensitivity and specificity

• Produce a detailed protocol for the sample processing and molecular assay method 
and transfer the method to participating water utilities for their comparison with cul-
ture-based E. coli methods

• Conduct an inter-laboratory study in which each participating laboratory performs the 
molecular method in parallel with a USEPA-approved culture technique

• Analyze coliform-positive cultures from finished drinking water samples with the 
E. coli molecular assay and send aliquot of the culture to CDC for species identification

LITERATURE REVIEW

A literature review was conducted to identify alternative sample processing and molecular 
assay techniques for E. coli. Keyword searches of peer-reviewed literature were performed using 
the ISI Web of KnowledgeSM and PubMed databases. Searches were conducted using multiple 
combinations of the following keywords: E. coli, E. coli detection, qPCR, RT-PCR, NASBA, 
mRNA, PCR, environment, water, sludge, sewage, effluent, soil, food, blood, and urine. These 
keyword searches resulted in more than 1,000 citations, from which relevant manuscripts were 
selected.

A total of 54 papers were reviewed that addressed both DNA and RNA methodologies 
for detection of E. coli. The gene targets represented in these publications included uidA (beta-
glucuronidase), lacZ (lactose permease), lacY (lactose permease), malB (maltose permeation), 
tnaA (tryptophanase operon), clpB (caseinolytic peptidase B), 16S rRNA (ribosomal RNA), lamB 
(maltose outer membrane porin), uspA (universal stress protein), ampC (beta-lactamase), cyd 
(cytochrome bd complex), mdh (malate dehydrogenase), tuf (encodes peptide chain elongation 
factor Tu), phoE (outer membrane phosphoporin protein E), gadA (glutamate decarboxylase), plc 
(phospholipase C), HH2 marker, alr (alanine racemase), rpoH (heat shock regulator protein sigma 
32), sfmD (putative outer membrane export usher protein) and hsp (heat shock protein). The over-
whelming majority of the publications focused on the uidA gene, likely because this gene codes for 
beta-glucuronidase, an enzyme characteristic of E. coli that enables these bacteria to metabolize 
“MUG” (4-Methylumbelliferyl-β-D-glucuronide), producing a metabolite that fluoresces under 
long-wave UV light. Performance characteristics for each molecular method were extracted from 
each of the papers and inserted into an Excel database for evaluation and comparison. The lit-
erature review identified 26 conventional PCR assays, 22 qPCR assays (12 TaqMan, 9 SYBR 
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Green, 1 molecular beacon), 1 loop-mediated isothermal amplification (LAMP) assay, 4 nucleic 
acid sequence based amplification (NASBA) assays, and 3 RT-qPCR assays (SYBR Green).

Based on the literature review findings, 12 published molecular assays were chosen for 
evaluation. These included 6 qPCR assays (uidA, uspA, sfmD, lacZ, and 23S rRNA genes), 3 
NASBA assays (clpB, 16S rRNA), and 3 RT-PCR assays (rpoH, hsp mRNA, ampC). An additional 
6 assays were developed at CDC for this project. These included 4 TaqMan assays (uidA, mdh, 
malB, tnaA), 1 Fluorescent Resonance Energy Transfer (FRET) assay (uidA), and 1 NASBA assay 
(uidA). Investigating a FRET qPCR assay was of interest because a FRET qPCR assay would 
enable both fluorescence detection of PCR amplicons and melt curve confirmation of specific 
E. coli detection [as well as potentially differentiating between pathogenic (e.g., E. coli O157) and 
non-pathogenic E. coli]. The reported sensitivity, specificity, and detection limit of the published 
assays appear in Table 1.1. The sensitivity, specificity, and detection limit for each of the in-house 
assays was evaluated during this project.

Table 1.1 
E. coli molecular detection assays selected for evaluation

Assay ID Reference Gene target Assay type Sensitivity Specificity Detection limit
T1 (Frahm and Obst 2003) uidA TaqMan 100% (8/8) 100% (9/9) NR
T2 (Hinata et al. 2004) uspA TaqMan 100% (84/84) 89% 120 copies/mL
T3 (Kaclikova et al. 2005) sfmD TaqMan 100% 100% 100 CFU/mL
T4 (Koponen, Turunen, and 

Yla-Herttuala 2002)
lacZ TaqMan NR NR NR

MB5 (Sandhya, Chen, and 
Mulchandani 2008)

uidA Molecular 
Beacon

100% (9/9) 100% (3/3) 8,000 CFU/
mL

T6 CDC (This Study) uidA TaqMan — — —
F7 CDC (This Study) uidA FRET — — —
T8 CDC (This Study) mdh TaqMan — — —
T9 CDC (This Study) malB TaqMan — — —
T10 CDC (This Study) tnaA TaqMan — — —
T11 (Chern et al. 2010) 23S rRNA TaqMan 86% NR 200 cells
N1 (Heijnen and Medema 

2009)
clpB NASBA 100% (85/85) 100% (34/34) 1 CFU/100 

mL
N2 (Baeumner et al. 2003) clpB NASBA 100% (1/1) 100% (4/4) 40 cells/mL
N3 CDC (This Study) uidA NASBA — — —
N4 (Kao and Durst 2010) 16s rRNA NASBA 100 % (3/3) 33% (1/3) NR
RT5 (Sheridan et al. 1998) rpoH RT-PCR NR NR NR
RT6 (Zhao, Yao, and Hsing 

2006)
hsp mRNA RT-PCR NR NR NR

RT7 (Corvec et al. 2003) ampC RT-PCR NR NR NR
NR: not reported.
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CHAPTER 2: 
DEVELOPING QPCR ASSAYS FOR E. COLI

SCREENING ALTERNATIVE MOLECULAR ASSAYS

Bacterial Panel

The bacterial panel for this study consisted of E. coli and members of related genera 
within the family Enterobacteriaceae, as well as other bacteria known or suspected to cross-react 
with E. coli culture or molecular assays. In total, 117 bacterial isolates were selected, including 
9 non-pathogenic E. coli, 59 pathogenic E. coli, 10 isolates of other Escherichia species, and 39 
non-Escherichia bacterial species (Appendix A). Isolates were obtained from the American Type 
Culture Collection (ATCC) and the Enteric Diseases Laboratory Branch at CDC. The Enteric 
Diseases Laboratory Branch holds extensive collections of human E. coli isolates that span more 
than 50 years. The majority of isolates were from human stool; however, a small percentage come 
from extraintestinal sites, from animals, and from environmental samples. Isolates from both 
apparently sporadic cases of diarrheal disease as well as from outbreaks are represented. E. coli 
isolates were cultured on tryptic soy agar (TSA), from which cultured bacteria were scraped and 
placed into tryptic soy broth (TSB) containing 20% glycerol and stored at –70°C. Non-E. coli bac-
teria were cultured using an appropriate agar or broth, placed in TSB containing 20% glycerol and 
stored at –70°C. DNA from each isolate culture was extracted using a lysis buffer and extraction 
protocol developed for this study (Appendix B).

The quantity of DNA for each isolate was measured using Quant-iT™ PicoGreen® dsDNA 
Reagent (Invitrogen) and a Nanodrop ND-3300 fluorospectrometer. To determine the general CT 
value level that corresponded to E. coli DNA quantities, we used the CDC E. coli TaqMan qPCR 
assay (assay T6) to analyze DNA extracts from six of the study panel E. coli isolates. DNA extracts 
containing 430–990 ng/mL, 97 ng/mL, and 7 ng/mL of dsDNA were associated with CT values of 
16–18, 19, and 30–34, respectively. Based on this data, each isolate DNA stock was diluted to a 
DNA concentration of ~7–10 ng/mL. Using a CT value of 40.5 as the limit for identifying a PCR 
reaction as “positive,” a DNA level of 7–10 ng/mL (corresponding to an CT value of ~30) was 
expected to enable measurement of cross-reactivity strength from 1:1 (i.e., detection of non-target 
bacteria at the same CT level as E. coli) to 1:1000 (i.e., detection of non-target bacteria at a CT 
level of 40, based on the general assumption that 3.3 CT values corresponds to a 10-fold differ-
ence in amount of target DNA that can be amplified at the start of PCR). In addition, because the 
bacterial DNA panel was prepared with each extract containing the same approximate amount of 
dsDNA, the CT values could be compared between molecular assays to evaluate relative product 
amplification performance.

Molecular Assays

In total, 18 molecular assays were evaluated for this study, including 9 TaqMan assays, 
1 molecular beacon assay, 1 FRET assay, 4 NASBA assays, and 3 RT-PCR assays (Table 1.1). An 
example PCR setup worksheet is shown in Appendix C. Six thermocycler platforms were available 
for use in CDC labs:
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• Applied Biosystems (ABI) 7500
• ABI StepOne Plus
• Bio-Rad iQ5
• Roche LightCycler 480
• Idaho Technologies RAPID
• Stratagene MX3000P

The use of multiple thermocyclers allowed for the standardization of molecular assays across a 
variety of PCR platforms. However, for any set of experiments in which CT values were to be 
directly compared, all assays were performed on one thermocycler platform. A sample was con-
sidered negative if the CT value was >40.5.

TaqMan and Molecular Beacon Assays

TaqMan and molecular beacon assays were conducted using 250 nM each forward and 
reverse primer and 100 nM probe in 20 µL reaction volumes using ABI Environmental Master 
Mix 2.0 unless otherwise indicated. Probes were labeled with FAM unless otherwise indicated. 
Real-time PCR cycling conditions consisted of one cycle of denaturation at 95°C for 10 minutes, 
followed by 45 cycles of denaturation at 95°C for 5 seconds, and annealing, extension and fluores-
cence acquisition at 60°C for 30 seconds. The nine TaqMan assays and one molecular beacon assay 
were evaluated using gradient PCR to ensure that assays were performed at an effective annealing 
temperature and to determine whether some of the assays could be effectively multiplexed using 
the same thermal cycling conditions. E. coli CN-13 (ATCC 13706) was used as template for the 
gradient PCR tests, which were performed at an annealing temperature range of 50–65°C. Each 
assay was performed in duplicate using a Bio-Rad iQ5 thermocycler. The T1-T6 assays and the 
molecular beacon assay were performed in the same gradient PCR run and the T8-T11 assays were 
performed in a separate run. The results of the gradient PCR tests indicated that each of the 
assays could be effectively performed at an annealing temperature of 55–60°C (Figures 2.1 and 
2.2). The gradient PCR results suggested that TaqMan assays T2, T3, T9 and T10 had the highest 
thermo-dynamic stability, while TaqMan assay T11 and the molecular beacon assay (MB5) 
appeared to have the lowest stability. Based on these results, all subsequent experiments were 
carried out at an annealing temperature of 60°C.

FRET Assay

A FRET PCR assay targeting the uidA gene was developed for this study (F7). The objec-
tive of the real-time PCR assay using a FRET probe was to detect and differentiate non-pathogenic 
E. coli from E. coli O157:H7 based on deletion of nucleotides GC in the target region and its detection 
based on subsequent melt curve analysis. The anchor probe (FAM-CAACCACCTGCTGATCCGC
ATCACGCA-PO4) was located in the vicinity of the two nucleotide deletion and was labeled at its 5' 
end with fluorescein. An adjacent detection probe (GTCCCGCTGGTACCTTGTCCAGTT-LC640) 
was placed over the two nucleotide deletion (1–2 nucleotides apart from the anchor probe) and was 
labeled with LC640 at its 3' end.

The detection of nucleotide variation (GC) is based on the fact that the base pair mismatch 
between the detection probe and template causes a decrease in Tm for E. coli (57.2°C) against 
E. coli O157:H7 (60°C) that can be detected by melting peak in the instrument (Table 2.1).
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The LC640 signal could not be detected on the ABI 7500 and Bio-Rad iQ5 thermocylcers. 
Thus, the FRET assay could only be performed on a RAPID thermocycler or a Roche LightCycler 
480. A LightCycler 480 real-time thermocycler is a 96-well plate, heat-block-based real-time PCR 
instrument like most other commonly used systems. A RAPID thermocycler is a field-portable 
version of the LightCycler real-time PCR thermocycler (e.g., air-heated/-cooled carousel contain-
ing capillary reaction tubes). The FRET assay was performed in either instrument using a primer 
pair and two FRET-hybridization probes. The real-time PCR protocol included one cycle of dena-
turation at 95°C for 10 minutes, followed by 45 cycles of denaturation at 95°C for 5 seconds, 
annealing at 55°C for 15 seconds (with fluorescence acquisition), and extension at 72°C for 15 
seconds. Following amplification, melt curve analysis was performed by heating at 95°C for 10 
seconds; after decreasing the temperature to 45°C for 30 seconds, the temperature was increased 
at a transition temperature rate of 0.1°C up to 80°C with continuous fluorescence monitoring. The 
built-in software provided with the instrument determined the melting temperature (Tm) of the 
sensor probe.

Using a RAPID thermocycler, Figure 2.3 shows that the FRET assay could distinguish 
between non-pathogenic E. coli and E. coli O157:H7, with a ∆Tm = 2°C. However, the distinctive-
ness of the FRET assay melt curves decreased when a full rotor (32 reactions) was analyzed (as 
was done for specificity testing) versus a few reactions (as exhibited in Figure 2.3). In addition, 
Qiagen Probe PCR master mix produced better amplification results than the ABI Environmental 
Master Mix 2.0 that was used for the other qPCR assays. This could have been due to the higher 
bovine serum albumin (BSA) content in the Qiagen master mix, which is critical for adequate 
qPCR performance in glass capillaries.

When the FRET assay was evaluated on a LightCycler 480 using ABI Environmental Master 
Mix 2.0, less run-to-run variability was observed versus the RAPID thermocycler. Unfortunately, 
the standard melt curve procedure resulted in inconsistent melt curve results for a non-pathogenic 
E. coli isolate (Figure 2.4). When these E. coli samples were analyzed on a RAPID thermocycler, 
expected melt curves were obtained, which indicated that the FRET PCR assay was capable of dis-
tinguishing non-pathogenic E. coli from pathogenic E. coli (Figure 2.5) and non-pathogenic E. coli 
from Shigella spp. (Figure 2.6). In an attempt to improve the quality of the melt curves for the FRET 
assay using the LightCycler 480 the assay was performed using asymmetric PCR. For asymmetric 

Table 2.1 
Tm values associated with bacteria detected by the FRET PCR assay F7

Bacteria Tm range (°C)
Average Tm (°C), 

if applicable
Median Tm (°C), 

if applicable
Non-pathogenic E. coli 56.4–67.5 59.6 57.2
Pathogenic E. coli 56.3–67.2 59.7 60.0
Escherichia fergusonii 59.6 — —
Escherichia hermannii 56.4–58.5 57.7 58.2
Pantoea agglomerans 58.2 — —
Shigella boydii 65.2–66.3 66.0 65.4
Shigella dysenteriae 64.9 — —
Shigella sonnei 56.3–65.6 61.1 61.1
Shigella flexneri 61.3–63.8 61.6 61.6
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Figure 2.3 FRET amplification curves (top) and melt curve analysis (bottom) for 
nonpathogenic E. coli, E. coli O157:H7 and no-template control

Figure 2.4 Inconsistent FRET melt curve analysis for replicate testing of a non-pathogenic 
E. coli isolate using a LightCylcer 480 thermocycler
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PCR, the concentrations of the forward and reverse primers were changed from a ratio of 1:1 (250 
nM each) to a ratio of 3:1 (forward:reverse) with the concentration of forward primer being 750 nM. 
Asymmetric PCR was recommended by Roche technical staff because the technique preferentially 
generates more of one strand, which is complementary to the FRET probes in the assay, to make it 
more available for hybridization. Increased hybridization with the FRET probes was expected to 
result in better melt curve analysis. However, this modification of the FRET PCR assay did not result 
in improved melt curves. An additional attempt was made to improve the quality of the melt curves 
by switching fluorophores on the anchor (LC640-CAACCTGCTGATCCGCATCACGCA-PO4) 
and detection probes (GTCCCGCTGGTACCTTGTCCAGTT-3’ FAM). This modification resulted 
in drastically improved melt curves. These two changes to the FRET PCR assay were implemented 
and subsequent experiments were carried out using a LightCycler 480 thermocycler (Appendix C).

DNA from the 117 isolates comprising the bacterial panel was used to evaluate the speci-
ficity of the melt curve analysis for the modified FRET assay. The results in Table 2.1 show which 
DNA specimens were amplified and the melting temperature (Tm) of the PCR product. These data 
show that the FRET PCR assay generated PCR products from E. coli-positive samples that had a 
wide range of Tm values (Figure 2.7). Testing of pathogenic and non-pathogenic E. coli resulted in 
a similar range of melting temperatures. Only a few non-pathogenic non-E. coli were detected by 

Figure 2.5 FRET melt curve differences between non-pathogenic E. coli and E. coli 
O157:H7 isolates using a RAPID thermocycler. Note: melt curve for negative control reflects 
amplification of background DNA in Qiagen master mix.

Figure 2.6 FRET melt curve differences between non-pathogenic E. coli, E. coli O157:H7 
and various Shigella spp. using a RAPID thermocycler
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the FRET PCR assay, but the melting temperatures associated with these bacteria (E. fergusonii, 
E. hermanii, P. agglomerans) were well within the range of Tm values for E. coli (Table 2.1 and 
Figures 2.8 and 2.9). Figures 2.8 and 2.9 also suggest that differentiation of E. coli melt curves 
and the non-E. coli melt curves can be affected by the concentration of E. coli present in a sample. 
Differentiation was not practically feasible when E. coli concentrations were low (10 CFU per 
reaction) (Figure 2.9). Additionally, the shape of the melt curves for target and non-target bacte-
ria were also indistinguishable in some instances (Figure 2.10). Thus, these data indicated that it 
would not be possible to distinguish between E. coli and a cross-reacting bacteria using the Tm 
value from a FRET PCR. Finally, while only 1 of 31 no-template-control (NTC) reactions was 
amplified by the FRET PCR assay (a low rate of false positive NTC reactions relative to other 
qPCR assays studied in this project), the Tm for the product from this NTC amplification was 
59.4°C, which was effectively the average temperature for positive E. coli reactions. Thus, the 
FRET PCR melt curve analysis would also not be able to distinguish a true positive reaction from 
a false-positive NTC reaction.

NASBA Assay

Nucleic acid sequence-based amplification (NASBA) was developed in 1991 as a method to 
amplify RNA sequences (Compton 1991). However, unlike reverse transcription-PCR (RT-PCR), 
NASBA can be performed under isothermal conditions, usually 41°C. During a NASBA reaction, 
the first primer attaches to its complementary sequence on the RNA template at the 3’ end. The 
complementary DNA strand is synthesized by reverse transcriptase and then RNAse H destroys 
the RNA template on the newly formed RNA-DNA hybrid. The second primer attaches to the 
DNA strand at the 5’ end and then T7 RNA polymerase synthesizes the complementary RNA 
strand, which is able to bind the first primer and start the cycle over again.

Figure 2.7 FRET melt curves for non-pathogenic E. coli
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Four NASBA assays were evaluated for this study: N1 (clpB), N2 (clpB), N3 (uidA), and 
N4 (16s rRNA). The N1 (Heijnen and Medema 2009) and N2 (Baeumner et al. 2003) assays tar-
geted mRNA coding for the clpB gene. The N3 (uidA) primer sequences were chosen for NASBA, 
since these primers were used in the FRET assay and resulted in small amplicons (~118 nucleo-
tides), which is favorable for NASBA. One of the FRET probes was converted to a molecular 
beacon for detection of NASBA product formation. The N4 NASBA assay was based on a study 
by Kao and Durst (Kao and Durst 2010) that reported a hybridization probe to detect the RNA 
product generated. Hybridization techniques are very labor-intensive, so the Kao and Durst assay 
was converted to a real-time NASBA assay. The hybridization probe sequence was converted to a 
molecular beacon to perform the modified assay. However, the N4 assay was unable to detect two 
strains of non-pathogenic E. coli (ATCC 11775 and ATCC 700609). It is possible that the problem 
with this assay was associated the secondary or tertiary structures of 16S rRNA that may have 
made it difficult for the molecular beacon probe to hybridize with the RNA at a reaction tempera-
ture of 41°C and thus not generating any fluorescence signal.

The N1 and N2 assays were reported to be able to detect viable E. coli following heat-
shock treatment to obtain detectable amounts of clpB-mRNA. For assays N1 and N2, mRNA 
production in E. coli cells was stimulated by heating samples for 10 min at 80°C and 5 min at 
41°C, respectively, as recommended by authors. Identical control samples were not heat treated. 
NASBA reactions were performed using a NucliSENS EasyQ basic kit v2 (BioMerieux) accord-
ing to manufacturer’s instructions. Optimization experiments were performed with DNA from two 
different E. coli isolates. For these experiments, 2 µL of the nucleic acid extract (containing 3–4 ng 
of DNA) was mixed with 10 µL of reagent containing 80 mM KCl supplemented with primers at 
concentrations of 0.2 µM or 0.4 µM and the molecular beacon at 0.1 µM or 0.2 µM. Per Heijnen 

E. hermannii E. blattae

E. coli 11775

Figure 2.8 FRET melt curves for E. hermannii, E. blattae, and E. coli 11775 at 1,000 CFU/
rxn or higher
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E. hermannii E. albertii 

Figure 2.9 FRET melt curves for E. hermannii (2 curves), E. albertii, and E. coli 11775 (not 
marked) at 10 CFU/rxn

P. agglomerans

E. coli O157:H7 

E. coli 11775

Figure 2.10 FRET melt curves for P. agglomerans, E. coli O157:H7 at 120 and 12 CFU/rxn, 
and E. coli 11775 at 100 CFU/rxn
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and Medema (2009), the samples were heated at 65°C for 2 min and the enzymes were added after 
cooling to room temperature, briefly centrifuged and 5 µL of enzyme mixture was added. The reac-
tion tubes were then transferred to an ABI 7500 (Applied Biosystems) and incubated at 41°C, with 
fluorescence data collected every minute for 90 minutes.

Of the four candidate NASBA assays, only the N1 assay produced a characteristic amplifi-
cation curve using RNA from an overnight culture of E. coli. Initial experiments were performed 
using an overnight culture of non-pathogenic E. coli (type strain, ATCC 11775) and freeze-dried 
Acusphere NASBA reagents (lyophilized enzyme mix and reaction buffers) purchased from Life 
Sciences Advanced Technologies, Inc. (LSAT; St. Petersburg, FL). The results were encouraging, 
as an RNA amplification curve was observed after approximately 45–50 minutes (Figure 2.11; 
note that the x-axis reflects run time, not PCR cycle) and no amplification signal or noise was 
observed for the NTC.

However, when the NASBA assay was performed using a nucleic acid stock having a 
lower concentration of nucleic acid (estimated 7 ng/mL dsDNA) versus the overnight E. coli cul-
ture which contained ~100-fold more nucleic acid, the amplification signals for the positive con-
trol stocks were noisy (i.e., not smooth curves), did not exhibit a typical logarithmic (sigmoidal) 
amplification curve, and were not easily distinguishable from the signal associated with the NTC 
(Figure 2.12; NTC and two false-negative reactions exhibit the lowest fluorescence signals on the 
figure). When the NASBA assay was repeated using liquid format reagents from LSAT, amplifica-
tion results were worse (Figure 2.13).

Attempts to optimize the N2 assay were made by varying concentrations of the primers 
and molecular beacon probe. NASBA reactions were performed using a NucliSENS EasyQ Basic 
Kit (bioMerieux) according to the manufacturer’s instructions. Optimization experiments were 
performed with DNA from two different E. coli isolates. For these experiments, 2 µL nucleic acid 
extract (containing 3–4 ng of DNA) was mixed with 10 µL reagent containing 80 mM KCl supple-
mented with primers at concentrations of 0.2 µM or 0.4 µM and the molecular beacon at 0.1 µM or 
0.2 µM. Per N2, the samples were heated at 65°C for 2 minutes and the enzymes were added after 

Figure 2.11 Amplification of E. coli 11775 RNA with NASBA assay N1 using LSAT Accusphere 
NASBA kit (note that x-axis represents run time in minutes)
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cooling to room temperature, briefly centrifuged to remove condensation from the caps and 5 µL 
enzyme mixture was added. The reaction tubes were then transferred to an ABI 7500 thermocycler 
and incubated at 41°C, with fluorescence data collected every minute for 90 minutes. None of the 
NASBA assay conditions produced characteristic RNA amplification curves.

We did not think it was worthwhile to investigate the performance of this method with 
samples that had been subjected to heat shock because it was not clear how heat shocking could be 
implemented by a water utility for the anticipated method in which the molecular detection assay 
is implemented for water samples that have been filtered through traditional membrane filters.

Figure 2.12 Amplification of E. coli 11775 RNA stock diluted to ~7 ng/mL dsDNA with 
NASBA assay N1 using Acusphere NASBA kit

Figure 2.13 Amplification of E. coli 11775 RNA stock diluted to ~7 ng/mL dsDNA with 
NASBA assay N1 using liquid format NASBA reagents
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Reverse Transcriptase qPCR (RT-qPCR) Assay

Three RT-qPCR assays were selected for evaluation for this study: RT5 (rpoH), RT6 (hsp), 
and RT7 (ampC). However, a set of 8 candidate RT-qPCR assays were initially screened to inves-
tigate whether an RT-qPCR technique could be a reliable method for detection of E. coli RNA. 
Eight pairs of primers targeting ampC (Corvec et al. 2003), hsp (Zhao, Yao, and Hsing 2006), 16S 
rRNA (Matsuda et al. 2007), 16S rRNA (Sheridan et al. 1998), groEL (Sheridan et al. 1998), rpoH 
(Sheridan et al. 1998), tufA (Sheridan et al. 1998) and 23S rRNA (Chern et al. 2010) genes were 
evaluated using a non-pathogenic E. coli isolate (ATCC 11775) and an E. coli O157:H7 isolate. 
None of the primer pairs amplified seeded E. coli DNA or background DNA in no-template controls 
during RT-qPCR. When ThermoScript RNase H- thermophilic reverse transcriptase (Invitrogen) 
was added to the reaction mixes, all primer pairs amplified positive and negative controls except 
ampC (Figure 2.14). No differences in CT values were observed between negative and positive 
controls, indicating that the reverse transciptase was the source of background E. coli DNA. As all 
of the assays produced false positive amplification, it was determined that RT-qPCR could not be 
successfully implemented for E. coli detection without removing this background DNA.

TaqMan assay T11 (23S rRNA) was evaluated for its application as an RT-qPCR because 
the eight primer pairs described above could not successfully be implemented for RT-qPCR. The 
nucleic acid stocks used for the RT-qPCR evaluation were the same stocks used for evaluation of 
the NASBA assay, but were treated with DNase I (certified RNase-free). The T11 RT-qPCR assay 
generated CT values of 24 and 22.5 for E. coli 11775 and 700609, respectively. However, testing 
of the same stocks using the T11 23S rRNA TaqMan qPCR assay (i.e., without RT) yielded CT 
values of 32 and 30, respectively, which suggested that the DNase I treatment was not completely 
effective in eliminating template DNA for this assay. The analysis was further complicated because 
CT values of 33.3 and 32.5 were obtained for NTCs assayed as part of the RT-qPCR experiments. 
These NTC data indicated that the reverse transcriptase stock contained a substantial amount of 
E. coli DNA that likely caused the false positive results.

Figure 2.14 RT-qPCR fluorescence curves showing amplification of E. coli RNA in positive 
controls (blue curves) and no-template controls (purple curves)
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Based on vendor communications it was not possible to remove background DNA from 
reverse transcriptase enzymes (including the thermophilic RT enzyme) by treating with DNase I 
enzyme because inactivation of residual DNase (at the required temperature of 80°C) would likely 
reduce the activity of reverse transcriptase. A separate study may be required to explore other 
commercial reverse transcriptase enzymes to check for contaminating background DNA, but it 
was decided that continued research on an RT-qPCR method would distract time and resources 
from making progress on applying qPCR to water sample testing. For these reasons, the RT-qPCR 
technique was not investigated further. The issue of background DNA in molecular reagents was 
further evaluated for selected real-time PCR assays.

Sensitivity and Specificity of Real-time PCR Assays

Diagnostic sensitivity and specificity for each of the TaqMan assays and the MB5 molecu-
lar beacon assay was determined by performing each assay independently in 96-well plates using 
an ABI 7500 thermocylcer. Sensitivity and specificity of the F7 FRET assay was determined using 
a LightCycler 480 thermocycler. Duplicate reactions for each bacterial isolate were performed in 
separate PCR runs and in different well locations in the thermocycler. If results from duplicate tests 
of an isolate were significantly discordant (> 7 CT values difference or a positive versus negative 
determination), a third reaction was performed. A CT value above 40.5 was considered a negative 
result for this testing. For purposes of evaluating the potential performance of the assays under the 
same thermal cycling conditions (e.g., as part of a multiplex assay), the annealing temperature for 
each assay was set at 60°C, with the exception of the FRET PCR assay which was performed at an 
annealing temperature of 55°C.

The results of the specificity testing are shown in Table 2.2. The specificity data indicate 
that two of the TaqMan assays (T4 and T11) exhibited the most cross-reactivity, including with 
other Escherichia species (depicted by shaded cells). Assay T3 exhibited the least cross-reactivity, 
but also exhibited the greater number of false-negatives, including for non-pathogenic E. coli. All 
of the assays demonstrated some cross-reactivity with Shigella species, which is not surprising 
considering the genetic similarities between E. coli and Shigella. From these data, the specific-
ity, diagnostic sensitivity, false negative rate, and false positive rate for each assay was calculated 
(Table 2.3). For the purposes of this study, the null hypothesis was that a finished drinking water 
sample is negative for the presence of E. coli. Thus, a Type I error (or false positive) would be a 
situation in which the molecular assay indicated that a sample was positive when in fact it was not. 
While false positives can be costly and can undermine public confidence in drinking water quality, 
from a public health perspective it is a Type II error (or false negative) that should be given the 
greater weight when evaluating the diagnostic characteristics of alternative molecular assays for 
detecting E. coli in drinking water.

In Table 2.3, the specificity data reflect the ability of each assay to correctly identify a true 
negative (thereby avoiding a Type I error), whereas sensitivity data reflect the ability of an assay 
to correctly identify a true positive (thereby avoiding a Type II error). While sensitivity (avoid-
ing false negatives) is critical for a drinking water monitoring test, a balance between sensitivity 
and specificity would be prudent. The data from Table 2.3 show that most of the assays exhibited 
high sensitivity (>95%) for detecting E. coli; the only assay with significantly lower sensitivity 
was TaqMan assay T3, which was found to have a sensitivity of 72% (false-negative rate of 28%). 
The specificity results for T3 were not surprising considering that the assay targets the sfmD gene 
(genes for outer membrane proteins are often less conserved). Because most of the qPCR assays 
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Table 2.2 
Specificity testing results for bacterial panel (no. positive per total number of isolates tested)

Species/Type
No. of 
isolates

Real-time PCR assay
T1 T2 T3 T4 MB5 T6 F7 T8 T9 T10 T11

E. coli (Non-pathogenic) 9 9/9 9/9 7/9 9/9 9/9 8/9 9/9 9/9 9/9 9/9 9/9
E. coli (ExPEC/NMEC/UPEC) 11 9/11 11/11 3/11 11/11 11/11 11/11 11/11 11/11 11/11 11/11 11/11
E. coli (ETEC) 8 8/8 8/8 7/8 8/8 8/8 8/8 8/8 8/8 8/8 8/8 8/8
E. coli (STEC) 21 21/21 21/21 20/21 21/21 21/21 21/21 21/21 21/21 21/21 21/21 21/21
E. coli (EAEC) 7 7/7 7/7 7/7 7/7 7/7 7/7 7/7 7/7 7/7 6/7 7/7
E. coli (EIEC) 3 2/3 3/3 2/3 3/3 1/3 3/3 2/3 3/3 3/3 3/3 3/3
E. coli (EPEC) 9 8/9 9/9 3/9 9/9 9/9 9/9 9/9 9/9 9/9 9/9 9/9
Escherichia albertii 2 0/2 2/2 0/2 2/2 0/2 0/2 0/2 0/2 1/2 0/2 2/2
Escherichia blattae 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Escherichia fergusonii 3 0/3 1/3 0/3 2/3 0/3 0/3 1/3 0/3 1/3 3/3 3/3
Escherichia hermannii 3 0/3 1/3 0/3 2/3 0/3 0/3 0/3 0/3 0/3 0/3 3/3
Escherichia vulneris 1 0/1 1/1 0/1 1/1 0/1 0/1 0/1 1/1 0/1 0/1 1/1
Aerococcus viridans 1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Aeromonas hydrophila 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Citrobacter freundii 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 1/1
Corynebacterium glutamicum 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Enterobacter aerogenes 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 1/1 1/1 1/1 1/1
Enterobacter cloacae 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 1/1 0/1 1/1
Enterobacter dissolvens 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Klebsiella pneumoniae 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Ochrobactrum anthropi 1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 1/1 0/1 0/1
Pantoea agglomerans 1 0/1 1/1 0/1 1/1 0/1 1/1 0/1 0/1 1/1 1/1 1/1
Photobacterium damselae 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Plesiomonas shigelloides 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 1/1
Proteus mirabilis 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 1/1
Proteus vulgaris 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 1/1
Pseudomonas aeruginosa 2 0/2 0/2 0/2 2/2 0/2 0/2 0/2 0/2 0/2 0/2 0/2
Rahnella aquatilis 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 1/1
Salmonella enterica 2 0/2 2/2 0/2 2/2 0/2 0/2 0/2 0/2 1/2 0/2 2/2

(continued)
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Table 2.2 (Continued)

Species/Type
No. of 
isolates

Real-time PCR assay
T1 T2 T3 T4 MB5 T6 F7 T8 T9 T10 T11

Shigella boydii 3 2/3 3/3 0/3 2/3 3/3 3/3 3/3 3/3 0/3 0/3 3/3
Shigella dysenteriae 3 1/3 3/3 1/3 3/3 1/3 1/3 1/3 3/3 1/3 2/3 3/3
Shigella sonnei 2 2/2 2/2 1/2 1/2 2/2 2/2 2/2 2/2 1/2 0/2 2/2
Shigella flexneri 3 3/3 3/3 0/3 2/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3
Sphingomonas paucimobilis 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 1/1 0/1 1/1
Staphylococcus warneri 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 1/1 0/1 1/1
Vibrio alginolyticus 1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 1/1
Vibrio cholerae 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 1/1 0/1 0/1
Vibrio mimicus 1 0/1 0/1 0/1 1/1 0/1 1/1 0/1 0/1 1/1 0/1 0/1
Vibrio parahaemolyticus 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 1/1
Vibrio vulnificus 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 1/1
Yersinia intermedia 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 1/1
Yersinia pestis 1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1
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had similar sensitivity characteristics, it was useful to evaluate the sensitivity and specificity data 
using a Receiver-Operating Characteristic (ROC) space, which facilitates analysis of the predic-
tive power of a diagnostic assay to classify a sample as positive or negative. Figure 2.15 shows 
the true positive rate (TPR, or sensitivity) data for each qPCR assay versus the false positive rate 
(FPR, or 1 – specificity) data. The dotted line represents the line of no discrimination. The furthest 
a point is away from this line, the better the classification power of the assay. The TPR versus FPR 
data indicate that six of the assays (T1, MB5, T6, F7, T8, and T10) demonstrated similar predic-
tive power for the DNA panel prepared for this project. Assays T9 and T3 exhibited similar, but 
slightly less predictive power than these six assays, although the higher sensitivity observed for T9 
should be given more weight because of the importance of avoiding Type II errors when monitor-
ing finished water for E. coli.

While the sensitivity and specificity testing provided substantial data for selecting qPCR 
assays for further testing in Project 4238, it was also useful to consider the strength of the cross-
reactions exhibited by the assays. Because the bacterial DNA panel was prepared with each extract 
containing ~10 ng/mL dsDNA, the CT values could be compared between bacterial isolates to 
characterize the strength of cross-reactivity. Table 2.4 shows average CT values (and standard 
deviations for E. coli assays) for positive detections of the 9 non-pathogenic E. coli, 59 pathogenic 
E. coli, and the 49 non-E. coli isolates comprising the DNA panel. The data indicated that posi-
tive detections of E. coli for each of the assays resulted in relatively similar average CT values 
(24.8 to 29.4 for non-pathogenic E. coli and 23.1 to 27.3 for pathogenic E. coli). Interestingly, 
CT values for cross-reactions with non-E. coli were generally in the mid-to-upper 30s, with the 
exception of cross-reactions with Shigella species. Thus, in general, the strength of the cross-
reactions with non-pathogenic non-E. coli were not substantial, with average CT values at least 
7 CTs higher than for E. coli. However, appreciable cross-reactions, which were estimated as a 
∆ CT value of ≤ 7 between the average CT value for non-pathogenic E. coli and the average CT 

Table 2.3 
Diagnostic characteristics of E. coli real-time PCR assays using bacterial panel DNA

Assay
Specificity

(%)
Sensitivity

(%)
False negative rate 

(%)
False positive rate

(%)
T1 82 94 5.9 18
T2 59 100 0 41
T3 96 72 28 4
T4 16 100 0 84

MB5 82 97 2.9 18
T6 78 99 1.5 22
F7 80 99 1.5 20
T8 73 100 0 27
T9 67 100 0 33

T10 80 99 1.5 20
T11 24 100 0 76
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value for the non-pathogenic non-E. coli bacteria, were observed for 5 of the 11 assays (see shaded 
cells in Table 2.4). For the purposes of this evaluation, cross-reactions with pathogenic non-E. coli 
(such as Shigella spp.) were not considered to be a significant concern because these false-positive 
results would still indicate elevated public health risks associated with the tested water.

Detection Limits of Real-time PCR Assays

In addition to sensitivity and specificity data, data on assay detection limits was considered 
important for improving judgments on comparative performance between qPCR assays. Detection 
limit assays were performed using a DNA extract from a 10,000 CFU E. coli (ATCC 11775) 
BioBall (bioMérieux), which is a freeze-dried, water soluble ball containing a precise number of 
organisms. The DNA extract was diluted in 1 mL molecular grade water such that assay of 1 µL 
diluted extract corresponded to 10 CFU E. coli. Each assay was performed 20 times at a template 
level corresponding to 10 CFU. The results of this testing showed that two of the assays (T1 and 
T3) exhibited a substantially reduced ability to detect 10 CFU E. coli (Table 2.5). Eight of the 
qPCR assays were further tested at a template level of 5 CFU. At this level, four of the assays (T2, 
T9, T10, and T11) exhibited appreciably higher detection rates (18–20 detections for 20 replicate 
reactions).
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Figure 2.15 ROC space depicting classification performance of qPCR assays
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Table 2.4 
CT values for analysis of bacterial specificity panel using alternative E. coli real-time PCR assays

Bacteria
Average CT ± standard deviation (if applicable)

T1 T2 T3 T4 MB5 T6 F7 T8 T9 T10 T11
Non-pathogenic E. coli 27.5 ± 5.9 24.8 ± 2.5 26.8 ± 2.6 27.1 ± 5.0 29.1 ± 4.5 25.8 ± 2.0 28.7 ± 1.9 29.4 ± 2.3 28.1 ± 4.5 28.6 ± 3.8 25.3 ± 2.4
Pathogenic E. coli 26.2 ± 5.2 23.1 ± 0.67 24.8 ± 1.1 25.8 ± 4.3 26.0 ± 2.3 25.1 ± 1.9 27.0 ± 1.2 27.3 ± 1.2 25.5 ± 1.1 26.8 ± 2.6 23.2 ± 1.4
Escherichia albertii — 36.2 — 36.8 — — — — 40.2 — 25.6
Escherichia blattae — — — 36.1 — — — — — — —
Escherichia fergusonii — 35.8 — 36.8 — — 36.4 — 37.6 32.0 22.9
Escherichia hermannii — 31.8 — 35.8 — — — — — — 37.0
Escherichia vulneris — 34.5 — 36.4 — — — 39.3 — — 36.9
Aerococcus viridans 35.4 — — — — — — — — — —
Aeromonas hydrophila — — — 37.4 — — — — — — —
Citrobacter freundii — — — 36.3 — — — — — — 37.0
Corynebacterium glutamicum — — 36.8 — — — — — —
Enterobacter aerogenes — — — 36.6 — — — 37.6 37.1 35.6 34.0
Enterobacter cloacae — — — 31.4 — — — — 27.3 — 36.2
Enterobacter dissolvens — — 38.2 — — — — — — —
Klebsiella pneumoniae — — — 35.2 — — — — — — —
Ochrobactrum anthropi — 38.3 — — — — — — — — —
Pantoea agglomerans — 37.1 — 37.9 — 38.1 — — 37.1 37.1 34.8
Photobacterium damselae — — — 37.4 — — — — — — —
Plesiomonas shigelloides — — — 37.7 — — — — — — 37.1
Proteus mirabilis — — — 30.9 — — — — — — 36.8

(continued)
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Table 2.4 (Continued)

Bacteria
Average CT ± standard deviation (if applicable)

T1 T2 T3 T4 MB5 T6 F7 T8 T9 T10 T11
Proteus vulgaris — — — 37.4 — — — — — — 36.9
Pseudomonas aeruginosa — — — 35.7 — — — — — — —
Rahnella aquatilis — — — 37.7 — — — — — — 38.3
Salmonella enterica — 35.9 — 36.2 — — — — 35.6 — 37.9
Shigella boydii 26.6 27.2 — 36.1 25.5 23.8 25.5 26.2 — — 23.0
Shigella dysenteriae 26.2 22.9 23.4 33.6 23.9 23.4 26.1 25.9 24.8 25.6 23.2
Shigella sonnei 24.9 23.5 25.1 22.6 24.9 24.4 26.9 27.7 26.5 — 25.0
Shigella flexneri 26.0 24.9 — 36.2 24.0 24.1 25.9 26.8 25.7 25.8 24.4
Sphingomonas paucimobilis — — — 36.4 — — — — 38.1 — 36.6
Staphylococcus warneri — — — 37.0 — — — — 37.9 — 37.1
Vibrio alginolyticus — — — — — — — — — — 37.3
Vibrio cholerae — — — 37.5 — — — — 38.6 — —
Vibrio mimicus — — — 38.4 — 39.0 — — 37.3 — —
Vibrio parahaemolyticus — — — 38.0 — — — — — — 36.8
Vibrio vulnificus — — — 36.9 — — — — — — 36.8
Yersinia intermedia — — — 36.8 — — — — — — 38.3
Yersinia pestis — — — 37.9 — — — — — — —
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Background E. coli DNA in Commercial Master Mixes

Six commercial master mixes were evaluated for the presence of background E. coli DNA 
using the CDC-developed T6 and F7 assays (uidA gene target). No-template control (NTC) reac-
tions were performed at least in triplicate for each master mix. CT values for E. coli-positive NTC 
reactions for the master mixes are shown in Table 2.6. The Qiagen QuantiTect Probe PCR Kit and 
QuantiFast Probe PCR kit resulted in uidA amplification at rates of 31% and 33%, respectively. 
ABI Environmental Master Mix 2.0 (EMM) resulted in no-false positive detections out of 22 
reactions, which is why it was used for subsequent qPCR method evaluations. Using data gath-
ered from the sensitivity, specificity, and detection limit experiments, the number of false-positive 
detections for each assay using EMM are shown in Table 2.7. The data indicated that there were 
substantial differences in false-positive rates for NTC reactions between the qPCR assays. Assays 
T4 and T11 exhibited the highest false-positive rates for NTC reactions. No false-positive reac-
tions were observed for assays T3, T6, F7, or T8.

SELECTION OF QPCR ASSAYS

Selection of qPCR assays for further study was based on a suite of assay characteristics, 
shown in Table 2.8. The assay characteristics were analyzed in a prioritized qualitative compari-
son matrix. Prioritization was given to the following criteria: TPR vs. FPR, assay detection limit, 
feasibility for multiplexing, and target discrimination ability. The other criteria shown later in 
Table 2.11 were also important, but were not sufficient on their own to eliminate an assay from 
further consideration. An assay was assigned a “+” if it was determined to exhibit beneficial char-
acteristics for the criterion that were appreciably better than other assays. An assay was assigned a 
“–” if it was determined to exhibit appreciably worse attributes related to the criterion. A cell was 
left blank if the assay’s characteristics related to the criterion were determined to not stand out one 
way or the other.

Table 2.5 
Evaluation of qPCR assay detection limits (n=20)

Assay
10 CFU 5 CFU

No. assays positive Average CT value No. assays positive Average CT value
T1 0 ND NA NA
T2 20 35.6 19 35.9
T3 2 36.4 NA NA
T4 15 36.8 NA NA

MB5 19 39.0 14 39.2
T6 19 35.9 15 36.5
F7 20 37.2 14 38.0
T8 20 36.3 15 36.8
T9 19 34.9 18 36.0

T10 20 35.5 18 36.0
T11 20 33.0 20 34.2

NA = Not analyzed.
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Using this evaluation approach, TaqMan assays T2, T6, T8, T9, and T10 were selected for 
continued evaluation to develop a multiplex TaqMan assay. Each of these TaqMan assays targets 
a different E. coli gene (uspA, uidA, malB, mdh, and tnaA, respectively) so their use could enable 
multiplexing to provide confirmation of an E. coli detection by simultaneous detection of more 
than one gene target in a reaction. Each of the selected TaqMan assays exhibited good-to-excellent 
TPR vs. FPR characteristics or a good-to-excellent detection rate at 5 CFU. While three of the 
selected assays exhibited at least one significant cross-reaction with a non-E. coli bacteria, two of 
the assays did not exhibit significant cross-reaction with any non-E. coli (except Shigella spp.), 
thus raising the potential for development of a multiplex assay that would be more specific than 

Table 2.6 
E. coli-positive detections in no-template control (NTC) reactions for commercial 

master mixes

Master mix

No. false positive reactions 
(CT <40.5) per total no. 

NTC reactions
Average CT value for false 

positive reactions
ABI Environmental Master Mix 2.0 0/22 NA*

Qiagen QuantiTect Probe PCR Kit 5/16 39.1 ± 1.1
Qiagen QuantiFast Probe PCR Kit 2/6 38.8
Agilent Brilliant II QPCR Master Mix 0/3 NA*

Bio-Rad iQ Supermix 0/3 NA
5 Prime RealMasterMix Probe 0/3 NA*

Note: Assay T6 used to produce data for all master mixes, except data for the QuantiTect kit also include reactions 
using Assay F7.
* Some background E. coli DNA signal was observed, but CT values for the amplification curves were >41.

Table 2.7 
E. coli-positive detections in no-template control (NTC) reactions 

using ABI Environmental Master Mix 2.0

Assay ID

No. false positive reactions 
(CT <40.5) per total no. 

NTC reactions
Average CT value for 

false positive reactions
T1 1/27 36.9
T2 3/30 37.0
T3 0/25 NA
T4 18/28 37.9

MB5 1/28 37.6
T6 0/29 NA
F7 0/22 NA
T8 0/28 NA
T9 7/29 37.4
T10 3/29 37.7
T11 18/45 37.8
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any one single-plex assay. Each of the selected TaqMan assays also exhibited good thermody-
namic stability.

Of the uidA assays, T6 was chosen over T1, MB5, and F7. While assay MB5 exhibited 
comparatively good performance characteristics, it did not exhibit sufficiently superior perfor-
mance to outweigh the issue that molecular beacon assays should not be multiplexed with TaqMan 
assays. In addition, the lack of melt curve discrimination between target E. coli and non-target 
bacteria for assay F7 indicated that the assay would provide no additional utility than would be 
achieved by TaqMan assay T6 in a multiplex assay. FRET PCR assays also require additional ana-
lyst expertise to troubleshoot and evaluate melting curve data. For non-pathogenic E. coli in the 
specificity panel, assay T6 resulted in an average CT value that was 1.7 CT values lower than for 
assay T1. In addition, the standard deviation of non-pathogenic E. coli CT values for T6 was 2.0 
versus 5.9 for T1.

Assays T2, T4, and T11 each demonstrated similar diagnostic sensitivity characteristics 
(100%). However, assays T4 and T11 had the lowest specificities of the studied assays, at 16% 
and 24%, respectively. Assay T3 stood out relative to the other TaqMan assays based on its high 
specificity (96%). Assay T3’s high specificity could be useful as part of a multiplex assay approach 
in which an algorithm is used to confirm that a water sample is positive based on positive reactions 
for different gene targets. Ultimately, sensitivity was given more weight versus specificity for the 
E. coli assay selection and assay T3 had the lowest sensitivity of the studied assays (72%).

Standard Curves

Standard curves were developed for each of the selected assays using DNA from E. coli 
O157:H7 (ATCC 43895), E. coli type strain (ATCC 11775), and E. coli isolated from water 
(ATCC 33456). The E. coli isolates were grown overnight in TSB and transferred to fresh broth 

Table 2.8 
Qualitative summary of relative merits and performance of qPCR assays

Characteristic

T1 T2 T3 T4 MB5 T6 F7 T8 T9 T10 T11

uidA uspA sfmD lacZ uidA uidA uidA mdh malB tnaA
23S 

rRNA
TPR vs. FPR + − + + + + + + −
Detection limit − + − − + + +
Signif. Reaction with 
non-E. coli?

− − − − −

NTC false-positives + − + + + −
Avg CT value + − + − +
CT standard 
deviation

− + + + + + +

Thermodynamic 
stability

+ + + + − + + + −

Multiplex potential + + + + − + − + + + +
Target discrimination 
potential

− − − − − − + − − − −
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the following day to obtain a for 4-hour log-phase culture. The E. coli concentration in each log-
phase culture was determined by serial 10-fold dilution, membrane filtration, and incubation for 
24 hours on TSA at 37°C. DNA was extracted from each log-phase culture and serial 10-fold dilu-
tions of each DNA stock were made. Each dilution was assayed in triplicate and the average CT 
value was used to plot a standard curve. Standard curves for assays T2, T6, T8, T9, and T10 are 
shown in Figures 2.16, 2.17, 2.18, 2.19, and 2.20, respectively. In general, these standard curves 
indicated that each assay was efficient in amplifying target E. coli DNA from diverse isolates. The 
one possible exception was T10, for which the slopes of the standard curves differed most (–3.28x 
to –4.25x) and for which the curve for the type strain indicated a relatively low PCR efficiency 
(–4.25x) corresponded to a 72% PCR efficiency.

Detection Limits

Detection rate data for all of the studied assays using E. coli isolate ATCC 11775 (type 
strain, isolated from urine) at a DNA template level corresponding to 10 CFU was presented in 
Table 2.5. Data for the selected qPCR assays from these experiments using E. coli 11775 are 
presented again in Table 2.9. The selected qPCR assays were further evaluated using another 
non-pathogenic E. coli isolate (ATCC 33456, isolated from water) and an E. coli O157:H7 isolate 
(ATCC 43895) at a level of 10 CFU. To generate stocks of E. coli 33456 and 43895 for limit of 
detection testing, log-phase cultures were diluted to make 10,000 CFU stocks that were used in 
the same way that 10,000 CFU BioBalls of E. coli 11775 were used previously to screen detection 
limits for all qPCR assays. The concentration of each “10,000 CFU” stock was double-checked by 
culture. Extracted DNA from each 10,000 CFU stock was diluted in 1 mL molecular grade water 
such that assay of 1 µL diluted extract corresponded to 10 CFU E. coli. Each assay was performed 
20 times at a template level corresponding to 10 CFU. The detection rates for the E. coli water iso-
late (33456) were similar to the type strain for three of the assays (T2, T8, and T9), slightly lower 
for assay T6, and substantially lower for assay T10 (Table 2.9). Detection rates for E. coli O157:H7 
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Figure 2.16 Standard curves for TaqMan assay T2 using E. coli 11775, 33456, and 43895
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(43895) were generally lower than for the non-pathogenic E. coli, but still fairly consistent for 
several of the assays (T2, T9, and T10).

Additional testing was performed to determine the limit of detection for each assay using 
log-phase cultures of E. coli 11775, 33456, and 43895. The concentrations of log-phase E. coli 
cultures were determined by agar culture. DNA was extracted from the undiluted culture and the 
extracted DNA was diluted using serial 10-fold dilutions. Based on the concentration of each 
E. coli culture, DNA template was added to each assay to obtain 0.7–1,200 CFU per reaction, 
depending on the E. coli isolate and assay. Positive detections at a given CFU level were defined 
as resulting in at least 3 detections out of 5 replicates (CT ≤ 40.5).
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Figure 2.17 Standard curves for TaqMan assay T6 using E. coli 11775, 33456, and 43895
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Figure 2.18 Standard curves for TaqMan assay T8 using E. coli 11775, 33456, and 43895
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The limits of detection for each assay are shown in Table 2.10. The limits of detection for 
log-phase cultures of E. coli 11775 were higher than were indicated for E. coli BioBalls during the 
qPCR assay evaluation and selection process performed (shown in Table 2.5). For those experi-
ments, the T2, T6, T8, T9, and T10 assays resulted in detection rates of 15/20 to 18/20 positive 
reactions at a DNA level corresponding to 5 CFU per reaction. The reasons for the apparent dis-
crepancy between the BioBall-based detection limit testing and log-phase culture based detection 
limit testing are not clear.
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Figure 2.19 Standard curves for TaqMan assay T9 using E. coli 11775, 33456, and 43895
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Figure 2.20 Standard curves for TaqMan assay T10 using E. coli 11775, 33456, and 43895
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Background E. coli DNA in Commercial Master Mixes

Five well-established qPCR master mixes were screened for the presence of background 
E. coli DNA using each of the five selected TaqMan assays (T2, T6, T8, T9, and T10). The data 
in Table 2.11 show that E. coli DNA was detected in each master mix. In general, assay T8 was 
associated with the fewest NTC false positives, with T6 and T10 exhibiting slightly higher rates 
of NTC false positives. T2 was associated with similar false positive rates compared to T6 and 
T10, except when using the QuantiTect Probe PCR Kit (for which 20 of 20 NTC reactions were 

Table 2.9 
Number of positive detections for 10 CFU E. coli for selected qPCR assays (n=20)

Assay ID 
E. coli type strain 

(ATCC 11775)
E. coli water isolate 

(ATCC 33456)
E. coli O157:H7 
(ATCC 43895)

T2 20 20 10
T6 19 15 5
T8 20 18 3
T9 19 18 16

T10 20 10 14

Table 2.10 
Limits of detection (CFU/reactions) for selected qPCR assays using three E. coli isolates

Assay ID
E. coli type strain 

(ATCC 11775)
E. coli water isolate 

(ATCC 33456)
E. coli O157:H7 
(ATCC 43895)

T2 10 10 12
T6 40 40 40
T8 40 10 20
T9 10 10 70

T10 10 40 70

Table 2.11 
Background E. coli DNA detected in commercial master mix no-template-controls 

using alternative TaqMan assays

Assay ID

NTC false-positive rate

ABI Environmental 
Master Mix 2.0

Bio-Rad iQ 
Supermix

Qiagen 
QuantiTect

Invitrogen 
Platinum qPCR 
SuperMix-UDG

ABI
AmpliTaq Gold/

GeneAmp
T2 3/35 8/20 20/20 2/20 15/20
T6 0/35 0/20 2/20 9/20 11/20
T8 0/33 1/20 8/20 4/20 0/20
T9 7/33 9/20 19/20 3/20 14/20
T10 3/33 8/20 9/20 2/20 14/20
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positive). The data in Table 2.11 (as well as Table 2.6) demonstrate that E. coli DNA can be com-
monly detected in commercial qPCR master mixes. CT values associated with these NTC positive 
reactions were generally in the 37–40 range, depending on the assay and master mix. The lowest 
NTC CT values were obtained when using T9 and AmpliTaq Gold master mix reagents (CT values 
= 31 to 41, average = 35).

EVALUATING MULTIPLEX AMPLIFICATION TECHNIQUES

When sensitivity, specificity, detection limit, and NTC data were taken together, it was clear 
that no single qPCR assay could be used to reliably detect low levels of E. coli in drinking water. 
However, a multiplex assay in which more than one gene target must amplify in order to qualify 
a sample as positive would increase the likelihood of true-positive E. coli detections, as cross-
reacting bacteria and background E. coli DNA in a master mix may result in a positive detection 
in one component assay, but not the other(s). Therefore, a multiplex assay was considered positive 
when all of the component assays were positive. If any one of the component assays were negative, 
whether in a duplex or triplex PCR assay, the sample was considered negative. A major factor in 
the selection process to develop a multiplex TaqMan assay was the specificity determined for each 
qPCR assay. The specificity data for assays T2, T6, T8, T9, and T10 is presented in Table 2.12. 
Duplex and triplex assays using these component assays were evaluated to determine the most 
effective combinations for multiplexing. The specificity data indicated that assay T6 provided the 
best combination of specificity (Table 2.3) and low strength of cross-reactivity (Table 2.4) of the 
five TaqMan assays and would be included in any multiplex assay combination investigated.

Duplex and Triplex Assay Combinations

Four alternative duplex TaqMan assays were evaluated: T2/T6, T6/T8, T6/T9, and T6/T10. 
Duplex combinations were studied for compatibility and relative detection performance. Using 
DNA from E. coli 33456 at 10 and 50 CFU per reaction, the number of detections and average 
CT values were determined for the alternative duplex qPCR assays (Table 2.13). For these tests, 
T2 was labeled with FAM (495 nm/520 nm; excitation/emission wavelength), T6 was labeled 
with either FAM or Cy5 (649 nm/670 nm), T8 was labeled with Cy5, T9 with Cy5, and T10 with 
HEX (535 nm/556 nm). Duplex assays were run in the same thermocycler run as their singleplex 
component assays. Ten replicate reactions were performed for each duplex and singleplex assay. 
In both the duplex assays and singleplex controls, the detection performance for assay T10 was 
lower than for T2, T6, T8, and T9. The results for duplex reactions that included T2, T6, T8, and 
T9 components were similar to the singleplex assay controls. The results from the duplex assay 
experiments indicated that duplex assays T2/T6, T6/T8, and T6/T9 were the best duplex assays for 
possible implementation in this project. Detection rates were slightly higher for the T2/T6 duplex, 
but in general these three duplex assays provided similar performance.

Three triplex assays were also investigated using the 5 component assays (T2/T6/T9, T6/
T8/T9, and T6/T8/T10). While the detection rate data for T10 in was lower than for the other 
TaqMan assays (Table 2.13), this assay was included for further evaluation based on its potential 
to improve the specificity and true positive rate of a multiplex PCR assay. As with the duplex 
assay experiments, the triplex assays were performed in the same thermocycler run as the single-
plex controls of each component assay. Ten replicate reactions were performed for each triplex 
and singleplex assay. For the T2/T6/T9 triplex assay, the component assay TaqMan probes were 
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Table 2.12 
CT values from specificity testing for TaqMan assays T2, T6, T8, T9 and T10

Bacteria
Average CT ± standard deviation (if applicable)

T2 T6 T8 T9 T10
Non-pathogenic E. coli 24.8 ± 2.5 25.8 ± 2.0 29.4 ± 2.3 28.1 ± 4.5 28.6 ± 3.8
Pathogenic E. coli 23.1 ± 0.67 25.1 ± 1.9 27.3 ± 1.2 25.5 ± 1.1 26.8 ± 2.6
Escherichia albertii 36.2 — — 40.2 —
Escherichia blattae — — — — —
Escherichia fergusonii 35.8 — — 37.6 32.0
Escherichia hermannii 31.8 — — — —
Escherichia vulneris 34.5 — 39.3 — —
Aerococcus viridans — — — — —
Aeromonas hydrophila — — — — —
Citrobacter freundii — — — — —
Corynebacterium glutamicum — — — —
Enterobacter aerogenes — — 37.6 37.1 35.6
Enterobacter cloacae — — — 27.3 —
Enterobacter dissolvens — — — —
Klebsiella pneumoniae — — — — —
Ochrobactrum anthropi 38.3 — — — —
Pantoea agglomerans 37.1 38.1 — 37.1 37.1
Photobacterium damselae — — — — —
Plesiomonas shigelloides — — — — —
Proteus mirabilis — — — — —
Proteus vulgaris — — — — —
Pseudomonas aeruginosa — — — — —
Rahnella aquatilis — — — — —
Salmonella enterica 35.9 — — 35.6 —
Shigella boydii 27.2 23.8 26.2 — —
Shigella dysenteriae 22.9 23.4 25.9 24.8 25.6
Shigella sonnei 23.5 24.4 27.7 26.5 —
Shigella flexneri 24.9 24.1 26.8 25.7 25.8
Sphingomonas paucimobilis — — — 38.1 —
Staphylococcus warneri — — — 37.9 —
Vibrio alginolyticus — — — — —
Vibrio cholerae — — — 38.6 —
Vibrio mimicus — 39.0 — 37.3 —
Vibrio parahaemolyticus — — — — —
Vibrio vulnificus — — — — —
Yersinia intermedia — — — — —
Yersinia pestis — — — — —
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labeled with FAM, Cy5, and Cy3 (550 nm/570 nm), respectively. For the T6/T8/T9 triplex assay, 
the component assay TaqMan probes were labeled with Cy5, FAM, and Cy3, respectively. For the 
T6/T8/T10 triplex assay, the component assay TaqMan probes were labeled with Cy5, FAM, and 
Cy3, respectively.

The relative performance of the T2/T6/T9 triplex assay was investigated using E. coli 33456 
at DNA template levels corresponding to 10 and 50 CFU. The 10 CFU template level was at the 
edge of detection for the assays and was associated with relatively low detection rates (Table 2.14). 
Surprisingly, the detection rates for the singleplex controls were lower than for the triplex assay. 
When the experiment was repeated at a DNA template level corresponding to 50 CFU, the results 
again indicated that the T2/T6/T9 triplex assay was able to detect E. coli at similar (or higher) 
detection rates as observed for the component singleplex assays.

The T6/T8/T9 and T6/T8/T10 triplex assays were compared to the T2/T6/T9 triplex assay 
at an E. coli DNA template level corresponding to 50 CFU. The results of these experiments indi-
cated that the T6/T8/T9 assay could provide similar detection results as the T2/T6/T9 assay, but 
the T6/T8/T10 triplex appeared to be less effective because of the lower detection rates associated 
with assay T10 (Table 2.15).

A subset of 19 DNA specimens from the 117-specimen bacterial specificity panel was used 
to compare the specificity of the multiplex assays. The 19 DNA specimens were chosen based on 
previously identified cross-reactions with the real-time PCR assays evaluated for this project. For 
this specificity testing, a CT value of ≤ 40.5 was needed for each component assay of the multiplex 
for a positive determination for the multiplex assay. Each isolate was assayed in duplicate reac-
tions in the same PCR run and a positive determination was needed for each replicate in order for 

Table 2.13 
Detection rates and CT values for duplex TaqMan assays for E. coli 33456 at 10 and 

50 CFU per reaction (n=10)

Assay Component assay

10 CFU 50 CFU
Number 
positive

Average CT 
value

Number 
positive

Average CT 
value

T2/T6 Duplex
T2 10 38.6 10 36.5

T6 (Cy5) 9 38.4 10 37.6

T6/T8 Duplex
T6 8 38.5 10 37.9
T8 10 38.6 10 37.9

T6/T9 Duplex
T6 7 36.5 10 38.4
T9 8 38.9 10 37.6

T6/T10 Duplex
T6 7 37.1 10 36.8
T10 3 39.7 5 39.6

T2 Control T2 10 38.8 10 36.7
T6 Control (FAM) T6 7 39.2 10 36.6
T6 Control (Cy5) T6 6 38.0 10 37.4
T8 Control T8 7 38.8 10 38.5
T9 Control T9 7 39.4 10 37.8
T10 Control T10 1 40.5 7 39.3
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the assay to be considered positive for detection of the isolate. If discordant results were obtained 
for the duplicate reactions, a third reaction was performed. The specificities of the duplex assays 
ranged from 84% for T6/T9 and T6/T10 to 95% for T6/T8 (Table 2.16). The specificities of tri-
plex assays T2/T6/T9 and T6/T8/T10 were 89% while the specificity for assay T6/T8/T10 was 
95%. The only non-pathogenic bacteria found to cross-react with multiple multiplex assays were 
Enterobacter aerogenes, two isolates of Escherichia fergusonii and Escherichia vulneris.

However, reporting specificity using an algorithm in which all component assays must be 
positive for the reaction to be considered positive masks the relative specificity of the component 
assays when run in duplex or triplex. Table 2.17 shows the total number of false positive reactions 
for each component assay for the multiplex specificity experiments. Assay T2 contributed the 
least to the overall specificity of the multiplex assays. Assay T8 was the most specific component 
to duplex assays. There was no appreciable difference in specificity contribution between assays 

Table 2.14 
Detection rates and CT values for T2/T6/T9 triplex TaqMan assay for 

E. coli 33456 at 10 and 50 CFU per reaction (n=10)

Assay
10 CFU 50 CFU

Number positive Average CT value Number positive Average CT value
T2 in triplex 7 38.9 10 37.2
T6 in triplex 5 39.0 9 38.8
T9 in triplex 5 39.8 9 38.6
T2 singleplex 6 38.9 10 37.6
T6 singleplex 3 39.7 10 39.3
T9 singleplex 1 40.5 8 39.4

Table 2.15 
Detection rates and CT values for triplex TaqMan assays for E. coli 33456 at 

50 CFU per reaction (n=10)
Assay Number positive Average CT value

T2/T6/T9 10/10/10 37.2/37.7/37.4
T2 10 36.6
T6 10 37.1
T9 4 37.1

T6/T8/T9 10/9/7 37.3/37.5/37.7
T6 10 37.1
T8 10 36.4
T9 4 37.1

T6/T8/T10 10/10/4 37.0/36.2/39.1
T6 10 36.7
T8 10 36.0
T10 5 39.6
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T6, T8, T9, and T10 for triplex assays. Additionally, the strength of the cross reaction for false 
positives varied by assay. The average CT values for component assay cross reactions were gener-
ally higher than 35, despite the fact that high DNA template stocks were used (Table 2.18). Only 
assay T2 resulted in CT values lower than 35. Average CT values for T2 component assay cross-
reactions with E. aerogenes and E. fergusonii ranged from 33.7 to 34.7.

The number of positive detections for NTC reactions for each of the multiplex assays was 
determined using ABI Environmental Master Mix 2.0. In a few reactions one component assays 
was positive, but there were no reactions in which each component assay was positive (Table 2.19).

Duplex Assay Development

The data from the duplex detection and specificity experiments indicated that multiple 
duplex qPCR assays could be effective for sensitive and specific detection of E. coli. Detection 

Table 2.16 
Specificity testing results for duplex and triplex E. coli TaqMan assays

Bacteria
Number positive per total number of isolates tested

T2/T6 T6/T8 T6/T9 T6/T10 T2/T6/T9 T6/T8/T9 T6/T8/T10
Escherichia albertii 0/2 0/2 0/2 0/2 0/2 0/2 0/2
Escherichia blattae 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Escherichia fergusonii 1/3 0/3 1/3 2/3 1/3 1/3 0/3
Escherichia hermannii 0/3 0/3 0/3 0/3 0/3 0/3 0/3
Escherichia vulneris 0/1 0/1 1/1 0/1 0/1 0/1 0/1
Citrobacter freundii 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Enterobacter aerogenes 1/1 1/1 1/1 1/1 1/1 1/1 1/1
Enterobacter cloacae 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Ochrobactrum anthropi 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Pantoea agglomerans 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Sphingomonas paucimobilis 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Staphylococcus warneri 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Vibrio cholerae 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Vibrio mimicus 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Specificity for panel subset 89% 95% 84% 84% 89% 89% 95%

Table 2.17 
Total false-positive reactions for components of duplex and 

triplex assays during specificity testing
Component assay In duplex In triplex
T2 17/39 (44%) 24/39 (62%)
T6 44/160 (28%) 25/117 (21%)
T8 7/40 (18%) 16/78 (21%)
T9 12/42 (28%) 17/79 (21%)
T10 12/39 (31%) 8/38 (21%)
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Table 2.18 
Average CT values from cross reactions for multiplex TaqMan assays

Assay
Component 

assay
E. fergusonii 

35471
E. fergusonii 

35472 E. vulneris E. aerogenes
T2/T6 T2 34.6 — — 33.7

T6 37.7 — — 35.3
T6/T8 T6 — — — 37.5

T8 — — — 38.0
T6/T9 T6 36.9 — 39.2 38.1

T9 37.9 — 40.0 36.9
T6/T10 T6 39.5 39.7 — 39.4

T10 35.7 36.1 — 38.1
T2/T6/T9 T2 36.6 — — 34.7

T6 37.1 — — 38.9
T9 38.5 — — 36.9

T6/T8/T9 T6 37.5 — — 37.7
T8 39.1 — — 38.4
T9 38.1 — — 37.6

T6/T8/T10 T6 — — — 38.3
T8 — — — 37.4
T10 — — — 37.6

Table 2.19 
NTC false positive detections for multiplex assays using ABI Environmental Master Mix 2.0
Assay # Total false positives* Total runs Avg. CT for false positives
T2/T6 6/0 34 39.9/NA
T6/T8 1/0 34 39.0/NA
T6/T9 1/0 33 37.9/NA
T6/T10 1/1† 34 39.8/40.0
T2/T6/T9 9/0/1 36 38.5/NA/40.0
T6/T8/T9 0/0/0 27 NA
T6/T8/T10 0/0/0 24 NA
* For each respective component assay (positive determined as ≤ 40.5 CT value).
† False positive results were in separate reactions.
NA: Not applicable.
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rates for 10 CFU E. coli 33456 were highest for assay T2/T6, at 10/10 detections. However, assays 
T6/T8 and T6/T9 resulted in 8/10 and 7/10 positive detections, respectively. Assay T6/T8 had the 
best overall specificity at 95%. When the strength of cross reactions for false-positives were con-
sidered, T2 performed the worst, as it resulted in CT values of ~34 for E. fergusonii and E. aero-
genes. When the total number of false-positive reactions for each component assay was considered, 
it was clear that assay T2 contributed the least to the overall specificity of the multiplex assays. 
T8 contributed the most toward the specific detection of E. coli compared to assays T9 and T10. 
Thus, based on these data it appeared that the best duplex assay consisted of T6/T8. The T6/T8 
TaqMan duplex real-time PCR assay was performed using 250 nM each primer and 100 nM each 
probe. The T6 assay probe was labeled with FAM and the T8 assay probe was labeled with Cy5, 
and reactions were performed in 20-µL volumes.

Specificity

The specificity of the duplex assay was evaluated using DNA from the larger 117-isolate 
bacterial panel. For this specificity testing, a CT value of ≤ 40.5 was needed for each compo-
nent assay of the multiplex for a positive determination for the multiplex assay. Each isolate was 
assayed in duplicate reactions in the same PCR run and a positive determination was needed for 
each replicate in order for the assay to be considered positive for detection of the isolate. If discor-
dant results were obtained for the duplicate reactions, a third reaction was performed. The results 
of the specificity testing indicated that the T6/T8 duplex assay had similar specificity (76%) and 
analytical sensitivity (97%) as the T6 (specificity = 78%, sensitivity = 99%) and T8 (specificity 
= 73%, sensitivity = 100%) singleplex assays. The T6/T8 assay produced false-positive detection 
results for E. aerogenes (avg CT = 35.6), Escherichia fergusoni (avg CT = 36.7), Escherichia vul-
neris (avg CT = 37.7), Shigella boydii (avg CT = 24.9), Shigella sonnei (avg CT = 26.2), Shigella 
flexneri (avg CT = 26.8), and Shigella dysenteriae (avg CT = 27.6). With the Shigella results 
removed from the analysis (because these are closely-related frank pathogens, cross-reactions with 
them are not as significant as with non-pathogenic environmental bacteria), the specificity of the 
T6/T8 duplex assay was 92%.

Standard Curves and Detection Limits

Standard curves were developed and detection limits were investigated for the duplex assay 
using E. coli 11775 (type strain), E. coli 33456 (isolated from water) and E. coli 43895 (O157:H7 
from raw hamburger). For each of these isolates, the T6/T8 duplex assay was found to produce 
standard curves with good slopes, indicating good PCR efficiency (Table 2.20). PCR efficiency 
was calculated as E = (10(–1/slope) – 1) × 100. The only component assays that fell out of the tar-
get range for efficient PCR (90–100%) were assay T6 for E. coli 11775 (103%) and assay T8 for 
E. coli 43895 (86%).

Using the same E. coli isolates, a 1:2 dilution series was made using the lowest concentra-
tion DNA stock for which all three replicate reactions were positive for the standard curve. These 
additional DNA dilutions were tested using the T6/T8 assay and the assay detection limits were 
determined to be the CFU/reaction template level for which at least 2 of 3 reactions were positive. 
A positive reaction was defined as one in which both T6 and T8 resulted in CT values ≤ 40.5. Using 
these criteria, the detection limits for the T6/T8 duplex assay were estimated to be ~50 CFU/reac-
tion for the non-pathogenic E. coli isolates and 100 CFU/reaction for E. coli O157:H7 (Table 2.20).
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No-Template Controls

Seven commercial real-time PCR master mixes were evaluated to determine the rate of 
NTC false-positive reactions for the duplex assay when using these kits. While individual compo-
nent reactions (T6 or T8) were sometimes positive for NTCs (indicating some background E. coli 
DNA was detected), no NTC reaction was positive for both assays in the same duplex reaction 
using any of the kits (Table 2.21). These data demonstrated that use of the T6/T8 duplex assay was 
effective for substantially reducing the potential for false-positive NTC reactions for molecular 
testing of water samples for E. coli.

Triplex Assay Development

The data from the triplex detection and specificity experiments indicated that multiple tri-
plex qPCR assays could be effective for sensitive and specific detection of E. coli. Detection rates 
for 50 CFU E. coli 33456 were highest for assay T2/T6/T9, at 10/10 detections. Assays T6/T8/T9 
and T6/T8/T10 resulted in 7/10 and 4/10 positive detections, respectively. Assay T6/T8/T10 had 

Table 2.20 
Standard curves and detection limits for T6/T8 duplex TaqMan assay

E. coli isolate 
(ATCC #)

Component 
TaqMan assay

Standard curve linear 
description R2

PCR efficiency 
(%)

Detection limit 
(CFU/rxn)

11775 T6 y = –3.49x +45.4 0.994 93 50
T8 y = –3.24x +44.0 0.999 103

33456 T6 y = –3.50x +44.4 0.999 93 50
T8 y = –3.49x +45.5 0.998 93

43895 T6 y = –3.44x +44.2 0.999 95 100
T8 y = –3.72x +45.8 0.995 86

Table 2.21 
No-Template Control duplex assay false-positive reaction comparisons for commercial real-

time PCR master mix kits

Master mix
Total # NTC 

reactions

Positive 
reactions 

(# T6/# T8)

Avg. CT values 
for positive 
reactions

# of reactions 
positive for  

T6/T8 duplex
Stratagene Brilliant 26 0/0 NA/NA 0
Invitrogen Platinum 20 0/3 NA/38.5 0
iQ SuperMix 20 0/7 NA/36.4 0
iQ Multiplex PowerMix 20 0/18 NA/36.3 0
Qiagen QuantiTect 20 1/7 38.8/39.1 0
Qiagen QuantiTect Multiplex 20 0/12 NA/39.1 0
ABI Environmental Master Mix 2.0 38 1/0 39.0/NA 0
NA: Not applicable.
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the best overall specificity at 95%. When the strength of cross reactions for false-positives was 
considered, T2 performed the worst, as it resulted in CT values below 37 for E. fergusonii and 
E. aerogenes. When the total number of false-positive reactions for each component assay was 
considered, it was clear that assay T2 contributed the least to the overall specificity of the multiplex 
assays. T8, T9, and T10 contributed equally toward the specific detection of E. coli in a triplex 
format. While the triplex with T10 was slightly more specific than T6/T8/T9, the T6/T8/T10 assay 
would likely exhibit much higher detection limits than T6/T8/T9 and assay T10 was observed to 
strongly cross-react with E. fergusonii. Thus, based on these data it appeared that the best triplex 
assay consisted of T6/T8/T9. The T6/T8/T9 TaqMan triplex real-time PCR assay was performed 
using 250 nM each primer and 100 nM each probe. The T6 assay probe was labeled with Cy5, the 
T8 assay probe was labeled with FAM, and the T9 assay probe was labeled with Cy3. Reactions 
were performed in 20-µL volumes. Assay performance characterizations (specificity, standard 
curves, method detection limits) were performed using the same procedures used to characterize 
the performance of the T6/T8 duplex assay. However, because some of the participating water util-
ity labs for Project 4238 did not have real-time PCR instruments that could collect real-time PCR 
data in more than two fluorescence channels, the T6/T8/T9 triplex assay was not evaluated to the 
same extent as the T6/T8 duplex assay.

Specificity

The specificity of the triplex assay was evaluated using a subset of the bacterial DNA panel, 
but it did not include a panel of E. coli to evaluate analytical sensitivity. This panel subset consisted 
of DNA from 25 bacteria, including other Escherichia spp., but not including Shigella spp. The 
results of the specificity testing indicated that the T6/T8/T9 triplex assay had slightly better speci-
ficity (92%) than the T6/T8 duplex and component singleplex assays. This evaluation (of slightly 
higher specificity) hinged on the non-detect results for the triplex assay when testing E. vulneris, 
which was identified as a false-positive for the duplex assay. The T6/T8/T9 assay produced false-
positive detection results for E. aerogenes (avg. CT = 38.1) and E. fergusoni (avg. CT = 38.2).

Standard Curves and Detection Limits

Standard curves were developed and detection limits were investigated for the triplex assay 
using E. coli 11775 (type strain), E. coli 33456 (isolated from water) and E. coli 43895 (O157:H7 
from raw hamburger). For the E. coli 11775, the T6/T8/T9 triplex assay was found to produce stan-
dard curves with good slopes, but the standard curve slopes for the other two isolates were higher 
than the normal range for efficient PCR (Table 2.22). PCR efficiency estimates were below 90% 
for each of the component assays of the triplex when testing DNA for both isolates. PCR efficiency 
was calculated as E = (10(–1/slope) – 1) × 100.

Detection limit estimates for the triplex were based on a 10-fold dilution series instead of 
a 1:2 dilution series. The assay detection limits were determined to be the CFU/reaction template 
level for which at least 2 of 3 reactions were positive. A positive reaction was defined as one in 
which the T6, T8, and T9 assays resulted in CT values ≤ 40.5. Using these criteria, the detection 
limits for the T6/T8/T9 triplex assay were estimated to be ~150 CFU/reaction for E. coli 11775 and 
~250 CFU/reaction for E. coli 33456 and 43895 (Table 2.22).
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No-Template Controls

Seven commercial real-time PCR master mixes were evaluated to determine the rate of 
NTC false-positive reactions for the triplex assay when using these kits. For three of the kits, mul-
tiple NTC reactions were positive for all three component assays (Table 2.23). These NTC data 
for the triplex assay indicated that addition of the T9 assay lead to increased rates of NTC false-
positive reactions (no NTC false-positive reactions were observed for the T6/T8 duplex when both 
assays were required to be positive for a confirmed positive determination).

OPTIMIZE AND STANDARDIZE INTERNAL CONTROL

Two alternative internal control (IC) assays were initially chosen for evaluation. These 
ICs included a CDC-derived ICT6, which consisted of a synthetic single-strand DNA containing 
the sequence for the T6 TaqMan assay except for the probe region, which was replaced with an 
artificial sequence that did not correspond to any known genomic sequence in Genbank. During 
PCR, the synthetic DNA strand (i.e., Internal Control) was amplified and the product detected with 
a probe specific to the ICT6. The ICT6 was amplified using the same primers that were used for the 
T6 assay (but the T6 assay used an E. coli-specific probe). A synthetic single-strand DNA was used 
instead of a plasmid because plasmids are generated using E. coli and plasmid stocks were likely 
to have background E. coli DNA contamination. A commercially available IC kit from Qiagen 
was also evaluated (QuantiFast Pathogen PCR + IC Kit), which provided a ready-to-use internal 
control for use as an amplification control by direct addition to the reaction mix for detection in the 
same tube with bacterial DNA target. The premixed internal control assay contained a forward and 
reverse primer and a TaqMan probe labeled with MAXTM Ester for detection of internal control 
DNA. The spectral profile for the MAX allowed for detection in the same channel as fluorophores 
HEX, JOE or VIC.

The CDC and Qiagen IC assays were tested in conjunction with the T2/T6/T9 triplex 
TaqMan assay using ABI Environmental Master Mix 2.0 and a DNA level corresponding to 
30 CFU E. coli per reaction. The T2 assay probe was labeled with FAM, the T6 assay probe was 

Table 2.22 
Standard curves and detection limits for T6/T8/T9 triplex TaqMan assay

E. coli isolate 
(ATCC #)

Component 
TaqMan assay

Standard curve linear 
description R2

PCR efficiency 
(%)

Detection limit 
(CFU/rxn)

11775 T6 y = –3.39x +45.7 0.995 97 ~150
T8 y = –3.40x +44.8 0.989 97
T9 y = –3.44x +46.1 0.996 100

33456 T6 y = –3.94x +48.3 0.998 79 ~250
T8 y = –3.84x +47.5 0.994 82
T9 y = –3.87x +48.7 0.998 81

43895 T6 y = –4.19x +51.2 0.988 73 ~250
T8 y = –4.29x +50.6 0.995 71
T9 y = –4.09x +49.5 0.988 75
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labeled with Cy 5, and the T9 assay probe was labeled with Cy3. The assays were performed in 
20-µL reaction volumes and the IC probes were labeled with the HEX fluorophore. Results from 
initial testing indicated that the IC assays worked well in conjunction with the T2/T6/T9 triplex 
assay, except that the HEX emission from the IC reactions was detected in the T9 (Cy3) channel 
(Table 2.24, shaded cells). The emission spectra for HEX and Cy3 were not far enough apart to 
avoid bleed-over between the detection channels on an ABI 7500 thermocycler.

A potential alternative fluorophore to Cy3 was CalRed 610 (590 nm/610 nm), which would 
prevent bleed-over between detection channels and allow for the use of an IC with a triplex qPCR 
assay. However, there were significant drawbacks to investigating the use of CalRed 610 as part 
of a triplex + IC qPCR assay. The use of four fluorescence channels (3 gene targets and IC) would 
preclude the use of master mixes containing the reference dye ROX, and would limit the choice of 
master mix kits that could be used. Additionally, a qPCR assay requiring four fluorescence chan-
nels would be prohibitive, as many thermocyclers are not capable of this level of resolution. The 
use of four fluorophores may also raise the potential for increased platform to platform variablility 
depending on the fluorescence-filter capabilities of different thermocyclers.

The CDC and Qiagen ICs were evaluated for the T6/T8 duplex assay. The T6 assay probe 
was labeled with FAM, the T8 assay probe was labeled with Cy5, and the IC probe (either CDC 
ICT6 or Qiagen IC) with HEX. All IC experiments were performed using ABI Environmental 
Master Mix 2.0 and a template level corresponding to 25 cells of E. coli per 20-µL reaction. For 
these experiments, E. coli 11775 and 33456 were flow cytometry sorted into stocks of 5,000  cells/ 
100 µL and 0.5 µL (corresponding to 25 cells) from each stock was directly added to a multiplex 
PCR without prior DNA extraction. Ten replicate reactions were performed for each IC multiplex 
assay. As indicated in Tables 2.25 and 2.26, the T6/T8 assay consistently detected E. coli 11775 
and 33456 and the CDC and Qiagen ICs were both effective. No evidence of signal detection chan-
nel bleed-over was observed.

The results from the duplex testing with ICs indicated that the detection limit of this mul-
tiplex assay was approximately 25 cells per reaction when E. coli cells were directly added to 
PCRs (as opposed to extracting DNA prior to PCR). Both ICs were found to work well, although 

Table 2.23 
No-Template Control duplex assay false-positive reaction comparisons for commercial real-

time PCR master mix kits

Master mix
Total # NTC 

reactions
Positive reactions 
(#T6/#T8/#T9)

Avg. CT values for 
positive reactions

# of reactions 
positive for  

T6/T8/T9 triplex
Stratagene Brilliant 20 0/0/0 NA/NA/NA 0
Invitrogen Platinum 20 0/1/2 NA/40.1/40.4 0
iQ SuperMix 20 5/8/15 38.6/36.7/36.6 2
iQ Multiplex PowerMix 20 5/20/20 39.6/35.7/36.9 5
Qiagen QuantiTect 20 0/1/0 NA/39.9/NA 0
Qiagen QuantiTect Multiplex 24 20/9/23 39.2/38.9/38.6 7
ABI Environmental Master 
Mix 2.0

33 0/0/0 NA/NA/NA 0

NA: Not applicable.

©2014 Water Research Foundation and Drinking Water Inspectorate. ALL RIGHTS RESERVED.



42

Table 2.24 
CT values for T2/T6/T9 triplex qPCR assay and two different internal controls

Test condition T2 T6 T9 CDC IC Qiagen IC
Triplex w/o IC
(E. coli DNA added)

37.1 37.4 — NA NA
40.3 38.2 39.2 NA NA
40.5 38.9 41.5 NA NA
37.6 36.4 41.1 NA NA
36.4 38.6 39.7 NA NA
37.5 36.8 39.9 NA NA
37.9 36.8 38.9 NA NA
38.3 39.3 39.3 NA NA

Triplex w/CDC IC
(E. coli DNA added)

37.7 — 29.8 31.9 NA
36.7 37.4 29.5 31.9 NA
36.8 — 29.5 31.7 NA
38.3 38.7 29.7 31.9 NA
37.4 37.1 29.3 31.4 NA
36.9 37.3 29.6 31.8 NA
37.3 37 29.2 31.3 NA
38.7 39.3 29.4 31.5 NA

Triplex w/Qiagen IC
(E. coli DNA added)

37.6 37.1 32.9 NA 29.7
37.8 36.4 33.9 NA 29.4
37.1 — 33.7 NA 30.9
38.0 38.4 33 NA 30
38.5 37.2 33.4 NA 30.1
36.4 35.8 32.8 NA 29.4
37.0 35.1 32.3 NA 29.2
37.2 39.2 30.8 NA 27.7

CDC IC only
(no E. coli DNA added)

— — 29.6 31.8 NA
— — 30 32 NA

39.6 37.4 30 31.8 NA
— — 29.8 31.5 NA
— — 28.9 30.7 NA

Qiagen IC only
(no E. coli DNA added)

— — 43.1 NA 39.7
40.8 39.2 — NA 38.6
40.8 — 38.2 NA 35.3
— — 32.7 NA 29.6
— — 30.6 NA 27.6
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CT values associated with the CDC ICT6 were more consistent (lower standard deviation) than CT 
values associated with the Qiagen IC.

Inhibition

Experiments were conducted using Suwanee River Humic Acid Standard II (International 
Humic Substances Society, St. Paul, MN) to evaluate the effect of humic acid, which is a well-
known PCR and RT-PCR inhibitor (Wilson 1997), on CT values for the CDC ICT6 when mul-
tiplexed with the T6 and T8 assays. For these experiments, duplicate reactions were performed 
at each humic acid level, which spanned 0–5 ng/µL. The experiments were performed using 
40,000 CFU/reaction of E. coli 11775 and 33456. The results of this testing showed that the T8 
assay was responsive and exhibited inhibition with increasing humic acid levels, which was mea-
sured as higher CT values as humic acid concentration increased (Figures 2.21 and 2.22). The ΔCT 
was ~3 CT values for the T8 assay (Table 2.27). With ΔCTs of ~0.5–1, the T6 assay and the CDC 
ICT6 were not appreciably affected by increasing humic acid levels.

Because assay T8 was more responsive to inhibition versus assay T6, an internal control 
based on the T8 assay primers (CDC ICT8) was developed. To investigate the performance of the 
CDC ICT8 in conjunction with the T6/T8 assay, experiments were performed using Suwanee River 

Table 2.25 
T6/T8 CT values for ATCC 11775 E. coli testing with alternative internal controls

Test condition
T6/T8 duplex with CDC IC T6/T8 duplex with Qiagen IC

T6 T8 IC T6 T8 IC
25 cells/rxn (avg.) 36.3 38.0 32.7 37.6 37.7 32.7
25 cells/rxn (std dev) 0.98 0.93 0.18 0.55 0.76 0.54
# positive/10 rxns 10 9 10 10 10 10
No IC added 35.0 37.8 ND ND* ND* ND
No E. coli added ND ND ND** ND ND ND**

ND: Not detected.
ND*: DNA mistakenly not added to reactions.
ND**: IC mistakenly not added to reactions.

Table 2.26 
T6/T8 CT values for ATCC 33456 E. coli testing with alternative internal controls

Test condition
T6/T8 duplex with CDC IC T6/T8 duplex with Qiagen IC

T6 T8 IC T6 T8 IC
25 cells/rxn (avg.) 35.6 38.4 32.9 35.1 39.4 36.3
25 cells/rxn (std dev) 0.65 0.88 0.16 0.59 0.63 1.13
# positive/10 rxns 10 10 10 10 8 10
No IC added 35.1 39.1 ND 35.2 38.5 ND
No E. coli added ND ND 32.7 ND ND 34.7
ND: Not detected.
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Humic Acid Standard II to evaluate the effect of humic acid on CDC ICT8 when multiplexed with 
the T6 and T8 assays. The experiments were performed using 2 × 106 CFU/reaction of E. coli 
11775 and 33456 and triplicate reactions were performed at each humic acid level. The results of 
this testing showed that the T8 assay was responsive to the increase in humic acid concentration 
(i.e., 1–1.8 ΔCT values between 0–7 ng/µL humic acid), but the CDC ICT8 assay did not result in 
a measurable fluorescence signal, even when no humic acid was present (Table 2.28). When the 
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Figure 2.21 Effect of humic acid on T6/T8/CDC IC multiplex assay (using E. coli 11775)
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Figure 2.22 Effect of humic acid on T6/T8/CDC IC multiplex assay (using E. coli 33456)
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experiment was repeated with less E. coli template DNA (equivalent to 20,000 CFU/reaction), 
the CDC ICT8 assay produced expected CT values when no humic acid was present and exhib-
ited a ΔCT value of ~6–8 between 0–14 ng/µL humic acid (Table 2.29). However, the T8 assay 
appeared to exhibit a greater susceptibility to humic acid inhibition. This apparent increased inhi-
bition susceptibility for T8 in the presence of CDC ICT8 was supported by observations of T8 assay 
false-negatives when performing the T6/T8/CDC ICT8 multiplex in conjunction with the RC-PCR 
method (data not shown).

Thus, it appeared that there was a complicated interaction between the T8 assay and CDC 
ICT8 that produced inconsistent assay results at different E. coli DNA template levels and differ-
ent inhibitor concentrations. Further optimizing the CDC ICT8 to achieve consistent, dependable 
results would have required more time and effort than the project allowed. Instead, the commer-
cially available ABI TaqMan Exogenous Internal Positive Control Reagent (ABI IC) was evalu-
ated. Further IC evaluation was conducted using the ABI IC because it was significantly less 
expensive than the Qiagen QuantiFast Pathogen PCR + IC Kit.

The humic acid inhibition experiments were repeated using the ABI IC to evaluate the 
effect of humic acid on the ABI IC when multiplexed with the T6 and T8 assays. The experiments 
were performed using 2 × 106 and 20,000 CFU/reaction of E. coli 11775 and 33456. Triplicate 
reactions were performed at each humic acid level. The results of this testing showed that the 
ABI IC was compatible with the T6 and T8 component assays. The ABI IC was responsive to 

Table 2.27 
Effect of humic acid on T6/T8 duplex assay CT values with CDC ICT6

Component 
assay Isolate

Avg. CT value at humic acid concentration (ng/µL)
0 0.156 0.313 0.625 1.25 2.5 5

IC 11775 32.0 32.1 32.1 32.2 32.3 32.2 32.5
T6 32.2 32.4 32.2 32.4 32.8 32.9 32.9
T8 31.3 31.3 31.6 31.8 32.0 32.9 34.1
IC 33456 32.0 31.9 32.0 32.0 32.1 32.1 32.3
T6 30.2 30.4 30.5 30.5 30.4 30.3 30.5
T8 30.4 30.3 30.4 30.4 30.6 31.3 32.5

Table 2.28 
Effect of humic acid on T6/T8 duplex assay CT values with CDC ICT8 (2 × 106 CFU E. coli)

Component 
assay Isolate

Avg. CT value at humic acid concentration (ng/µL)
0 2 3 4 5 6 7

IC 11775 ND ND ND ND ND ND ND
T6 24.5 24.9 25.1 25.8 25.9 25.3 25.4
T8 22 22.5 22.7 23.3 23.8 22.7 23.8
IC 33456 ND ND ND ND ND ND ND
T6 25 25 25 25 24.7 25.3 25.2
T8 23 23 23 23.3 23.1 23.7 24

ND: Not detected.
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the increase in humic acid, with a ΔCT = 3.2–3.8 between 0–14 ng/µL humic acid (Table 2.30). 
For the high template level experiment, the ΔCT for the T8 assay was 5–5.7 between 0–14 ng/µL 
humic acid. The T6 assay was not appreciably affected. At the lower template level, the ABI IC 
exhibited a ΔCT = 2.1–2.3 between 0–14 ng/µL humic acid (Table 2.31). For the lower template-
level experiment, the ΔCT for the T8 assay was 8–9.2 between 0–14 ng/µL humic acid. Again, the 
T6 assay was not appreciably affected. Thus, the ABI IC was compatible in multiplex with the T6 
and T8 assays, but its susceptibility to inhibition by humic acid was lower than the susceptibility 
of the T8 assay (Figures 2.23 and 2.24). While the goal was to develop an IC that exhibited similar 
inhibition trends as observed for the E. coli real-time PCR assay used in Project 4238, the ABI IC 
was the best IC option available for multiplex with the T6/T8 duplex assay.

Table 2.29 
Effect of humic acid on T6/T8 duplex assay CT values with CDC ICT8 (20,000 CFU E. coli)

Component 
assay Isolate

Avg. CT value at humic acid concentration (ng/µL)
0 4 6 8 10 12 14

IC 11775 29.9 30.8 31.5 33.1 34.1 35.3 36.1
T6 32.7 33.1 33.4 34 34.2 34.3 34.2
T8 32.4 33.6 34.2 37.2 39.8 ND ND
IC 33456 32.9 31.9 33.2 36 37.7 38.5 40.9
T6 32.7 32.6 32.8 33 33.7 33.2 33.1
T8 31.1 31 31.8 33 34.4 ND ND

ND: Not detected.

Table 2.30 
Effect of humic acid on T6/T8 duplex assay CT values with ABI IC (2 × 106 CFU E. coli)

Component 
assay Isolate

Avg. CT value at humic acid concentration (ng/µL)
0 4 6 8 10 12 14

IC 11775 27.7 28.1 29.1 30.1 30 30.7 30.9
T6 22.3 22.5 22.4 22.8 23 23.2 23.3
T8 20 20.9 20.8 21.5 22.5 23.6 25
IC 33456 27.9 28.1 28.6 29.1 30 30.8 31.7
T6 22.7 22.7 22.7 22.7 22.9 23 22.4
T8 20.8 21.6 22.3 23 24.2 25.5 26.5
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Table 2.31 
Effect of humic acid on T6/T8 duplex assay CT values with ABI IC (20,000 CFU E. coli)

Component 
assay Isolate

Avg. CT value at humic acid concentration (ng/µL)
0 4 6 8 10 12 14

IC 11775 27.3 27.8 27.6 28.9 28.8 28.8 29.4
T6 33.2 33.5 33.5 34.4 34.3 34.2 33.8
T8 32.0 32.6 32.8 34.0 35.1 36.7 38.7
IC 33456 27.3 27.6 27.9 28.1 28.6 28.9 29.6
T6 27.3 27.4 27.5 27.4 27.5 27.7 27.8
T8 26.0 26.7 27 27.9 28.9 30.6 34.0
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Figure 2.23 Effect of humic acid on CT values for T6/T8 assay when amplifying DNA from 
E. coli 11775
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Figure 2.24 Effect of humic acid on CT values for T6/T8 assay when amplifying DNA from 
E. coli 33456
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CHAPTER 3: 
DEVELOPING A CULTURE-DEPENDENT SAMPLE PROCESSING 

METHOD

METHOD DEVELOPMENT

The primary approach for developing a culture-dependent molecular assay was to apply 
qPCR to DNA extracted from a short-term culture of E. coli from a water sample filtered through 
a standard 0.45-µm membrane filter. This general approach of applying molecular analyses to 
short-term bacterial cultures has been reported for other microbes, including Bacillus anthracis 
(Letant et al. 2011). During development, the performance of the culture-dependent—or rapid-
culture PCR (RC-PCR)—method was compared to a standardized agar culture method using agar 
selective for E. coli. Dilute PBS (1:100 dilution with distilled water to obtain a conductivity of 
~120 µS that is similar to many tap waters) was seeded with 30-CFU E. coli BioBalls to obtain a 
final concentration of 3 CFU/100 mL. For the standard culture method, ten 100-mL volumes were 
membrane filtered and plated on MI agar according to USEPA Method 1604 (USEPA 2002). For 
the RC-PCR method, 100-mL water samples were membrane filtered and the filter was placed in 
petri dishes containing 3 mL of culture broth and incubated under various culture conditions. After 
the target culture time was met, 400 µL of the culture broth was removed from the petri dish and 
added to 400-µL lysis buffer (“Direct” processing). The remaining 2.6 mL of culture medium was 
centrifuged (“Spun” processing) to concentrate bacterial cells, the supernatant was discarded and 
the cells were resuspended in 500 µL lysis buffer. The procedure is outlined in Figure 3.1. It is 
important to note that these initial experiments were conducted using assay T6 only, as the multi-
plex assay evaluation had not been completed prior to these experiments.

Two experiments were performed to compare incubation time and temperature using TSB 
as the culture medium (n=4 replicates). Samples were incubated at 37°C, 41.5°C, and 44.5°C under 
static conditions for 3, 4, 5, and 6 hours. The results indicated that the sample processing approach 
could enable molecular detection of culturable E. coli within 6 hours (Table 3.1). At the 6-hour 
time point, E. coli was consistently detected in direct extract assays when incubation temperatures 
were 41.5°C and 44.5°C, but not when the incubation temperature was 37°C. Concentrating E. coli 
cells by centrifugation enabled consistent detection of E. coli at lower CT values, including for the 
37°C condition.

Although, the 6-hour data demonstrated that the culture-dependent approach to molecu-
lar detection of viable E. coli could work, the goal of these experiments was to obtain consistent 
detections after 4 or 5 hours of incubation to enable sample processing, incubation and molecular 
analysis within an 8-hour work day. After 5 hours of incubation, some detections were obtained 
for directly extracted DNA, but more consistent results were obtained when E. coli cells were cen-
trifuged prior to DNA extraction. At the 5-hour time point, and in general for the entire data set, 
incubation temperature did not appear to be a significant factor, although there was a slight benefit 
toward incubating at the highest temperature. As expected, there also appeared to be a benefit to 
centrifuging the cultures to concentrate E. coli cells—this procedure was associated with more 
detections and lower CT values than when direct extraction was performed. However, the centrifu-
gation procedure, while not difficult, required additional analyst time and effort and equipment.
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Based on the experimental results shown in Table 3.1, alternative techniques for increas-
ing the growth rate of E. coli during the short-term culture procedure were investigated. Variables 
of interest for these method optimization experiments included the use of other commercially 
available E. coli culture media, shaking the petri dish cultures during incubation, and addition 
of sodium pyruvate and sodium formate as possible growth stimulants to TSB. Sodium pyruvate 
and sodium formate act as carbon substrates during cell growth, and sodium pyruvate has also 
been found to facilitate growth in chlorine-stressed organisms by degrading peroxides during cell 
growth (Calabrese and Bissonnette 1990; Scott, Seiz, and Shaughnessy 1964). In the first replicate 
experiment TSB was compared to Colilert-18 broth at an incubation temperature of 44.5°C. In the 
second replicate experiment, the effect of adding 1 mg/mL sodium pyruvate to each culture broth 
and the effect of shaking cultures during incubation were investigated. The results from these 
experiments did not indicate that Colilert-18 broth enabled higher E. coli growth rates compared 
to TSB (Table 3.2). More consistent detection was obtained at 6 hours using Colilert-18, but TSB 
appeared to be associated with better growth at 5 hours (considering “Spun” data). The addition of 
sodium pyruvate did not appear to significantly increase growth rates in the Colilert-18 medium, 
but results for TSB with sodium pyruvate were much better than TSB alone. Shaking did not 
appear to significantly increase growth rates in the Colilert-18 medium, but did appear to increase 
E. coli growth in TSB.

The experiments presented in Tables 3.1 and 3.2 were conducted using 3 CFU/100 mL 
E. coli, which corresponds to 300 mL of drinking water within U.S. regulatory limit of <1 CFU 

RC-PCR Method Evaluation

Membrane filter 100 mL

  2 dishes w/ 3 mL culture broth       10 plates MI agar culture 
      for each experimental condition 

Incubate 3, 4, 5, or 6 hours at 
     37°C, 41.5°C, or 44.5°C 

Add 400 µL Centrifuge 2.6 mL, 
to lysis buffer Add lysis buffer

Extract DNA 

Assay 5 µL by PCR 
 on ABI StepOne Plus

Figure 3.1 Flow diagram showing RC-PCR method development experiments
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Table 3.1 
Average CT values for detection of 3 CFU E. coli from TSB cultures using different 

incubation times and temperatures
Incubation 
temperature

3 hour 4 hour 5 hour 6 hour
Direct Spun Direct Spun Direct Spun Direct Spun

37°C — — — 40.7 42.0 37.3 38.7 33.2
— — — — — 38.4 — 37.6
— 42.0 — 37.9 39.6 37.5 39.8 33.3
— — — — 40.5 39.2 42.5 35.8

41.5°C — — 41.1 39.4 — — 34.7 31.7
— 40.4 — — — 42.2 36.9 33.8

42.3 39.6 — — 39.9 35.3 33.5 31.4
— — 40.6 33.9 34.9 40.1 35.0 33.9

44.5°C — 39.6 40.4 38.3 — — 39.8 ND
— — — — 37.9 37.5 34.8 33.5

39.7 — — — 38.9 35.8 35.9 32.2
ND 40.5 37.7 36.8 41.7 39.0 37.8 32.4

ND: No data.

Table 3.2 
CT values for detection of 3 CFU E. coli from TSB and Colilert-18 cultures using different 

incubation times and growth supplements (44.5°C)

Incubation time
Processing 
condition

TSB Colilert-18
A B C D A B C D

3 hour Direct — 41.6 — — — — — 40.1
Spun — — — — — 40.2 — —

4 hour Direct — — — — — — — —
Spun — — 41.3 — 41.8 — 38.8 —

5 hour Direct — — — 39.3 41.2 — 41.6 —
Spun 42.0 39.1 41.9 36.6 — — 37.0 —

6 hour Direct 33.8 37.5 — 36.4 36.1 33.8 36.5 37.1
Spun 32.0 32.1 — 33.6 35.1 34.8 37.1 35.8

5 hour amendments
Na Pyruvate Direct 38.2 40.0 41.3 —

Spun 36.5 36.1 38.3 38.9
Shaking Direct 40.9 39.9 — —

Spun 38.5 36.9 42.3 —
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E. coli/100 mL. In an attempt to achieve more consistent results from the RC-PCR method, addi-
tional experiments were conducted using 6–10 CFU/100 mL E. coli. Using 6 CFU/100 mL E. coli, 
TSB alone and with supplements [1 mg/mL sodium pyruvate, 1 mg/mL sodium formate, 0.5 mg/
mL sodium pyruvate + 0.5 mg/mL sodium formate] was compared to Colilert broth and modified 
Colitag broth. Replicate cultures were incubated at 44.5°C for 4, 5, and 6 hours. Overall, TSB 
with supplements did not achieve more consistent detection than TSB alone (Table 3.3). TSB and 
Colitag resulted in more consistent detection than Colilert. In addition, repeated detections were 
obtained at 4, 5, and 6 hours of incubation for TSB and Colitag.

In an attempt to further refine the trends observed in Table 3.3, additional experiments were 
conducted using 10 CFU/100 mL of flow cytometry-sorted E. coli. Stationary-phase cultures of 
E. coli type strain (ATCC 11775) were sorted by flow cytometry into microcentrifuge tubes con-
taining 0.01 M PBS at a sorting level of 10 CFU per tube. The contents of each tube were added 
to 100 mL dilute PBS (~120 µS) and membrane filtered. TSB was compared to modified Colitag 
broth using five replicate cultures that were incubated at 44.5°C for 4 and 5 hours. No appreciable 
differences in PCR detection were observed between Colitag and TSB, either in frequency of 
detection or CT value (Table 3.4).

Due to relatively high CT values and inconsistent detection at 4 and 5 hours when 3 and 
6 CFU E. coli were used, experiments were conducted to determine if the DNA extraction step 
could be eliminated to avoid potential loss of E. coli DNA during this procedure. A 550-CFU 
E. coli BioBall was resuspended in Colitag broth. Two aliquots of the suspension were extracted 
according to the procedure in Appendix B. Two aliquots were centrifuged at 10,000 × g for 3 
minutes and all but ~50 µL of the supernatant was removed. Two aliquots were also centrifuged 
at 10,000 × g for 3 minutes, but the pellet was washed twice with 1 mL molecular grade water to 
remove potential PCR inhibitors. After the second wash, all but ~50 µL of the supernatant was 

Table 3.3 
CT values for detection of 6 CFU E. coli from TSB, Colilert-18, and Colitag cultures using 

different incubation times and growth supplements (44.5°C)

Incubation time
Processing 
condition

TSB Colilert-18 Colitag
A B C A B A B

4 hour Direct — — — — — —
Spun 38.8 41.8 41.0 39.4 40.1 40.0

5 hour Direct — 38.5 — 40.0 38.5 40.4
Spun 40.6 37.4 — — 38.4 38.7

6 hour Direct 37.8 35.3 40.0 36.1 — 34.8
Spun 32.8 32.7 37.0 35.2 40.1 33.7

5 hr amendments
Na Pyruvate Direct 34.6 39.6 —
Na Pyruvate Spun 34.5 39.4 38.9
Na Formate Direct 42.3 — 38.3
Na Formate Spun 35.5 — 35.2
NaPy+NaFor Direct 35.8 —
NaPy+NaFor Spun 35.4 41.6
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removed. The remaining volume from the centrifuged samples was vortexed to resuspend the cell 
material. Five microliters was added directly to the real-time PCR assay and duplicate reactions 
were assayed for each sample. Assaying the culture broth directly resulted in more consistent 
detection (4/4 detections without DNA extraction versus 2/4 detections when DNA extracted). 
While each of the directly analyzed aliquots resulted in 4/4 positive detections, the non-washed 
samples had lower CT values (~3 CT values) than the washed samples, indicating that some cell 
material was lost during the washing procedure. Subsequent RC-PCR method evaluation experi-
ments were conducted using this approach instead of extracting DNA from samples.

After the initial RC-PCR method evaluation experiments, modified Colitag was chosen 
for all future RC-PCR method evaluations. Colitag broth resulted in more consistent detections at 
5 and 6 hours than Colilert-18. While Colitag and TSB performed similarly, Colitag was chosen 
because it is convenient to prepare and is a USEPA approved culture medium for E. coli detection 
in drinking water. A final experiment was conducted to determine the optimum incubation tem-
perature for Colitag broth. Stationary-phase cultures of E. coli 11775 were flow cytometry sorted 
into microcentrifuge tubes containing 0.01 M PBS at sorting level of 10 CFU per tube. The con-
tents of each tube were added to 100 mL dilute PBS and membrane filtered. Five replicate samples 
were incubated at 37°C or 44.5°C for 4, 5, and 6 hours. All 5 replicate samples were positive at 
each incubation time. There was no difference in PCR detection between 37°C and 44.5°C, either 
in frequency of detection or CT value (Table 3.5). Because 37°C incubators are more commonly 
found in water utility laboratories, 37°C was chosen as the incubation temperature for the RC-PCR 
method.

Based on the results from these experiments the RC-PCR method was established using 
Colitag broth, 37°C incubation, and direct assay of 5 µL of broth concentrate. Because direct assay 
of the broth culture resulted in consistent detections and lower CT values at 4 and 5 hours of incu-
bation, the 6-hour incubation was eliminated. However, subsequent RC-PCR method evaluation 
experiments were incubated for 4 and 5 hours to obtain more comparison data. The T6/T8 duplex 
assay was adopted as the molecular assay for this method. However, 5 µL of concentrated Colitag 

Table 3.4 
CT values for detection of 10 CFU E. coli from TSB, Colilert-18, and Colitag (44.5°C)

Incubation time Processing condition
TSB Colitag

Detection rate Avg CT Detection rate Avg CT
4 hour Direct 1/5 39.0 3/5 39.7

Spun 4/5 38.2 4/5 38.2
5 hour Direct 0/5 NA 2/5 37.3

Spun 5/5 36.2 5/5 36.3

Table 3.5 
Average CT values for detection of 10 CFU E. coli from  

4- and 5-hour Colitag cultures (n=5)
Temperature 4 hour 5 hour 6 hour

37°C 36.2 33.6 30.3
44.5°C 36.3 33.6 30.5
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cultures was inhibitory to the T8 assay. It was determined that 2 µL of broth concentrate in 20 µL 
reactions and 5 µL of broth concentrate in in 50 µL reactions was not inhibitory and still yielded 
CT values in the range of the low to mid-30s.

DETECTION LIMITS

Detection limits for the E. coli RC-PCR method were evaluated using three different flow 
cytometry sorted E. coli isolates, ATCC 11775, 33456, and 700620. E. coli 11775 is the type strain, 
and 33456 and 700620 were isolated from water. Stationary-phase cultures were flow-sorted into 
0.01 M PBS at 5 and 10 CFU per tube. The contents of each tube were added to 100 mL dilute 
PBS (~120 µS) and membrane filtered. The performance of the RC-PCR method was compared to 
a standardized agar culture method using agar selective for E. coli. Ten replicates of each sorting 
level were membrane filtered and plated on MI agar to determine their culturable concentration. 
Twenty replicates of each sorting level were membrane filtered for the RC-PCR method, and 10 
each were incubated at 37°C for 4 or 5 hours. An additional 30 replicates were held at 4°C for 48 
hours to stress the bacteria by starving them. After 48 hours the experiment was repeated for the 
stressed E. coli. The results of these experiments for each E. coli strain are shown in Tables 3.6, 
3.7, and 3.8. The RC- PCR method resulted in similar detection of fresh E. coli 11775 versus MI 
agar culture. When E. coli 11775 was stressed by storing samples at 4°C for 48 hours, the PCR 
method performed slightly better than the culture method at 10 CFU, but the MI agar method 
performed slightly better at 5 CFU. The MI agar culture method and the PCR method performed 
similarly for fresh E. coli 33456. The E. coli RC-PCR method resulted in more consistent detection 
of stressed E. coli 33456 than the MI agar culture method. Fresh E. coli 700620 was detected at 
the same rate by the MI agar culture method and the RC-PCR method, even after at 4 hours incu-
bation. For stressed E. coli 700620 at the 5-cell level, MI agar culture resulted in more frequent 
detection than RC-PCR after 4 hours, but the detection rates were identical after 5 hours. The 
RC-PCR method resulted in better detection rates than MI agar for stressed E. coli at the 10-cell 
level, even after 4 hours.

The RC-PCR method was further evaluated against two USEPA-approved methods (MI 
agar culture and Colilert-18 broth culture). E. coli BioBalls were added to dilute PBS for a final 
concentration of 1 CFU/100 mL. Thirty, 100-mL replicates were membrane filtered and plated on 
MI agar. Thirty replicates were added to 100 mL IDEXX sample bottles containing Colilert-18 
media. MI agar plates and Colilert-18 bottles were incubated at 37°C for 24 hours. Sixty, 100-mL 
replicates were membrane filtered and placed in petri dishes containing 3 ml Colitag broth. Thirty 
replicates each were incubated at 37°C for 4 and 5 hours, respectively, before being analyzed with 
the T6/T8 duplex assay. The RC-PCR method resulted in 18 positive replicates (by both T6 and 
T8) after 5 hours of incubation. Average CT values were 33.1 and 35.7 for T6 and T8, respectively. 
After four hours of incubation only 4 replicates were positive. Eighteen replicates were positive 
using Colilert-18 and MI agar culture resulted in 15 positive replicates.

FIELD EVALUATION

Surface water samples from three locations in Atlanta were collected and the concentra-
tion of naturally occurring E. coli was determined by the Colilert Quantitray-2000 method. Water 
samples were held at 4°C overnight while the concentrations were determined. Once the E. coli 
concentration was known, an amount of sample equivalent to 1 CFU was assayed by the RC-PCR 
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method using a 5-hour incubation, MI agar culture, and Colilert broth culture. Ten replicates for 
each method were analyzed. Positive colonies from MI agar plates and 2 µL Colilert broth from 
each positive bottle were analyzed using the T6/T8 duplex assay. CT values for the T6/T8 assay 
were ~16–20/15–17 and 14–28/21–29 when assaying colony picks from MI agar and Colilert 
culture broth, respectively. Those isolates or broth aliquots that didn’t amplify during PCR were 
identified as potential false positives and were given to CDC’s Escherichia, Shigella, Yersinia 

Table 3.6 
RC-PCR detection of E. coli from water samples containing 5 and 10 CFU E. coli 11775 per 

100 mL

E. coli 11775

MI agar RC-PCR

Detection 
rate Avg. CFU

Detection rate T6 avg. T8 avg.
4 hr 5 hr 4 hr 5 hr 4 hr 5 hr

5 CFU Fresh 10/10 4 10/10 10/10 36.1 32.9 35.9 32.6
5 CFU Stressed 9/10 2.2 7/10 7/10 35.8 34.2 36.1 34.5
10 CFU Fresh 10/10 7.2, 5.9 10/10 9/10 34.9 31.4 35.1 31.7
10 CFU Stressed 8/10 3.2 10/10 10/10 35.2 33.1 34.8 32.8

Table 3.7 
RC-PCR detection of E. coli from water samples containing 5 and 10 CFU E. coli 33456 per 

100 mL

E. coli 33456

MI agar RC-PCR

Detection 
rate Avg. CFU

Detection rate T6 avg. T8 avg.
4 hr 5 hr 4 hr 5 hr 4 hr 5 hr

5 CFU Fresh 9/10 1.6 8/10 10/10 34.8 32.8 35.0 32.5
5 CFU Stressed 0/10 0 6/10 6/10 36.9 34.8 37.2 33.9
10 CFU Fresh 9/10 5.3 10/10 9/10 34.4 31.8 34.1 31.6
10 CFU Stressed 1/10 0.3 4/10 9/10 37.2 33.4 36.9 33.9

Table 3.8 
RC-PCR detection of E. coli from water samples containing 5 and 10 CFU E. coli 700620 

per 100 mL

E. coli 700620

MI agar RC-PCR

Detection 
rate Avg. CFU

Detection rate T6 avg. T8 avg.
4 hr 5 hr 4 hr 5 hr 4 hr 5 hr

5 CFU Fresh 10/10 3.5 9/10 10/10 36.2 33.8 36.7 34.3
5 CFU Stressed 7/10 1.1 4/10 7/10 37.0 36.4 37.6 36.4
10 CFU Fresh 9/10 2.3 9/10 10/10 36.2 33.8 36.7 34.3
10 CFU Stressed 0/10 0 4/10 7/10 37.0 36.4 37.6 36.4
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and Vibrio Reference Laboratory for further identification. The number of positive replicates for 
each method are shown in Table 3.9, along with the average T6 and T8 CT values for the RC-PCR 
method. The RC-PCR method resulted in better detection rates than MI agar and Colilert for the 
Peachtree Creek site, but did not perform as well with water from the other sites. The positive 
Colilert replicates from every site were positive by T6/T8 assay. There were 1 and 3 colonies on 
MI agar from the Chattahoochee and Murphey Candler sites, respectively, that were negative by 
T6/T8 PCR.

At a seed level of ~1 CFU the RC-PCR method didn’t perform as well as the traditional 
culture methods at 2 of the 3 sites. However, the RC-PCR method is not limited to a 100 mL 
sample volume, so for subsequent experiments 500 mL equivalents (5 CFU) were seeded into the 
RC-PCR method, while the MI and Colilert methods were seeded with 1 CFU. The results of these 
experiments are shown in Table 3.10. As expected, increasing the sample volume resulted in higher 
detection rates for the RC-PCR method than for MI agar and Colilert broth. There were no poten-
tial false positives identified from Peachtree Creek. One MI agar colony from the Chattahoochee 
River and two colonies from Murphey Candler Lake failed to amplify using the T6/T8 assay. A 
potential false positive from a Colilert replicate from Murphey Candler Lake was also identified. 
The broth was spread plated onto MI agar to obtain isolates for further identification by the CDC 
Escherichia, Shigella, Yersinia and Vibrio Reference Laboratory. The results of this species iden-
tification are discussed in Chapter 5: Application of qPCR for Confirmation of USEPA-Approved 
Culture Results.

Table 3.9 
Surface water testing at 1 CFU E. coli per RC-PCR assay (n=10)

Location
RC-PCR

MI agar ColilertNo. positive Ave T6 CT ± SD Ave T8 CT ± SD
Peachtree Creek 8 34.5 ± 2.9 35.1 ± 3.1 6 6
Chattahoochee 4 35.5 ± 2.1 35.5 ± 2.0 3 7
Murphey Candler 2 34.3 ± 1.0 34.9 ± 3.0 5 7

Table 3.10 
Surface water testing at 5 CFU E. coli per RC-PCR assay (n=10)

Location
RC-PCR*

MI agar† Colilert†No. positive Ave T6 CT ± SD Ave T8 CT ± SD
Peachtree Creek 10 32.7 ± 1.4 32.6 ± 1.8 5 1
Chattahoochee 10 34.1 ± 2.1 35.2 ± 2.0 4 3
Murphey Candler–dock 10 32.6 ± 2.7 33.8 ± 2.3 8 9
Murphey Candler–inlet 9 32.0 ± 1.3 33.2 ± 1.2 6 5
* 500 mL tested.
† 100 mL tested.
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QUANTIFICATION

The utility of RC-PCR to estimate the concentration of E. coli in water samples was inves-
tigated. Stationary-phase E. coli cultures (ATCC 11775, 33456, and 700620) were flow cytometry-
sorted at 8 levels: 3, 6, 15, 40, 80, 300, 600, and 1,000 cells. Ten replicates of each cell level were 
sorted. The 3- and 6-cell levels were sorted directly onto a pre-wetted membrane filter. Immediately 
after sorting, the filter was placed onto a membrane filtration manifold and vacuum pressure was 
applied to mimic the force incurred during membrane filtration. The remaining cell levels were 
sorted into tubes containing 0.01 M PBS for subsequent membrane filtration. The RC-PCR method 
was carried out from this point onward using 4 hours of incubation. Five microliters of Colitag 
broth was analyzed in 50-µL reaction volumes. Five replicates of each cell level were also plated 
on TSA agar to determine their culturable concentration. The average CT values from these experi-
ments are shown in Table 3.11. There was good agreement between T6 and T8 Ct values for each 
E. coli strain, indicating that semi-quantification may be possible for different strains of E. coli in 
environmental water samples.

In the next phase of experiments, source water samples were collected from four locations 
around Atlanta. The E. coli concentration in each sample was determined on the day of collection 
using Colilert Quantitrays and the samples were held overnight at 4°C. The E. coli titers were used 
to identify appropriate sample volumes to test target E. coli levels using the RC-PCR method using 
4 hour incubation. On the day of the RC-PCR experiment, sample dilutions were assayed using 
the RC-PCR method and the sample was re-titered using Colilert Quantitrays to quantify the exact 
number of E. coli in the sample. Five microliters of Colitag broth was analyzed in 50-µL reaction 
volumes. The average CT values for each E. coli level are shown in Table 3.12.

Using data from the flow-sorted E. coli quantification experiments, linear regression was 
used to find the best fit linear equation to calculate E. coli concentration from a CT value using the 
natural log of the E. coli concentration. Because the T6 assay was more robust than the T8 assay, 
only T6 CT values were used for the regression. Figure 3.2 shows the linear regression, 95% con-
fidence limits (dark red), and 95% prediction limits (light red) for the model. The equation repre-
senting the linear regression relationship was:

Sample concentration (CFU/100 mL) = e(20.642039 – 0.5489772*CT)

Table 3.11 
Average CT values for flow-cytometry sorted E. coli (n=10)

E. coli cell 
number

ATCC 11775 ATCC 33456 ATCC 700620
T6 T8 T6 T8 T6 T8

3 36.6 36.3 34.5 36.1 35.0 38.0
6 35.0 34.7 33.0 33.5 33.1 35.7
15 34.3 34.3 31.7 32.0 31.6 34.2
40 31.8 32.0 29.9 30.2 30.1 32.9
80 30.7 31.1 29.1 29.5 28.9 31.8
300 28.3 28.6 26.6 27.0 26.2 28.9
600 27.1 27.2 26.3 26.7 25.4 28.0
1,000 27.5 27.9 25.8 26.3 24.7 27.4
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Table 3.12 
Average CT values for naturally occurring E. coli in surface water (n=2)

Location CFU
CT value

T6 T8
Peachtree Creek 6 35.3 36.6
Duck Pond 8 32.5 35.5
Peachtree Creek 15 31.6 34.1
Duck Pond 21 31.3 34.1
Chattahoochee 28 33.2 34.6
Peachtree Creek 38 26.5 29.3
Duck Pond 50 29.5 32.0
Peachtree Creek 61 29.8 30.1
Duck Pond 84 28.7 30.7
Peachtree Creek 91 28.2 30.6
Duck Pond 125 28.0 31.8
Peachtree Creek 151 27.4 29.4
Duck Pond 167 27.8 31.9
Duck Pond 209 26.8 29.2
Peachtree Creek 228 26.6 29.7
Chattahoochee 276 27.5 29.4
Peachtree Creek 303 26.3 29.1
Peachtree Creek 380 26.9 29.7
Duck Pond 418 26.3 28.5
Peachtree Creek 613 26.6 28.3
Peachtree Creek 759 24.5 26.9
Chattahoochee 1378 25.7 27.6
Peachtree Creek 1533 25.1 27.7
Murphey Candler 2046 22.9 25.4

Figure 3.2 Linear regression of T6 CT values versus natural log E. coli concentrations
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The regression equation was used to back-calculate E. coli levels for the T6 CT values presented in 
Table 3.12. Because the E. coli concentration for each sample was known, the regression estimate 
could be compared to the actual concentration to determine the accuracy of the regression analy-
sis. Table 3.13 shows the RC-PCR method CFU estimate versus the CFU count obtained Colilert 
Quanti-Trays®.

RC-PCR METHOD REFINEMENT

Detection of Non-Viable E. coli Using RC-PCR Method

During a meeting with PAC members and utilities, the question arose as to whether the 
RC-PCR method would detect non-viable E. coli in addition to or in the absence of viable E. coli. 

Table 3.13 
RC-PCR method concentration estimates for naturally occurring E. coli in surface water

Location

CFU by 
Colilert 

Quanti-Trays RC-PCR CFU
Peachtree Creek 6 4
Duck Pond 8 16
Peachtree Creek 15 27
Duck Pond 21 32
Chattahoochee 28 11
Peachtree Creek 38 443
Duck Pond 50 85
Peachtree Creek 61 72
Duck Pond 84 132
Peachtree Creek 91 174
Duck Pond 125 195
Peachtree Creek 151 270
Duck Pond 167 217
Duck Pond 209 376
Peachtree Creek 228 420
Chattahoochee 276 256
Peachtree Creek 303 495
Peachtree Creek 380 356
Duck Pond 418 495
Peachtree Creek 613 420
Peachtree Creek 759 1329
Chattahoochee 1378 688
Peachtree Creek 1533 956
Murphey Candler 2046 3199
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To evaluate this, a 10,000 CFU E. coli BioBall was completely inactivated with a low dose of free 
chlorine. Ten replicates equivalent to 1,000 CFU each were then processed using the RC-PCR 
method with one modification. Each membrane filter was placed into a petri dish containing 6 mL 
Colitag broth instead of 3 mL broth. After completely wetting the membrane filter with the broth, 
3 mL was drawn off and centrifuged to obtain a cell pellet for PCR. This pelleted time zero (T0) 
sample was frozen until the RC-PCR method was complete and the T0 and T4 (4-hr incubation) 
samples were analyzed in one PCR assay. There were no positive detections in any of the 10 
replicates at either T0 or T4, indicating that even a large number of non-viable E. coli in a sample 
would not be detected by the RC-PCR method. However, the T0 sample was incorporated into the 
RC-PCR method for the inter-laboratory validation study (Chapter 6) to collect data from a large 
number of real-world samples. In the event that some samples tested positive for E. coli at T0, the 
difference in CT values between T4 and T0 (e.g., Δ CT = 4 CT values) would provide evidence 
indicating the presence of viable E. coli in the sample.

Comparison of CT Values From 3 mL vs. 6 mL Colitag

An experiment was conducted to determine if CT values differed when 6 mL Colitag was 
used as the initial volume of broth compared to 3 mL broth. A stationary-phase culture of E. coli 
11775 was flow-cytometry sorted to obtain sort levels of 6, 15, 80, and 300 cells. Two procedures 
were performed: (1) the original procedure that used 3-mL Colitag and did not involve collecting 
T0 and T4 samples and (2) the 6-mL Colitag procedure for which T0 and T4 samples were collected. 
For this experiment, there were no E. coli detections in any of the T0 samples. CT values for the T6 
assay were similar between experiments, but assay T8 CT values were higher for the 6-mL Colitag 
experiment (Table 3.14).

Platform Comparison

In order for semi-quantification of E. coli using the RC-PCR method to be feasible, CT val-
ues obtained from various platforms should be similar. Otherwise concentration estimates would 
need to be generated by each user based on their site-specific laboratory conditions and database. 
The RC-PCR method evaluation experiments summarized in the “Quantification” section were 
analyzed on an ABI 7500 thermocycler. To compare potential real-time PCR instrument effects 
on the RC-PCR method, an E. coli 11775 stationary-phase culture was flow cytometry sorted to 
study the RC-PCR method for a range of 3–600 CFU. Each resulting RC-PCR culture was assayed 

Table 3.14 
Comparison of average CT values using 3 mL Colitag vs. 6 mL Colitag 

split into T0 and T4 aliquots (n=10)

E. coli cell number
3 mL Colitag 6 mL Colitag—split

T6 T8 T6 T8
6 35.0 34.7 34.8 37.3
15 34.3 34.3 33.2 35.5
80 30.7 31.1 30.1 32.3
300 28.3 28.6 28.6 30.6
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in triplicate using the ABI 7500, BioRad iQ5, and Stratagene thermocylers. Average T6 and T8 
CT values for each platform are shown in Table 3.15. While some individual CT values varied by 
as much as 1.8 (data not shown), when the 3 replicates were averaged there was good agreement 
between CT values between platforms.

The RC-PCR method evaluation experiments indicated that this method could be an effec-
tive alternative to traditional culture- and enzymatic-based detection methods for viable E. coli 
in water. The detection limit experiments indicated that the method enabled consistent detection 
of 10 CFU of stressed E. coli after 4–5 hours of incubation. Method develop data indicated that 
consistent detection of E. coli at a level 1 CFU/100 mL may require sample volumes on the order 
of 500 mL to 1 L, but standard membrane filtration for this volume is feasible. Depending on the 
incubation time used, real-time PCR results can be obtained within 7–8 hours (including sample 
preparation, incubation, and real-time PCR). The selection of 37°C as the incubation temperature 
for the method should also facilitate uptake of the method by water utilities that have limited 
incubation equipment that must be kept at 37°C to perform routine regulatory testing. While the 
RC-PCR can be an effective alternative to traditional, culture-based methods for detection and 
relative concentration of both stressed or low numbers of organisms, it may not be comparable 
with traditional culture methods for quantification.

Table 3.15 
Average CT values from flow-sorted ATCC 11775 on different platforms (n=3)

E. coli cell number
ABI 7500 BioRad iQ5 Stratagene

T6 T8 T6 T8 T6 T8
3 37.1 36.8 36.8 35.8 37.0 36.7
6 35.0 34.7 35.1 34.5 35.6 35.4

15 34.0 34.0 34.3 34.2 34.2 34.0
40 31.8 31.9 32.2 31.2 32.3 31.7
80 30.8 31.1 31.6 30.5 31.3 30.6

300 28.4 28.7 28.7 27.6 29.0 28.0
600 27.2 27.2 27.8 26.8 27.8 26.9
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CHAPTER 4: 
DEVELOPING A CULTURE-INDEPENDENT SAMPLE PROCESSING 

METHOD

PMA PROCEDURE

qPCR Assay Selection

The culture-independent PCR approach was investigated in conjunction with propidium 
monoazide (PMA). PMA was chosen as the technique for developing a culture-independent molec-
ular method for E. coli detection because RNA-based approaches (RT-qPCR, NASBA) were not 
effective for this project. The PMA-PCR technique has been suggested by a number of research 
groups (Nocker, Cheung, and Camper 2006; Parshionikar, Laseke, and Fout 2010; Brescia et al. 
2009) for the detection of viable cells based on membrane integrity as the viability criterion (keep-
ing PMA from inhibiting detection of the target cells). However, less data has been reported for 
the technique using real-time PCR assays than conventional PCR assays. In this project, the use 
of PMA was studied using three TaqMan assays: T6 (69-bp product), T8 (171-bp product) and T9 
(65-bp product). Amplicon length has been reported to be an important determinant for PCR assay 
responsiveness to PMA treatment, with longer amplicons producing better results (Contreras et al. 
2011). Based on the amplicon lengths, the PMA-PCR method was not anticipated to be effective 
for assays T6 and T9.

The effectiveness of PMA treatment for the T6, T8, and T9 assays was evaluated using 
viable E. coli and E. coli killed by heat treatment at 95°C for 5 minutes in a heat block. The heat-
killed cells were confirmed based on a lack of colony formation when incubated on TSA agar at 
37°C for 24 hours. In triplicate experiments, 100 µL of a stationary phase E. coli 11775 culture was 
re-suspended in 2 mL 0.01 M PBS. Three aliquots of 325 µL were transferred to light-transparent, 
1.7-ml microcentrifuge tubes (Greentree Scientific, Bloomfield, NY) (Figure 4.1). The Treated 
sample was heated at 95°C for 5 minutes and the control samples did not receive heat treatment. 
Five microliters of PMA (1 mg/mL) was added to the Treated sample and the PMA Control sam-
ple, for a final concentration of 30 µM. No PMA was added to the Untreated Control sample. All 
samples were thoroughly mixed and exposed to a blue light-emitting diode (LED) light source 
for 5 minutes (exposure provided below and above the tubes). The samples were centrifuged at 
5,000 × g for 5 minutes and E. coli cells were resuspended in 200 µL PBS followed by extraction 
of DNA and qPCR. The Untreated Control sample was included to determine the potential qPCR 
interference associated with PMA. The Untreated Control samples yielded average CT values of 
20.6 to 21.6 for the three TaqMan assays (Table 4.1). The PMA Control samples yielded average 
CT values that were not substantially different than the Untreated Controls, indicating that PMA 
did not interfere with the qPCR assays. For Treated samples, CT values for the T6, T8, and T9 
assays were 11, 16, and 9.5 cycles higher, respectively, than the PMA controls. As anticipated, the 
T8 assay was more responsive to the PMA technique than assays T6 or T9.
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Light Exposure

Additional experiments were conducted to determine whether blue LED light exposure 
was needed both above and below the sample tubes. For these experiments, an E. coli BioBall 
DNA extract corresponding to an average CT value = 36 for the T8 assay was used to evaluate 
the required light intensity for cross-linking DNA with PMA. These experiments were carried 
out according to the procedure outlined in Figure 4.1, minus the Untreated Control sample. Five 

PMA Experiments

Heat at 95°C for 2 min to kill E. coli

Expose sample to light for 15 min 

Remove PMA by centrifuging (5 min at 5,000 x g), resuspend in 200 µL PBS 

Perform real-time PCR using 2 µL template in 20 µLreactions

PMA Control 
(325 µL) 

Add 5 µL PMA

Untreated Control
(325 µL) 

Treated
(325 µL) 

No heat

No PMA 

No heat

Add 5 µL PMA

Perform DNA extraction 

Figure 4.1 Protocol for PMA experiments

Table 4.1 
Average CT values associated with PMA treatment and TaqMan assays (n=3)

Experiment condition T6 (69bp) T8 (171bp) T9 (65bp)
Heat (95°C) + PMA 32.0 36.0 30.7
No heat, PMA 21.0 20.0 21.2
No heat, no PMA 20.8 21.6 20.6
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microliters of PMA was added to 325 µL of DNA sample. The samples were exposed to the blue 
LED source for 5 minutes in a dark room by placing the microfuge tubes on the surface of a blue 
LED Transilluminator (Model No.DR-46B, Clare Chemical Research, Dolores, CO) and another 
blue LED Hand Lamp (Model No.HL32T, Clare Chemical Research, Dolores, CO) from the top 
with a distance of 10 cm (Figure 4.2). Use of blue LEDs have been reported by other researchers 
as more effective than high-wattage halogen lamps (typically 600 W) because heat is not generated 
by LEDs and the blue light efficiently activates PMA (Kennedy et al. 2011). All blue LED light 
exposures were performed for 5 minutes, and the experiment was repeated three times. Shining 
blue LED light from the top and bottom on the sample material appeared to be more effective for 
cross-linking DNA with PMA than when either single light source was used (Table 4.2).

Figure 4.2 Blue LED lamp and light box used to illuminate sample tubes

Table 4.2 
CT values associated with different blue LED exposure conditions

Sample PMA control Treated

Light exposure Top/bottom Bottom Top Top/bottom
1 36.0 Neg Neg Neg

2 35.9 40.0 40.4 Neg

3 35.9 Neg 40.9 Neg
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Detection of Low-CFU E. coli

Experiments were conducted to establish the effectiveness of the PMA procedure for 
550-CFU E. coli BioBalls. For every sample replicate, a 550-CFU BioBall was dissolved in 1 mL 
PBS and centrifuged at 5,000 × g for 5 minutes to remove the surfactants and other compounds 
associated with the BioBall production technique. The supernatant was discarded and pelleted 
material was resuspended in 325 μL PBS. The heat-treated replicate was heated at 95°C for 5 min-
utes. Five microliters of PMA was added to the heat-treated sample (“PMA + heat”) as well as 
the PMA Control sample (“No-heat, PMA Control”) that was not subjected to heat treatment. An 
untreated control sample (“No-heat, No-PMA Control”) was also included that was not treated 
with heat or PMA. This experiment was conducted in triplicate. As shown in Table 4.3, heat- 
inactivated E. coli were not detected when PMA was used (PMA + heat). Exposure of viable 
E. coli to PMA (No-heat, PMA Control) was associated with slightly higher T8 CT values versus 
samples with no PMA exposure (No-heat, No-PMA Control), indicating some inhibition of the T8 
assay when PMA was used. The data from these experiments concurred with previous experiment 
data using high titer E. coli stocks, which indicated that the PMA technique could be effective in 
conjunction with the T8 assay for establishing the presence of viable E. coli in a sample.

PMA-PCR SAMPLE PROCESSING

After establishing an effective procedure for the PMA technique, the method was incor-
porated into a sample processing protocol for recovering and detecting viable E. coli in drinking 
water samples without culture (Figure 4.3). Dechlorinated 100-mL tap water samples were spiked 
with E. coli cells from 550-CFU BioBalls. Each tap water sample was concentrated by filtra-
tion through a 0.4-µm pore size (absolute size), 47-mm diameter polycarbonate membrane (GE 
Osmonics). The membrane filter was placed in a 60-mm petri dish with the sample side facing up. 
Two milliliters of sterile PBS containing 0.2% Tween 20 and 0.2% Tween 80 was used to rinse/
desorb cells off the membrane filter by repeated pipetting. The petri dish was tilted to collect the 
rinsate, which was then transferred to a 2-mL microfuge tube and centrifuged at 5,000 × g for 
5 minutes. The supernatant was removed and pelleted cells were resuspended with 325 µL 0.01 M 
PBS. Treated samples were heated at 95°C for 2 minutes, then 5 µL PMA was added. PMA control 
samples were not heated, but received 5 µL PMA. Untreated control samples did not receive any 
heat or PMA treatment. Samples were exposed to blue LED light for 5 minutes, followed by cen-
trifugation at 5000 × g for 5 minutes. The supernatant was discarded and the cell pellet was resus-
pended in 325 µL 0.1% Tween 80 prepared in TE buffer, after which samples were centrifuged 
again at 5,000 g for 5 minutes. The supernatant was discarded and the cell pellet was resuspended 
in 25 µL of 1× PCR buffer (containing Tris buffer, KCl, and MgCl2) to enable direct testing by 

Table 4.3 
Assay T8 CT values demonstrating effect of PMA treatment for E. coli BioBalls
Run No-heat, no-PMA control No-heat, PMA control PMA + heat

1 37.5 38.4 Neg
2 37.0 37.8 Neg
3 38.1 39.8 Neg
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qPCR. Five microliters (~110 cells/reaction) was assayed directly (without DNA extraction) in 
20-µL reactions using the T8 assay.

As shown in Table 4.4, this sample processing and analytical procedure was associated 
with CT values of approximately 36.8 for viable E. coli when no PMA was used (“No-heat, 
No-PMA Control) and 37.6 when PMA was used (No-heat, PMA Control). These data again sug-
gested a slight inhibitory effect associated with the use of PMA. When recovered E. coli cells were 
heat-treated to inactivate them, the procedure resulted in non-detects. These data indicated that 
550 CFU/100 mL of viable E. coli could be readily detected in a drinking water sample using the 
PMA-PCR sample processing method. Based on the CT values obtained and an assumption that a 
∆CT value of 3.3 approximately corresponds to a 10-fold difference in template/cell concentration 
in a reaction, these results suggested that this sample processing and analytical approach could 

PMA-PCR Sample Processing and Analysis

Filter through 0.4-µm pore size, 47-mm diameter polycarbonate membrane 

Expose sample to blue LED light for 5 minutes

Remove PMA by centrifuging (5 min at 5,000 x g), resuspend cells in 325 
µL TE buffer with 0.1% Tween 80 

Perform qPCR using 5 µL template in 20 µL reactions

100 mL water sample (containing 550 CFU E. coli) 

Place filter in petri dish and desorb cells using 2 mL PBS containing 0.2% Tween 20 
& 0.2% Tween 80 

Recover rinsate, pellet cells in centrifuge tube at 5,000 x g for 5 minutes

Resuspend cells in 325 µL 0.01 M PBS, add 5 µL PMA 

Centrifuge (5 min at 5,000 x g), resuspended in 25 µL 1X PCR buffer 

Figure 4.3 Protocol outline for water sample processing, PMA treatment, and whole-sample 
analysis
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achieve method detection limits in the range of 50–100 viable E. coli per sample with no substan-
tial method modifications.

Modifications to Decrease PMA-PCR Method Detection Limit

The detection limit for the PMA-PCR method was investigated using 90- and 150-CFU 
E. coli BioBalls and 200- and 250-CFU stocks of flow cytometry-sorted E. coli 11775. Because 
the focus of these experiments was determination of the method detection limit, PMA treatment 
was not applied to these samples. Additional samples with 250 CFU E. coli were heat-killed and 
PMA treated to investigate the effect of PMA at this seed level. The target CFU level of E. coli was 
added to 100 mL dilute PBS (1:100 dilution of 0.1 M PBS) and membrane filtered. The water sam-
ples were processed in triplicate using the sample processing method outlined in Figure 4.3, with 
a few modifications. A PhAST Blue photoactivation system (GenIUL, S.L., Terrassa, Spain) was 
used for 15 minutes to activate PMA in samples (Figure 4.4). Cells from samples with and without 
PMA were subjected to centrifugation (5000 × g for 5 minutes), the supernatant was removed, and 
pellets were resuspended directly in 25 µL of 1X PCR buffer. Direct testing of the resuspended 
cells (without DNA extraction) was performed using the T6/T8/IC multiplex assay and either 5 µL 
or 10 µL of resuspended cells volume per 50-µL reaction for each of the 90-, 150- and 200- CFU 
samples. For the 250-CFU samples, 10-µL sample volumes were used. The results indicated that 
the detection limit of the PMA-PCR method was approximately 200 CFU (Table 4.5).

Figure 4.4 PhAST Blue photo labeling nucleic acids with PMA (Photo courtesy: GenIUL)

Table 4.4 
Assay T8 CT values associated with sample processing and PMA exposure procedure

run
No-heat, 

No-PMA control
No-heat, PMA 

control PMA + heat
1 36.4 37.8 Neg
2 37.2 38.1 Neg
3 36.9 37.1 Neg
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Additional experiments were performed to determine if PMA-PCR method modifications 
could effectively decrease the method detection limit. For these experiments 50, 100, and 200 CFU 
flow cytometry-sorted E. coli 11775 were seeded into 100 mL dilute PBS (1:100 dilution of 0.1 M 
PBS). The PMA-PCR procedure outlined in Figure 4.3 was performed with some modifications 
(blue LED exposure method, use of master mix to resuspend cells to enable analysis of entire 
sample). Each sample was concentrated by filtration through a 0.4-µm pore size, 47-mm diam-
eter polycarbonate membrane (GE Osmonics). The membrane filter was placed in a 60-mm petri 
dish with the sample side facing up. Two milliliters of sterile PBS containing 0.2% Tween 20 and 
0.2% Tween 80 was used to rinse/desorb cells off the membrane filter by repeated pipetting with 
intermittent shaking every 5 minutes for 20 minutes. The petri dish was tilted to collect the rinsate, 
which was then transferred to a 2-mL microfuge tube and centrifuged at 5,000 × g for 5 minutes. 
For heat inactivation experiments, the rinsate containing E. coli was subjected to heat treatment at 
80°C for 10 minutes (heat killed cells were confirmed based on a lack of colony formation when 
incubated on TSA agar at 37°C for 24 hours) and centrifuged at 5,000 × g for 5 minutes. The 
supernatant was removed and pelleted cells were resuspended with 325 µL of PBS. All samples 
were treated with 5 µL PMA, followed by thorough mixing and photo-activation using a PhAST 
Blue photo-activation system for 15 minutes. After LED exposure, the cells were centrifuged and 
the pellet was resuspended in 25 µL of ABI Environmental Master Mix 2.0 instead of a basic 1X 
PCR buffer. The entire 25 µL was added to a 50-µL T6/T8/IC multiplex reaction without prior 
DNA extraction. For the multiplex-PCR reactions, the T6 probe was labeled with FAM, the T8 
probe with Cy5 and the internal control (IC) probe with VIC. The results from these experiments 
indicated that the PMA-PCR method had a detection limit of 50 CFU when processing reagent-
grade water, with average CT values of 40.0 for T6 and 39.4 for T8 (Table 4.6). These data indicate 
that the method modification of using master mix (to resuspend E. coli cells and assay the entire 
sample volume) was effective in substantially reducing the method detection limit [from 200 CFU 
(Table 4.5) to 50 CFU (Table 4.6)].

Table 4.5 
Evaluation of E. coli method detection limits (CT values) associated with sample processing 

procedure developed for PMA-PCR method (n=3)

Component 
assay

90 CFU 150 CFU 200 CFU 250 CFU-Treated*

5 µL 10 µL 5 µL 10 µL 5 µL 10 µL
10 µL no 

PMA 10 µL PMA
T8 — — — 38.2 39.1 38.3 37.9 —

— — — — — 37.4 37.4 —
— 38.5 — — — 38.8 37.7 —

T6 — 38.9 37.8 37.1 37.2 36.8 36.2 36.9
— — 38.4 37.9 36.9 37.1 36.1 36.8
— 38.1 38.6 38.2 37.5 36.9 36.4 37.1

IC 31.8 31.7 32.5 32.7 31.9 31.6 31.7 32.1
31.6 31.5 32.6 32.4 31.4 31.1 31.1 32.0
31.9 31.9 31.9 31.9 32.8 31.4 31.7 31.1

*Heat-treated to inactivate E. coli recovered from membrane filters.
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After establishing an effective procedure for the PMA-PCR method using 100 mL dilute 
PBS, experiments were conducted to determine the detection limit of the PMA-PCR method using 
1 L of drinking water (for which detections of 10 CFU would correspond to the regulatory water 
quality standard of 1 CFU/100 mL). Flow-cytometry sorted E. coli 11775 was seeded into 1-L 
de-chlorinated tap water samples at levels of 150, 250, and 500 CFU. Each sample was processed 
according to the modified procedure described above. The results from these experiments indi-
cated that the PMA-PCR method had a detection limit of 500 CFU, or ~50 CFU/100 mL, when 
processing tap water (Table 4.7). The higher detection limit from these experiments indicated that 
the method was subject to sample processing inefficiencies and/or qPCR inhibition when 1-L tap 
water samples were tested.

Efficacy of PMA-PCR Following Various Kill Treatment Procedures

The PMA-PCR protocol used for the experiments summarized in Table 4.5 (1X PCR buf-
fer, 5 or 10 µL template) was used to evaluate the PMA-PCR method performance for detection of 
viable E. coli following more typical inactivation procedures (chlorination, starvation) in addition 
to heat treatment. For heat and chlorine treatments, E. coli 11775 was cultured overnight at 37°C 
in Luria-Bertani broth. One hundred microliters of the overnight culture was centrifuged and the 
pellet was resuspended in 2 mL PBS. The PBS-cell stocks were aliquoted in 325 µL volumes in 
light-transparent, 1.7-mL microcentrifuge tubes. One replicate was chlorine inactivated by expo-
sure to 2 mg/L free chlorine for 10 minutes and another replicate served as a control (no chlorine 
treatment). One replicate was heated at 95°C for 5 minutes and another tube served as a control (no 
heat treatment). For starvation treatment, 500-CFU stocks of flow cytometry-sorted E. coli 11775 
were stored in nuclease free water for 5 days at room temperature. No viable cells were observed 
after the 5-day period, based on a lack of colony formation when incubated on TSA agar at 37°C 
for 24 hours. Immediately after aliquoting control samples or kill treatment procedures, samples 
were treated with 5 µL of PMA, followed by thorough mixing and photo-activation using a PhAST 
Blue photo-activation system for 15 minutes. Cells were centrifuged at 5000 × g for 5 minutes 

Table 4.6 
PMA-PCR method CT values using 100 mL diluted PBS seeded with E. coli

Assay Replicate
50 CFU 100 CFU 200 CFU

Cntrl ΔT Cntrl ΔT Cntrl ΔT
T8 1 38.2 — 37.9 — 37.1 —

2 40.3 — 37.6 — 36.2 —
3 39.6 — 38.1 — 36.9 —

T6 1 39.2 40.9 38.8 39.2 36.3 37.7
2 40.6 39.7 38.7 — 36.9 37.9
3 40.1 — 39.2 39.8 37.1 37.4

IC 1 30.9 30.2 30.3 31.2 30.7 31.2
2 30.7 30.6 31.1 31.6 31.3 30.9
3 30.1 31.0 30.9 32.0 31.9 30.7

Note: Heat-treated (ΔT) at 80°C for 10 min to inactivate E. coli recovered from membrane filters.
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and the pellet was resuspended in 25 µL of 1X PCR buffer to enable direct testing. The T6/T8/IC 
multiplex was performed with 5 µL of resuspended cells in 50-µL reactions.

No-treatment controls yielded average T8 CT values of 22.3, 23.1 and 37.5 for the three 
treatments (Table 4.8). No T8 CT values were obtained for samples that were treated. No inhibition 
effect for the IC was observed for the chlorine inactivated, heat treated and starved cells. In addi-
tion, T6 assay CT values were not appreciably different between the control and treated samples 
(as observed previously, the T6 assay PCR product is short and the assay is too stable to observe 
PMA effects). These data indicated that the PMA-PCR method could differentiate between viable 
and non-viable E. coli in conjunction with inactivation processes that are relevant to drinking 
water treatment (i.e., chlorine treatment, starvation).

After establishing the detection limit for the PMA-PCR procedure and that it could be used 
to differentiate viable from non-viable E. coli related to common inactivation mechanisms relevant 
to drinking water treatment, no further work on the PMA-PCR was performed as part of this proj-
ect. While the project team focused on developing a streamlined, efficient culture-independent pro-
cedure, method detection limits for the PMA-PCR procedure were relatively high (500 CFU when 
processing 1-L tap water samples, 50 CFU when processing 100-mL diluted PBS). Development 
of a culture-independent molecular method for E. coli detection is still a desirable goal and further 
research on this approach is warranted. However, in order to meet project milestones we focused 
on the culture-dependent molecular method (RC-PCR) when planning and conducting the inter-
laboratory validation study.

Table 4.7 
PMA-PCR method CT values using 1 L tap water seeded with E. coli

Assay Replicate
150 CFU 250 CFU 500 CFU

Cntrl ΔT Cntrl ΔT Cntrl ΔT
T8 1 — — 41.8 — 38.9 —

2 — — — — 39.1 —
3 — — — — 38.6 —

T6 1 39.7 39.1 37.3 38.7 36.1 37.9
2 39.9 39.3 37.7 38.9 36.9 37.2
3 38.8 38.4 38.1 39.4 36.2 37.1

IC 1 30.7 31.6 30.9 30.8 31.3 31.3
2 30.9 31.9 30.2 30.6 29.7 31.1
3 30.1 31.1 30.1 31.2 30.4 30.9

Note: Heat-treated (ΔT) at 80°C for 10 min to inactivate E. coli recovered from membrane filters.

Table 4.8 
PMA-PCR method CT values using E. coli killed by various treatments

Treatment
T8 IC

Control Treatment Control Treatment
Free chlorine (107 cells) 22.3 Negative 30.6 32.1
Heat (107 cells) 23.1 Negative 30.9 31.8
Starvation (500 cells) 37.5 Negative 31.2 31.6
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CHAPTER 5: 
APPLICATION OF QPCR FOR CONFIRMATION OF USEPA-APPROVED 

CULTURE RESULTS

One of the simplest applications of molecular techniques for water quality testing would 
be to use molecular assays to confirm routine total coliform and E. coli culture results. During 
the RC-PCR method evaluation experiments the utility of the duplex T6/T8 assay for confirming 
E. coli culture results was evaluated. For the method to be useful, the duplex assay would need to 
correctly identify E. coli (true positive) and not amplify non-E.coli (which may be a false-positive 
for the culture method). T6/T8 sensitivity was found to be 97% (only E. coli ATCC 11303 and 
CDC 00-3003 were negative out of the 69 panel E. coli isolates tested), which suggested that the 
duplex assay would likely confirm a true positive E. coli isolate from a culture method. Non-E. coli 
panel isolates that resulted in false-positive detections for any of the qPCR assays were plated on 
MI agar or inoculated into 100 mL Colilert broth. The results were compared to the specificity 
data for the T6/T8 duplex assay (Table 5.1). The data indicate that T6/T8 duplex would have good 
specificity for confirming positive results from an E. coli culture/enzymatic test procedure, unless 
the bacteria causing the positive results are Shigella. However, cross-reactions with Shigella spp. 
(being human pathogens) were not considered a disadvantage for a molecular test for E. coli.

The T6/T8 duplex assay resulted in false-positive detections of three non-E. coli isolates, 
E. aerogenes, E. fergusonii, and E. vulneris. Although these isolates did not result in false-positive 
detections using culture methods, the T6/T8 CT values were evaluated for these isolates taken 
directly from MI agar and Colitag and Colilert broth cultures. E. aerogenes 13048, E. fergusonii 
35471 and E. vulneris 33821 were cultured overnight in TSB. E. coli 11775 was included as a 
control. The cultures were membrane filtered onto MI agar to determine the concentration and 
obtain colonies for PCR testing. The next day, culture dilutions were adjusted to 3 and 30 CFU 
and inoculated into Colitag broth plates and Colilert broth bottles. The Colitag broth plates were 
incubated for 5 hours and the Colilert bottles were incubated overnight. After the Colilert broth 
incubations, 2 µL was assayed using the T6/T8 duplex assay in 20-µL reaction volumes. Colonies 
on MI agar were picked from the agar plate using a pipette tip and added directly to the PCR reac-
tion tube. E. coli 11775 colonies from MI agar yielded CT values ~17, but non-E. coli isolates 
from MI agar plates were negative using the T6/T8. Colitag cultures of E. coli 11775 resulted in 
CT values ~33, but no cross-reactions were observed from the non-E. coli isolates. When 2 µL of 
E. coli 11775 Coliert broth was tested, CT values were ~21. The 3-CFU Colilert broth bottles for 
the non-E. coli isolates showed no growth, so PCR testing was not performed. The Colilert broth 
bottles for 30-CFU E. fergusonii showed no growth, but the E. aerogenes and E. vulneris bottles 
showed yellow growth without fluorescence. However, the T6/T8 assay was negative for these iso-
lates. The results from these experiments demonstrated that the three false-positive isolates for the 
T6/T8 assay did not cross-react with the Colilert and MI agar assays, which would preclude con-
firmatory testing. Thus, the T6/T8 assay would not be expected to result in false-positive E. coli 
results when performed in conjunction with these culture techniques.

In Chapter 3, experiments were described comparing the RC-PCR method with USEPA-
approved culture methods for surface waters. Briefly, water samples containing 1-5 CFU of nat-
urally-occurring E. coli were processed by the RC-PCR method, membrane filtration using MI 
agar culture, and Colilert broth culture. Detection rates for the RC-PCR method were compared 
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Table 5.1 
Comparison of MI agar, Colilert, and TaqMan assays for detection of non-E. coli

Species ATCC or CDC ID MI agar Colilert T6/T8
Aerococcus viridans 700406 NEG NEG NEG
Citrobacter freundii 8090 NEG TC NEG
Enterobacter aerogenes 13048 TC TC POS
Escherichia albertii 08-3643 TC TC NEG
Escherichia albertii 09C-3117 TC NEG NEG
Escherichia blattae 29907 TC NEG NEG
Escherichia fergusonii 35469 TC TC NEG
Escherichia fergusonii 35471 TC TC POS
Escherichia fergusonii 35472 TC TC NEG
Escherichia hermannii 33650 TC TC NEG
Escherichia hermannii 80-1000 TC TC NEG
Escherichia hermannii 84-460 TC TC NEG
Escherichia vulneris 33821 TC TC POS
Klebsiella pneumonia 13883 TC TC NEG
Pseudomonas aeruginosa 15442 NEG NEG NEG
Pseudomonas aeruginosa 15692 NEG NEG NEG
Salmonella enterica subsp. enterica 14028 TC NEG NEG
Salmonella enterica subsp. enterica 19585 TC NEG NEG
Shigella boydii 8700 TC NEG POS
Shigella boydii 04-3512 TC NEG POS
Shigella boydii 05-3487 EC NEG POS
Shigella dysenteriae 01-3254 EC EC NEG
Shigella dysenteriae 03-3408 TC NEG NEG
Shigella sonnei 04-3353 EC NEG POS
Shigella flexneri 29903 TC NEG POS
Shigella flexneri 02-3267 TC NEG POS
Shigella flexneri 03-3493 TC NEG POS
Shigella sonnei 04-3039 EC EC POS
Shigella dysenteriae 04-3533 EC NEG POS
Plesiomonas shigelloides 2010N4036 TC NEG NEG
Proteus vulgaris 13315 TC NEG NEG
Photobacterium damselae 33537 TC NEG NEG
Aeromonas hydrophila 43414 NEG NEG NEG
Vibrio mimicus 33653 TC TC NEG
Vibrio parahaemolyticus 33844 TC NEG NEG
Enterobacter cloacae 2010N4033 TC TC NEG

(continued)
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with detection rates for MI agar and Colilert culture. All positive MI agar colonies and Colilert 
broths were tested using the T6/T8 duplex PCR assay to evaluate the performance of the assay for 
confirming USEPA-approved culture method results. In total, 7 of 78 MI agar colonies and 1 of 
44 Colilert broths failed to amplify during PCR and were identified as potential false positives for 
these culture methods. The isolates were given to CDC’s Escherichia, Shigella, Yersinia and Vibrio 
Reference Laboratory for further identification. The results of the species identification for each 
isolate are listed in Table 5.2. Two isolates, Buttiauxella agrestis and Klebsiella planticola, were 
confirmed as false-positives for the MI agar culture method. However, the remaining 6 isolates 
were identified as E. coli, and as such were considered false-negatives for the T6/T8 PCR assay.

The 6 false-negative isolates for the T6/T8 assay were analyzed with the T2, T9, and T10 
assays. Only the T10 assay (targeting the tnaA gene, which codes for tryptophanase production) 

Table 5.1 (Continued)
Species ATCC or CDC ID MI agar Colilert T6/T8
Proteus mirabilis 1042-81 TC TC NEG
Vibrio alginolyticus 33838 TC NEG NEG
Vibrio vulnificus 27562 TC TC NEG
Yersenia intermedia 2010N4003 TC NEG NEG
Yersenia pestis A1122 NEC NEG NEG
Vibrio cholerae 2164-78 TC TC NEG
Ochrobactrum anthropi 49188 NEG NEG NEG
Pantoea agglomerans 27988 TC NEG NEG
Sphingomonas paucimobilis BAA-1092 NEG NEG NEG
Staphylococcus warneri 49454 NEG NEG NEG
Corynebacterium glutamicum 13032 NEG NEG NEG
Rahnella aquatilis 33071 NEG NEG NEG
MI agar: TC = cream colonies, EC = blue colonies.
Colilert: TC = yellow broth, EC = yellow broth that fluoresces with UV light.

Table 5.2 
Species identification for MI agar and Colilert broth positive isolates 

that were negative using T6/T8 PCR
Water source Culture method Species 
Chattahoochee MI agar E. coli
Murphey Candler MI agar E. coli
Murphey Candler MI agar E. coli
Murphey Candler MI agar Buttiauxella agrestis
Murphey Candler - dock MI agar E. coli
Murphey Candler - dock MI agar E. coli
Murphey Candler - dock Colilert E. coli
Chattahoochee MI agar Klebsiella planticola
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amplified all 6 isolates, the remaining assays failed to amplify any of the isolates. In addition, the 
B. agrestis and K. planticola isolates failed to amplify with the T10 assay. Because the T10 assay 
performed similarly to the T8 assay during the PCR method evaluation phase (Table 5.3), the T6/
T10 duplex PCR assay was chosen instead of T6/T8 for confirmation of USEPA-approved positive 
cultures.

Table 5.3 
Diagnostic characteristics T8 and T10 PCR assays using bacterial panel DNA

Assay
Specificity 

(%)
Sensitivity 

(%)
False negative rate 

(%)
False positive rate

(%)
T8 73 100 0 27
T10 80 99 1.5 20
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CHAPTER 6: 
INTER-LABORATORY VALIDATION STUDY

CDC collaborated with seven participating water utilities to organize and conduct a 6-month 
inter-laboratory validation study (Table 6.1). Before the validation study began, CDC transferred 
the RC-PCR method to the participating utilities for proficiency testing and method evaluation. 
During the validation study the RC-PCR method was used each week, in conjunction with the total 
coliform/E. coli culture method used by each laboratory (Table 6.2), to monitor finished water and 
distribution system water for E. coli and to estimate the quantity of E. coli in source water. Each 
utility analyzed five samples per week: one source water sample, one finished water sample, and 
three distribution system samples. In addition, on a monthly basis each lab also used a 30-CFU 
E. coli BioBall to seed 1 L of finished and distribution system water to compare detection rates 
between their USEPA-approve culture method and the RC-PCR method for detecting 3 CFU of 
E. coli in 100-mL samples. Detection rate data (for finished and distribution system water samples) 
and quantification data (for source water samples) were used to determine the sensitivity of the 
molecular method versus USEPA-approved culture methods.

Output from this inter-laboratory study included: (1) data comparing detection rates 
between the RC-PCR method and USEPA-approved culture methods for finished water and dis-
tribution system water samples, (2) data comparing the RC-PCR method with USEPA-approved 
methods culture for quantification of E. coli in source water, (3) user feedback on the utility, ease-
of-use, and performance characteristics of the RC-PCR method.

RC-PCR METHOD EVALUATION

The RC-PCR method protocol, based on the experiments described in Chapter 3, was trans-
ferred to the participating water utilities. Briefly, a water sample was membrane-filtered and the 
filter placed into a petri dish containing 6 mL Colitag broth. Before incubation, 3 mL was drawn 
off to serve as a T0 aliquot. After a 4 hour incubation at 37°C, the T0 and T4 aliquots were centri-
fuged at 10,000 × g for 3 minutes (which required double-loading one microcentrifuge tube), and 
all but 50 µL of the supernatant was removed. Five microliters of the concentrated culture broths 
were added directly to 50-µL PCR reactions using the T6/T8/IC multiplex assay. Several utilities 
did not have thermocyclers that were capable of distinguishing between three fluorophores, so 
these utilities did not include the internal control in their PCR assays. All RC-PCR method-specific 
reagents and materials were supplied by CDC to each participating laboratory. T0 and T4 aliquots 
were assayed to ensure that only viable E. coli was detected by the RC-PCR method. For a sample 
to be considered positive, T4 CT values had to be ≥ 4 CT values lower than T0 CT values, which 
would indicate the presence of viable E. coli. T0 and T4 aliquots were assayed in triplicate and a 
sample was considered positive if 2 of 3 replicates for each target had CT values <42.

Over a 3 month period each of the participating utility laboratories conducted experiments 
to evaluate the RC-PCR method and become proficient in the method before the validation study 
began. Each laboratory was asked to conduct four basic activities:
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• Practice T6/T8/IC multiplex PCR assay using positive control E. coli DNA template 
at three levels:
 – Undiluted template
 – Template diluted 1:10
 – Template diluted 1:100

Table 6.1 
Participating water utilities and drinking water sources

Utility Water source
Metropolitan Water District of Southern California 
(MWDSC)

Colorado River, San Joaquin Bay/Delta, and ground 
water from multiple regions

Mohawk Valley Water Authority Hinckley Reservoir, West Canada Lakes 
(impoundments of the West Canada Creek)

San Francisco Public Utilities Commission 
(SFPUC)

Primary: Hetch Hetchy Reservoir; Secondary: 
Calaveras and San Antonio Reservoirs, and Sunol 
Filter Galleries (ground water)

Southern Nevada Water Authority, Las Vegas 
Valley Water District (LVVWD)

Lake Mead (primary source) and ground water from 
Las Vegas Valley aquifer

Charlotte-Mecklenburg Utilities Lake Norman and Mountain Island Lakes 
(impoundments of the Catawba River)

City of Phoenix Water Services Department Salt River, Verde River, Colorado River, and ground 
water

PUB Singapore Bedok, Kranji and Marina Reservoirs, and a lake 
located in the western area

Table 6.2 
USEPA-Approved total coliform/E. coli culture methods and real-time thermocyclers used 

by participating utilities

Utility
USEPA-approved total coliform/E. coli method Real-time PCR 

ThermocylerSource Finished/distribution
Utility 1 Colilert/Quantitray Finished: Colilert

Distribution: Colitag
Stratagene MX3000P

Utility 2 Colilert-18/Quantitray Colilert-18 ABI 7500
Utility 3 Standard Method 

9222B/9222G
Standard Method 
9222B/9222G

RAPID

Utility 4 USEPA 1604 (MI agar) mEndo agar Bio-Rad CFX96
Utility 5 Colilert-18/Quantitray Colilert-18 ABI 7900
Utility 6 Colilert/Quantitray or 

Standard Method 92221
Colisure ABI StepOne Plus

Utility 7 Colilert/Quantitray Colilert/Quantitray Bio-Rad CFX96
Note: Utilities have been de-identified when reporting information related to water testing. The listing order shown 
in Table 6.2 is different than the listing order shown in Table 6.1.
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• Test non-seeded source water sample (5 replicates)
 – Filter 100 mL source water, conduct RC-PCR method and lab culture method

• Test finished water and distribution system samples seeded with 30 CFU/100 mL 
E. coli (1 replicate each water type)
 – Collect 200 mL water
 – Seed sample with two 30-CFU BioBalls
 – Conduct RC-PCR method for 100 mL sample
 – Conduct lab culture method for remaining 100 mL sample

• Test 4 finished water and 4 distribution system samples seeded with 3 CFU/100 mL 
E. coli (4 replicates each water type)
 – Collect 1 L of water
 – Add one 30-CFU BioBall to 10 mL 0.01 M PBS
 – Add entire volume of PBS to water sample
 – Conduct RC-PCR method for 4 100-mL replicates
 – Conduct lab culture method for 4 100-mL replicates

 
After completing these activities, the utilities provided feedback to CDC about the performance of 
the method, ease of use, time required to complete the method, and recommendations for protocol 
revisions. Overall, the utilities found the RC-PCR method to be straightforward and easy to carry 
out. The most criticized aspect of the method was the double centrifugation required to process the 
entire 3-mL volume of Colitag broth.

The results of the RC-PCR method evaluation experiments for unseeded source water are 
shown in Table 6.3. It was anticipated that the source waters at each utility would contain detect-
able levels of E. coli, however no E. coli was detected by either the RC-PCR method or the lab 
culture method at Utility 1 or Utility 2 during this testing period. For Utility 5, where the median 
E. coli concentration was 71.7 CFU/100 mL, the RC-PCR method resulted in the same number of 
detections as the lab culture method. For Utility 4, the RC-PCR method and the lab culture method 
had comparable results. For Utility 3 and Utility 6, the RC-PCR method resulted in fewer E. coli 
detections than the culture method. However, the median E. coli concentration was low at Utility 
3, which could partly explain the discrepancy. Additionally, Utility 3 used a RAPID thermocycler, 
which only allows 20-µL reactions (thus 2 µL template), so the sensitivity on this instrument was 
reduced. For Utility 6, the E. coli concentration was unknown, so it was difficult to determine if 
the RC-PCR method truly did not perform well or the E. coli concentration was near the detection 
limit.

When 30 CFU of E. coli was seeded into finished and distribution system water, both 
the RC-PCR method and the lab culture method were positive (Table 6.4). Neither the RC-PCR 
method nor the culture method consistently detected 3 CFU E. coli seeded in finished and distribu-
tion system water. Out of 40 finished and distribution system water samples that were seeded with 
~3 CFU E. coli, the RC-PCR method resulted in 22 detections and culture methods resulted in 30 
detections.

The RC-PCR method results for unseeded source water and seeded finished and distribu-
tion system water represented the first attempts by utilities to perform the RC-PCR method. During 
and after the method evaluation activities, lab analysts reported any problems and requested trou-
bleshooting assistance. The RC-PCR detection efficacy was anticipated to improve after the utili-
ties were made aware of potential problems, became proficient in the protocol, and optimized the 
PCR assay for their thermocyclers.
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INTER-LABORATORY VALIDATION STUDY

Based on their results from the RC-PCR method evaluation experiments, a couple of the 
water utility laboratories suggested incubating the RC-PCR broth culture for 5 hours before pro-
cessing for analysis. The other utilities were queried and none indicated that culturing for 5 hours 
versus 4 hours would represent a problem for performing the method in their lab. For the inter-
laboratory validation study, two substantive changes were made to the RC-PCR protocol:

• 5 hour incubation of RC-PCR Colitag cultures instead of 4 hour incubation to decrease 
method detection limit (change made based on utility lab feedback)

• Duplex PCR assay targeting uidA/tnaA genes (T6/T10) instead of uidA/mdh (T6/T8) 
genes to increase the sensitivity of the assay (change made based on research reported 
in Chapter 5)

Table 6.3 
Results for non-seeded source water testing

Utility
RC-PCR 
positive

RC-PCR CTs (4-hr) Culture method 
positive

Culture method 
median CFUT6 T8

Utility 1 0/5 NA NA 0/5 NA
Utility 2 0/5 NA NA 0/5 NA
Utility 3 0/7 NA NA 7/7 3
Utility 4 5/10 31.5 31.4 7/10 2
Utility 5 5/5 30.6 31.9 5/5 71.7
Utility 6 1/5 31.8 38.6 5/5 ND
Utility 7 ND ND ND ND ND
NA: Not applicable.
ND: No data, utility performed P/A testing.

Table 6.4 
Number of E. coli detections for seeded method evaluation experiments 

(n = 1 for 30 CFU experimeints, n = 4 for 3 CFU experiments)

Utility

30 CFU 3 CFU
Finished Distribution Finished Distribution

RC-PCR Lab RC-PCR Lab RC-PCR Lab RC-PCR Lab
Utility 1 1 1 1 1 3 4 4 4
Utility 2 1 1 1 1 ND ND ND ND
Utility 3 1 1 1 1 2 4 0 3
Utility 4 1 1 1 1 2 4 4 3
Utility 5 1 1 1 1 1 2 0 4
Utility 6 1 1 1 1 3 2 3 0
Utility 7 ND ND ND ND ND ND ND ND
ND: No data.
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While a single centrifugation step would be simpler than the double-centrifugation step required 
by the 3 mL Colitag broth volume, this volume was required to completely cover the membrane 
filter during incubation so it remained part of the RC-PCR protocol.

The scope of work (Appendix D) and the final protocol for the RC-PCR method 
(Appendix  E) were sent to the participating utilities and weekly testing began in October and 
November 2012. During the inter-laboratory validation study, each laboratory used the RC-PCR 
method and their standard USEPA-approved culture method to test five 100-mL water samples (1 
finished water, 3 distribution system water, and 1 source water) for E. coli each week. As a qual-
ity control check, once per month each utility lab seeded a 1-L sample of finished or distribution 
system water with a 30-CFU E. coli BioBall and tested three 100-mL aliquots using the RC-PCR 
method and another three 100-mL aliquots using their culture method.

Initially, utilities were asked to save any positive RC-PCR method enrichments or lab 
method cultures from the weekly testing. Later, utilities were asked to save any suspect-positive 
RC-PCR method enrichments as well. Suspect-positive samples were defined as being positive (i.e. 
2 of 3 replicates positive) for only one gene target. Cultures were shipped to the CDC Escherichia, 
Shigella, Yersinia and Vibrio Reference Laboratory Unit for species identification. The bacterial 
identification analyses were planned to determine the specificity of the molecular method. Utilities 
were also asked to use the T6/T10/IC PCR assay to confirm E. coli culture-positive results from 
routine finished water and distribution system water testing and to collect and save these cultures 
for species ID by CDC.

Samples that were positive for E. coli by both the RC-PCR and culture methods were used 
to create a linear regression equation that could be used to predict the original E. coli concentration 
in a sample using T6 CT values. During the validation study, no finished or distribution samples 
were E. coli-positive using the lab culture method, so only source water data was available for the 
linear regression.

Results from the weekly testing for finished and distribution water are presented in Table 6.5. 
Representative amplification curves for high-CT value samples are presented in Appendix F. As 
expected, there were very few E. coli detections. For the 616 samples tested by the seven utilities, 
none were positive for E. coli using USEPA-approved culture methods, while 11 samples (1.8%) 
were likely positives (both gene targets positive) by the RC-PCR method. A further 28 samples 
(4.5%) were considered to be suspect positives (one gene target positive) by the RC-PCR method.

Results from the weekly testing for source water are presented in Table 6.6. This testing 
resulted in E. coli detections in 52% (87/167) of samples using USEPA-approved culture methods. 
By comparison, the RC-PCR method yielded confirmed positives for 76/167 (46%) of samples and 
suspected detection for a further 21/167 (13%) of samples. These data indicated that the RC-PCR 
had similar detection sensitivity compared to USEPA-approved culture methods if increased signal 
(CT value) observed for either (or both) the T6 or T10 component assays were used as evidence of 
the suspected presence of E. coli in a water sample.

Out of 103 finished and distribution system samples seeded with 2-3 CFU/100 mL E. coli, 
93 samples (90%) were positive by the lab culture method while 81 (79%) were positive by the 
RC-PCR method (Table 6.7). It is important to note that Table 6.7 reflects only detection rates for 
the RC-PCR and lab culture methods. While the RC-PCR method resulted in fewer overall detec-
tions compared to culture methods, it did not mean that the RC-PCR method always “missed” 
E. coli that the culture methods detected. For 3 samples, the RC-PCR method was positive while 
the culture method was negative. Because the E. coli concentration was so low in each 100-mL 
aliquot tested, either method could have been negative and the other method positive.

©2014 Water Research Foundation and Drinking Water Inspectorate. ALL RIGHTS RESERVED.



82

CT values from the T0 aliquot proved to be valuable for detecting viable E. coli. The over-
whelming majority of samples tested during the validation study were negative at T0. There were 7 
samples in which T0 was positive (avg. CT <42), but T5 aliquots were > 4 CT values lower. These 
samples would have been considered likely or suspect positive without the T0 data to inform the 
decision, but T0 data could be used to give additional insight for samples that resulted in anomalous 
T5 CT values. For example, during the validation study T5 CT values of 15-18 were obtained for 
a source water sample that contained 14 CFU/100 mL E. coli. Alone, such low CT values would 
indicate a very high concentration of E. coli, which this water sample did not contain. However, 
the T0 CT values were 29-31, which demonstrated that there was a background presence of E. coli 
that skewed the CT values and that only a fraction of the E. coli population was viable. The value 
of the T0 aliquot was even more apparent for the 30 samples in which the T0 aliquots were positive 
and the T5 CT values were not ≥4 CT values lower. These samples would have been considered 
suspect or likely positive if only the T5 aliquot had been assayed when in fact the E. coli present 
in the sample was not viable. The majority of these samples came from Utility 4, which used a 
BioRad CFX96 thermocylcer. It is unclear whether the high number of T0 detections was due to 
the thermocycler sensitivity or the water type.

One goal of the validation study was to identify and characterize the suspect and likely 
positive samples from distribution and finished water samples. Utilities were asked to save any 
suspect or likely positive samples in TSB/glycerol and send them to CDC for species identifica-
tion. However, because most of the labs did not perform PCR testing on the same day that samples 
were processed (electing instead to save samples as a batch to assay together the next day or later 
in the week) the samples were frozen prior to the addition of TSB/glycerol. The project team at 

Table 6.5 
Finished and distribution system test results from inter-laboratory validation study

Utility
Water 
source Sample n

RC-PCR results # pos. 
(5-hr CT value) RC-PCR 

suspect pos.
RC-PCR 

likely pos.
USEPA 

method pos.T6 T10
Utility 1 Finished 26 1 0 1 0 0

Dist. 78 0 0 0 0 0
Utility 2 Finished 26 1 1 0 1 0

Dist. 78 3 6 3 3 0
Utility 3 Finished 20 0 0 0 0 0

Dist. 60 0 0 0 0 0
Utility 4 Finished 28 5 5 6 2 0

Dist. 74 11 10 13 4 0
Utility 5 Finished 23 0 0 0 0 0

Dist. 69 1 2 3 0 0
Utility 6 Finished 21 0 0 0 0 0

Dist. 63 0 0 0 0 0
Utility 7 Finished ND ND ND ND ND ND

Dist. 50 2 2 2 1 0
Subtotal All 616 24 26 28 11 0
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CDC tried culturing these samples, but culturable E. coli could not be recovered. Additionally, the 
amount of E. coli DNA in the samples was too low to enable sequencing to be effective for con-
firming E. coli detections.

Quantification

Source water data provided an opportunity to make comparisons of E. coli concentration 
estimates between the RC-PCR method and USEPA-approved culture methods. In Chapter 3, a 
preliminary relationship between RT-PCR T6 CT values and CFU using USEPA-approved culture 
methods was reported using the following equation:

Table 6.6 
Source water results from inter-laboratory validation study

Utility n

RC-PCR results # pos  
(5-hr CT value) RC-PCR 

suspect pos.
RC-PCR  

likely pos.
USEPA  

method pos.T6 T10
Utility 1 26 13 12 3 11 15
Utility 2 25 3 2 1 2 1
Utility 3 20 8 8 4 6 12
Utility 4 28 13 10 7 8 13
Utility 5 23 21 19 2 19 19
Utility 6 21 10 8 2 8 6
Utility 7 24 24 22 2 22 21
Subtotal 167 92 81 21 76 87
Utility 5: n=22 for USEPA Method.
Utility 6: Utility measured fecal coliforms or E. coli.

Table 6.7 
E. coli BioBall-seeded water test results

Utility n RC-PCR positives Culture method positives
Median culture 
CFU/100 mL

Utility 1 18 16 17 2
Utility 2 19 15 16 2
Utility 3 9 6 7 3
Utility 4 24 19 23 2
Utility 5 18 15 17 3
Utility 6 15 10 13 NA
Utility 7 ND ND ND ND
Subtotal 103 81 93
Utility 2: n=16 for culture method.
NA: Not applicable, Utility 6 performed presence/absence culture method.
ND: No data.
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Sample concentration (CFU/100 mL) = e(20.642039 – 0.5489772*CT)

However, the CT values used to generate this equation were from 4-hour culture data. Therefore, a 
new equation was needed for the 5-hour validation study T6 CT values. All source water samples 
that were positive for both the RC-PCR method and culture methods were used to generate a new 
relationship:

Sample concentration (CFU/100 mL) = e(11.554552–0.3089581*T6 CT)

 r2 = 0.618761

Figure 6.1 shows the linear regression, 95% confidence limits (dark red), and 95% prediction lim-
its (light red) for the model using T6 (uidA gene) CT values.

A separate linear regression model was generated using T10 CT values:

Sample concentration (CFU/100 mL) = e(10.967702–0.295492*T10 CT)

 r2 = 0.54773

Figure 6.2 shows the linear regression, 95% confidence limits (dark red), and 95% prediction lim-
its (light red) for the model using T10 CT values.

Overall, T6 CT values generated a linear regression model with better predictive power 
than T10 CT values. Table 6.8 shows the mean difference between the RC-PCR E. coli CFU esti-
mate using T6 CT values and the USEPA-approved culture result for each utility. The predictive 
capacity of the RC-PCR model for estimating the true E. coli concentration is shown in Figure 6.3. 
The model did well at estimating an E. coli level close to the culture-derived result, with the excep-
tion of utilities 5 and 7. However, these utilities measured high E. coli levels in some samples (up 
to 900 CFU/100 mL), for which the RC-PCR model was less capable of producing an estimate 
near the true concentration.

Figure 6.1 Linear regression of T6 CT values vs. natural log E. coli concentrations using 
entire data set
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It is important to note that both the T6 and T10 regression models incorporated CT value 
data from different thermocycler platforms and water sources. Because the data set from each util-
ity was relatively small, utility-specific regression models were not created. However, it is likely 
that a regression model generated with CT values from a specific thermocycler at a laboratory 
would be more predictive.

Utility Feedback

At the end of the inter-laboratory validation study, water utilities provided feedback about 
the RC-PCR method. They answered questions from a survey and gave unsolicited feedback.

Utilities reported that the time required to complete the first half of the RC-PCR method, 
which included labeling, preparing water samples, membrane filtration, and centrifuging the T0 

Figure 6.2 Linear regression of T10 CT values vs. natural log E. coli concentrations using 
entire data set

Table 6.8 
Mean difference and standard deviation between RC-PCR estimate of 

E. coli CFU and culture result

Utility

Median difference between 
RC-PCR estimate and 

culture CFU Standard deviation
1 -0.40 2.09
2 ND ND
3 0.24 3.43
4 1.62 4.37
5 -6.11 91.01
6 2.38 3.18
7 -30.39 217.16

ND: No data.
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aliquots ranged from 50 minutes to 2.5 hours. The second half of the RC-PCR method included 
centrifuging T5 aliquots, thawing T0 aliquots, setting up PCR reactions and thermocycler run time. 
The time required for these steps ranged from 1 hour and 50 minutes to 4 hours. The RC-PCR 
method was developed to be completed in one day, but in practice this was not feasible for some 
utilities based on the constraints of the length of a work shift or the collection schedules for distri-
bution water samples. Distribution samples were generally received in the labs in the late morning 
or afternoon, so the utilities completed the first part of the RC-PCR method in one day, but saved 
the RC-PCR enrichments at –20°C to perform PCR the next day or a later date. The utilities were 
asked to complete the RC-PCR method from start to finish on at least one occasion to determine 
if it was feasible to perform in one day and provide feedback. Four utilities were able to achieve 
this and reported that it was possible to complete the RC-PCR method in one day, provided all 
samples were available early in the morning. The utilities reported that for a molecular protocol to 
be completed within one day, the ideal length would range from 3–9 hours. Most utilities said that 
this timeframe would be different depending on the sample type and when it arrived in the lab for 
processing.

Utilities were asked if they routinely stocked the supplies and reagents needed to perform 
the RC-PCR method. Aside from method-specific primers and probes most utilities reported that 
they have everything needed to perform the method. The exceptions were Colitag, BioBalls for 
quality control seeding, and an internal control (if applicable).
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Figure 6.3 Predictive capacity of RC-PCR model for estimating actual E. coli concentrations
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Problematic or time-consuming aspects of the RC-PCR method were identified. One utility 
found that using a new membrane filter cup for each sample was a problem because they had a lim-
ited number. Another utility suggested that re-use of filter cups could be a potential source of car-
ryover DNA contamination. Several utilities reported that the double centrifugation step required 
to process the entire 3-mL volume of Colitag broth was inconvenient and that the incubation step 
was too long and took up too much of the workday. The laboratorians suggested that the incubation 
step be shortened to facilitate completion of the RC-PCR method in one day. One utility suggested 
that using larger centrifugation tubes would eliminate the need for double centrifugation of the 
Colitag enrichments. Another utility suggested decreasing the volume of Colitag to 4 mL, which 
would allow for a one-step centrifugation of 2 mL at each timepoint. Overall, utilities did not find 
the RC-PCR method to be difficult, but was more labor intensive than a traditional culture method.

During the validation study utilities were asked to confirm any E. coli-positive routine 
culture results from finished or distribution system samples using the multiplex PCR assay. Only 
one utility reported a positive sample during routine monitoring and confirmed that this sample 
was positive with the multiplex PCR assay. Other utilities reported that they did not confirm results 
with the PCR assay, presumably because no finished or distribution samples tested positive during 
this period. However, over half of the utilities would consider using the PCR assay to confirm a 
culture result, but generally only for finished or distribution system water and not source water. 
One utility that would not use the PCR assay to confirm a culture result explained that they con-
sider a positive culture to be confirmed as is, and there would be no need to do additional testing.

The majority of utilities said that the RC-PCR method would be most useful for emer-
gency response, in which contamination was known or suspected. In those situations the RC-PCR 
method could produce results well before a traditional culture method. Because the RC-PCR 
method requires a full workday to complete, most utilities said the method would be more useful 
for routine monitoring if samples were available for testing early in the morning. This would be the 
case if finished water could be tested separately from distribution system water or if distribution 
system samples could be or needed to be held overnight.

Utilities were asked about the potential benefits of molecular methods for drinking water 
monitoring. All utilities believed that molecular methods in general could be valuable tools for 
drinking water monitoring, either for pathogen detection, biofilm evaluation, or daily tasks. 
Molecular methods for daily tasks must be short enough to accomplish within the working day. 
For evaluation of biofilms, there was a concern that low numbers of target microbes and inhibition 
could be problematic for molecular methods. Every utility was interested in molecular methods for 
pathogen detection, specifically for microbes in which traditional culture or identification meth-
ods take a long time. Utilities were also asked if an E. coli molecular method was better suited as 
a confirmation for culture results (PCR assay only) or as a rapid method for detection of viable 
E. coli (full RC-PCR method). Two labs reported that an E. coli PCR assay would be more useful 
for confirmation of culture results. The rationale for this for one utility was that if a culture method 
required a second agar and incubation step to confirm a coliform positive a PCR assay would 
provide results more quickly. One utility believed the full RC-PCR method was the most useful 
application. Two utilities reported that each protocol could be useful for different situations.

RC-PCR Method Cost

On a per sample basis, the cost of the RC-PCR method used in the inter-laboratory valida-
tion study is approximately $17.50, which includes 3 PCR replicates for the T0 and T5 samples. 
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The cost of the RC-PCR method would decrease to $15.70 if a 50-mL serological pipette is not 
used for sample volume measurement and would decrease a further $2.60 (to $13.00) if the ABI 
internal control is not used (i.e. if a thermocycler has only two fluorescence channels). These 
costs encompass all the consumables and reagents required to complete the method from start to 
finish, assuming that reusable filter cups are used for membrane filtration. The cost estimate does 
not include positive control E. coli stocks, since the price of a laboratory-grown culture would 
vary widely from a commercial QC product such as a BioBall. The price estimates were based on 
reagents and consumables that were used for this study. For comparison, the cost of a Colilert-18 
presence/absence test is $8.10 and the cost of membrane filtration using MI agar is $10 (two rep-
licate plates). All of these estimates could vary based on lab-specific supply choices and different 
brands or vendors.
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CHAPTER 7: 
SUMMARY AND CONCLUSIONS

The goal of WRF Project 4238 was to collaborate with water utility laboratories to evalu-
ate whether molecular testing can be of value for monitoring water quality associated with their 
operations, with a specific focus on detection of viable E. coli in source water, finished water and 
distribution system drinking water.

DEVELOPING QPCR ASSAYS FOR E. COLI

During the first phase of the Project 4238, eighteen molecular assays were screened. 
Selected assays were optimized to identify the assay or combination of assays that provided the 
most sensitive and specific detection of E. coli. Several candidate TaqMan assays (T2, T6, T8, T9, 
and T10) proved to have sufficient sensitivity and specificity for further investigation. Of the four 
NASBA assays investigated, only one assay (N1) produced characteristic amplification curves. 
However, the N1 assay was difficult to optimize and failed to amplify all E. coli isolates tested. 
Three RT-PCR assays were identified for testing, but only one assay was evaluated to determine 
the feasibility of RNA assays for E. coli. It was determined that background E. coli in commercial 
reverse-transcriptase stocks used for this project undermined the utility of RT-PCR assays. The 
FRET PCR assay (F7) provided sufficient sensitivity for E. coli detection. The potential benefit 
of the FRET PCR technique is its ability to potentially discriminate between pathogenic and non-
pathogenic E. coli using melt curve analysis. However, the FRET melt curves were unable to 
distinguish non-pathogenic E. coli from pathogenic E. coli and other cross-reacting species. The 
molecular beacon assay (MB5) also provided adequate sensitivity and specificity. However, as no 
single assay was sensitive or specific enough to be used alone, multiplex assays were investigated. 
Because the molecular beacon and FRET assays could not be multiplexed, the best-performing 
TaqMan assays were chosen for multiplexing. Duplex and triplex combinations were evaluated 
using T6 as the anchor assay. While both duplex and triplex assays provided adequate sensitivity 
and specificity, a duplex assay was chosen as it would allow for the addition of an internal control 
(making it effectively a triplex assay). For thermocycler platforms in which only two channels 
were available, the IC could be removed from the assay. During the method development phase 
of Project 4238, the T6/T8 assay was identified as the best duplex combination for further project 
work.

DEVELOPING A CULTURE-DEPENDENT SAMPLE PROCESSING METHOD

A rapid-culture PCR method (RC-PCR) was developed that combined a short term cul-
ture step with the duplex PCR assay to enable detection of viable E. coli within one working 
day. Briefly, a water sample was membrane-filtered and the filter placed into a petri dish contain-
ing 6 mL Colitag broth. Before incubation, 3 mL was drawn off to serve as a T0 aliquot. After a 
4 hour incubation at 37°C, the T0 and T4 aliquots were centrifuged at 10,000 × g for 3 minutes 
(which required double-loading one microcentrifuge tube), and all but 50 µL of the supernatant 
was removed. Two microliters of the concentrated culture broths were added directly to 20-µL 
PCR reactions using the T6/T8 duplex assay. The RC-PCR method could reliably detect 5 CFU 
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E. coli within 4 hours, and could detect as few as 1 CFU E. coli. Even E. coli stressed by starvation 
and naturally occurring E. coli in surface waters were reliably detected by the RC-PCR method. 
Assay T6 CT values and original E. coli concentrations in raw samples were used to create a 
linear regression model. Using T6 CT values, this model could be used to estimate the original 
E. coli concentration in a water sample. The regression model was further revised during the inter- 
laboratory validation study.

DEVELOPING A CULTURE-INDEPENDENT SAMPLE PROCESSING METHOD

A culture-independent sample processing method (PMA-PCR) was developed that allowed 
for detection of viable E. coli without a prior culture step using propidium monoazide (PMA). PMA 
is able to penetrate the cell membrane of dead cells and bind to DNA, making it unavailable for 
amplification during PCR. Briefly, a 1-L water sample was filtered through a 0.4-µm membrane, 
the cells were desorbed from the membrane and centrifuged. Cells were resuspended in PBS, PMA 
was added, and the samples were exposed to blue LED light to cross-link the PMA. In the final 
modification of the method, the PMA was removed by washing and samples were resuspended in 
25 µL of PCR mastermix. The entire 25 µL was added to a 50-µL T6/T8/IC multiplex reaction 
without prior DNA extraction. The PMA-PCR method was found to work best in conjunction with 
the T8 assay because of its longer product length versus the other TaqMan assays evaluated in this 
project. The PMA-PCR method was completed in less time than a traditional culture method or the 
RC-PCR method. It was also found to work equally well for cells that were killed with heat, free 
chlorine, and starvation. However, the detection limit of the PMA-PCR method was relatively high 
(50 CFU/100 mL PBS and 500 CFU/L tap water) and required filtration of a large sample volume 
to achieve adequate cell numbers.

QPCR FOR CONFIMATION OF USEPA-APPROVED CULTURE RESULTS

One of the most straightforward applications of molecular testing for water utilities would 
be to use molecular assays to confirm routine total coliform and E. coli culture results. Non-E. coli 
panel isolates that resulted in false-positive detections for any of the qPCR assays were assayed 
using MI agar, Colilert broth, and the T6/T8 duplex assay. The T6/T8 assay resulted in false-posi-
tive detections of three non-E. coli isolates, E. vulneris, E. aerogenes, and E. fergusonii. However, 
these isolates did not test positive by Colilert broth or MI agar, which would preclude confirmatory 
testing. During method development experiments with surface waters, the T6/T8 assay was used to 
confirm all positive samples from Colilert broth and MI agar plates. Seven of 78 MI agar colonies 
and one of 44 Colilert broths failed to amplify and were identified as potential false positives for 
these culture methods. Species identification revealed that two isolates were false positives, but the 
remaining 6 isolates were identified as E. coli, and as such were considered false-negatives for the 
T6/T8 PCR assay. The isolates were tested using the T2, T9 and T10 assays and only T10 correctly 
identified each of them. Further Project 4238 work was carried out using the T6/T10 duplex assay.

INTER-LABORATORY VALIDATION STUDY

An inter-laboratory validation study was conducted in which the seven participating 
water utilities would perform the RC-PCR method in parallel with their USEPA-approved culture 
method. CDC transferred the RC-PCR method to the participating utilities for proficiency testing 
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and method evaluation. During the validation study the RC-PCR method was used each week, 
in conjunction with the total coliform/E. coli culture method used by each laboratory to monitor 
finished water and distribution system water for E. coli and quantify E. coli in source water. Each 
utility analyzed five samples per week: one source water sample, one finished water sample, and 
three distribution system samples. The RC-PCR method performed comparably to the lab culture 
method for source water samples and seeded QC samples in which E. coli was known to be pres-
ent. Detection rates in finished and distribution system water could not be compared because there 
were no E. coli detections using the lab culture method during the validation study. However, using 
the RC-PCR method, 1.8% of the samples were identified as likely positive for E. coli, and a fur-
ther 4.5% were suspect positive. Assay T6 CT values and known E. coli concentrations were used 
to create a linear regression model that could be used to estimate unknown E. coli concentrations 
in future samples. This model was found to slightly underestimate culturable E. coli concentra-
tions, but could be refined with a larger database or lab-specific database. The participating utilities 
reported that the RC-PCR method was easy to perform, but the main drawbacks of the method 
were the hands-on time required and the total length of time required to complete the method. All 
of the utilities believed that molecular testing could add value to drinking water monitoring and 
that the T6/T10/IC multiplex assay and the full RC-PCR method could be valuable tools for certain 
applications.
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CHAPTER 8: 
RECOMMENDATIONS TO UTILITIES

The overarching goal of this project was to evaluate the potential value of molecular testing 
to water utilities for routine water quality monitoring by focusing on the one microbial analyte—
E. coli (in conjunction with total coliforms)—for which water utilities perform routine monitoring. 
The concept of value was addressed through performance goals (e.g., sensitivity of detection to 
meet the current regulatory standard of 1 CFU/100 mL) end-user priorities (e.g., time required, 
ease of use, cost). One of the drivers in developing a molecular method for E. coli—and one of the 
established advantages of molecular testing versus culture testing—was a desire to develop a rapid 
method to obtain test results the same day that samples are collected to enable utilities to rapidly 
respond to detected contamination events. The project team focused a lot of effort on culture-
independent molecular techniques because these have the potential for generating test results in the 
shortest turnaround time. We focused on RNA-based techniques (NASBA, RT-PCR) because RNA 
detection has been suggested as an indicator of cell viability based on its relatively higher suscep-
tibility to degradation versus DNA when cells are damaged and non-viable (Widmer, Orbacz, and 
Tzipori 1999). However, the NASBA technique is relatively expensive and did not produce con-
sistent results in this study. RT-PCR assays also were not effective, primarily due to the presence 
of E. coli nucleic acid in reverse-transcriptase stocks, which led to false-positive results that could 
not be overcome through sample or reagent processing.

Multiple PCR-based techniques and assays have been reported in the literature and in this 
project report for the detection of E. coli. Many of these techniques could be effective for detect-
ing the presence of E. coli in water utility samples. However, data from this project demonstrate 
that utility laboratories should be cautious when employing molecular assays to monitor drinking 
water for E. coli. There are multiple sources of potential E. coli false-positive results, including the 
presence of E. coli DNA in molecular reagents (especially enzyme stocks) and the potential cross-
reactivity with non-E. coli bacteria. The duplex TaqMan PCR assay developed in this project (the 
T6/T10 assay) was found to be effective in minimizing potential false-positive results and increas-
ing confidence that positive results truly reflected the presence of E. coli in a sample. Confidence 
in the assay results was increased by the targeting of two different genes (uidA and tnaA), the use 
of replicate assays (and requiring that at least 2 of 3 replicate assay result in CTs ≤ 42 for a sample 
to be positive), and the use of an internal control for quality control.

The culture-independent molecular method developed in this project was not able to 
achieve a detection sensitivity to meet current regulatory standards for E. coli (1 CFU/100 mL). 
The lowest detection limit achieved was 50 CFU/100 mL, but this was for a reagent-grade PBS 
control; detection limits were an order of magnitude higher for 1-L tap water samples. To achieve 
method detection limits comparable to 1 CFU/100 mL, it is likely that an efficient large-volume 
sampling technique, such as ultrafiltration (Smith and Hill 2009) or microfilter capsules (Hargy et 
al. 2010), will be needed.

Ensuring that molecular detections of E. coli in water samples reflect the presence of viable/
culturable E. coli is critical. In the culture-independent method, PMA was found to be effective in 
differentiating between viable E. coli and E. coli that had been heat-treated, chlorine-inactivated, 
or starved. However, the use of PMA was associated with some inhibition of qPCR. Because of the 
relatively high method detection limits associated with the E. coli PMA-PCR method developed in 
this project, we focused primarily on developing and evaluating the rapid culture-PCR (RC-PCR) 
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method to enable molecular detection of culturable E. coli within one working day. The E. coli 
RC-PCR method was found to be effective in enabling detection of E. coli in much less time than 
currently available USEPA-approved culture-based methods.

However, while the E. coli RC-PCR method yielded similar detection rates compared to 
USEPA-approved E. coli detection methods, it is not clear whether the RC-PCR method can be 
used to estimate E. coli concentrations with the accuracy and precision of USEPA-approved meth-
ods. The RC-PCR method relies on converting CT values to numerical concentration estimates 
using a logistic regression equation developed from a database relating CT values to concentra-
tions. The data reported in this project indicate that the RC-PCR method yielded highly variable 
CT results; estimates made using the developed model were subject to wide confidence intervals. 
The variability in these estimates may be inherent to the method or may be due in part to the incor-
poration of data from diverse water sources and multiple laboratories using different thermocycler 
platforms.

While the RC-PCR method was subject to limitations, the inter-laboratory validation study 
resulted in valuable data and user feedback from water utility lab scientists. These data and feed-
back helped to clarify a number of recommendations for utilities.

ROUTINE MONITORING FOR E. COLI USING MOLECULAR TESTING

In general, water utility laboratories seem satisfied with the types of simple, low-cost  
culture-based techniques that are currently available and approved by USEPA for regulatory water 
quality monitoring. A molecular method would need to be similarly simple and inexpensive, and 
yield results within a few hours, to be considered a viable alternative for routine water quality 
monitoring for E. coli. And, of course, the molecular method would need to produce results that 
confidently indicate the presence of viable/culturable E. coli. The ability to yield E. coli concen-
tration estimates is also desirable. This set of performance criteria will be difficult for molecular 
assays to meet for routine monitoring of E. coli in finished and distribution system water samples. 
Feedback from water utility scientists in this project was in concurrence with survey results in 
previous Water Research Foundation Projects (#3108 and #3110; Hill et al. 2010 and Nocker et 
al. 2009, respectively), which indicated that water utility laboratories were interested in molecular 
testing techniques for testing water for the presence of pathogens and biofilm-associated microbes.

For routine testing of drinking water for E. coli, the most straightforward application of 
molecular testing would be to use the multiplex TaqMan assay developed in this project to assay 
cultures from total coliform and E. coli culture tests. Such confirmation testing could be useful to 
confirm whether E. coli were present in a drinking water sample.

In addition, while not a routine application of molecular testing, the RC-PCR method could 
be useful for testing drinking water samples as part of emergency response activities when known 
or suspected contamination is present. The RC-PCR method is membrane filtration-based, so the 
method could be used if/when more sensitive detection of E. coli is needed and larger sample vol-
umes tested.

INCREASING CONFIDENCE IN TEST RESULTS

In general (whether testing for E. coli or other microbes), to increase confidence in positive 
real-time PCR test results it is recommended that replicate assays be performed. At a minimum, 
duplicate reactions are recommended, but triplicate reactions can be useful when discrepant results 
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may be obtained (which is often the case for water samples because pathogens and fecal indica-
tors are likely to be present at low concentrations near the limit of detection for molecular assays). 
It is also recommended that analysts use assays that target more than one gene target, especially 
when cross-reactions are a particular concern (as is the case with E. coli testing). For the RC-PCR 
method, the incorporation of a “time zero” (T0) sample, and requirement that CT values be ≥ 4 CT 
values lower for T5 reactions, helped increase confidence that positive RC-PCR results accurately 
indicated the presence of culturable E. coli.

It is also critical that analysts use appropriate controls, as recommended by USEPA for 
PCR analysis of environmental samples (USEPA 2004). Such controls include positive controls 
having known CT values, negative (no template) controls, and an internal control. While use of 
an internal control is not required to enable interpretation of molecular testing results, use of such 
controls is considered a best practice to enable confirmation that reagents were properly prepared 
and the instrument was functioning properly. When large-volume samples are tested using molecu-
lar methods, it is also advisable to use internal or external controls to evaluate potential PCR (or 
RT-PCR) inhibition.

DETECTING CULTURABLE/VIABLE E. COLI

This is a critical criterion for a monitoring method for E. coli. The PMA technique worked 
in principle (differentiated viable E. coli from heat-inactivated, chlorine-inactivated, and starved 
E. coli) but the method requires specialized equipment, is relatively labor-intensive, and may 
be associated with a small, but measurable amount of qPCR inhibition. The RC-PCR method 
overcomes the inherent limitation of PCR for detecting viable cells by incorporating a short-term 
culture step. Laboratories implementing this technique can use the 5-hr incubation protocol that 
was used in the inter-laboratory validation study, but may also use a slightly longer incubation to 
achieve higher detection rates when E. coli concentrations are low or cells are injured.

QUANTIFICATION USING QPCR

In general, the use of CT values for estimating microbial concentrations in water samples 
is subject to some uncertainty regarding the accuracy and precision of this approach, especially 
related to variability inherent in assay amplification efficiencies, inhibition from environmental 
constituents, and conversion of logarithmic-based CT values to arithmetic-based concentration 
estimates. This variability is likely exacerbated in conjunction with amplification variability asso-
ciated with the culture procedure in the RC-PCR method, which is likely impacted by the health 
status of E. coli and water constituents that co-concentrate on membrane filters. Laboratories wish-
ing to estimate E. coli concentrations using the RC-PCR method can use the regression equation 
reported from the validation study, or may want to develop their own lab- and site-specific data-
base under the assumption that this would lead to better concentration estimates for their testing.

COST AND LABOR

The cost of the RC-PCR method is approximately $17.50 per sample, including triplicate 
T0 and T5 reactions, but could be as low as $13.00 if a 50-mL pipette is not used and if a com-
mercial internal control is not used. This cost level is higher than the typical $8–$10/sample cost 
associated with many commercial culture-based methods such as Colilert-18 or agar culture using 
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MI agar. However, the RC-PCR method can be completed within one working day, provided the 
samples are available in the morning. The RC-PCR method is more labor intensive than USEPA-
approved culture methods, but hands-on time varies with the number of samples that are analyzed 
at one time. There are three steps that require analyst time: membrane filtration and T0 centrifuga-
tion, T5 centrifugation, and PCR setup. The cost and labor-intensiveness of the RC-PCR method 
may be prohibitive for routine monitoring of drinking water, but feedback from participating water 
utility scientists indicated that the method could be useful for emergencies or when contamination 
is known or suspected. In addition, the duplex PCR assay could be used to confirm culture results 
from USEPA-approved methods, which would cost approximately $11.00 per sample (with use of 
an IC).
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APPENDIX A: 
BACTERIAL ISOLATES FOR SPECIFICITY TESTING

Pathogenic E. coli Non-pathogenic E. coli
ExPEC/NMEC/UPEC E. coli B (ATCC 11303)
E. coli O18:H7 E. coli type (ATCC 11775)
E. coli O18:H7 E. coli C (ATCC 13706)
E. coli O4:H5 E. coli C3000 (ATCC 15597)
E. coli O4:H5 E. coli (ATCC 33456, water isolate)
E. coli O6:H31 E. coli CN-13 (ATCC 700609)
E. coli O6:H1 E. coli (ATCC 700620, water isolate)
E. coli O1:H7 E. coli Famp (ATCC 700891)
E. coli O7:Nonmotile E. coli (ATCC BAA-1159, water isolate)
E. coli O157:H18
E. coli O7:Nonmotile Non-E. coli
E. coli O6:H1 Aerococcus viridians (ATCC 700406)

Aeromonas hydrophila (ATCC 43414)
ETEC Citrobacter freundii (ATCC 8090)
E. coli (CDC B4106-1) Corynebacterium glutamicum (ATCC 13032)
E. coli (CDC 00-3258) Enterobacter aerogenes (ATCC 13048)
E. coli (CDC 00-3279) Enterobacter cloacae (CDC 2010N4033)
E. coli (CDC 99-3165) Enterobacter dissolvens (ATCC 23373D)
E. coli (CDC E2539-C1) Escherichia albertii (CDC 08-3643)
E. coli (CDC EDL903) Escherichia albertii (CDC 09C-3117)
E. coli (CDC H10407) Escherichia blattae (ATCC 29907)
E. coli (CDC TX1) Escherichia fergusonii (ATCC 35469)

Escherichia fergusonii (ATCC 35471)
STEC Escherichia fergusonii (ATCC 35472)
E. coli O111:H8 Escherichia hermannii (ATCC 33650)
E. coli O111:Nonmotile Escherichia hermannii (CDC 80-1000)
E. coli OUndertermined:H27 Escherichia hermannii (CDC 84-460)
E. coli O157:H7 Escherichia vulneris (ATCC 33821)
E. coli O103:H2 Klebsiella pneumoniae (CDC 153883) 
E. coli O157:H7 Ochrobactrum anthropi (ATCC 49188)
E. coli O121:H19 Pantoea agglomerans (ATCC 27988)
E. coli O145:Nonmotile, urea-pos. Photobacterium damselae (ATCC 33537)
E. coli O45:H2 Plesiomonas shigelloides (CDC 2010N4036)
E. coli O45:H2 Proteus mirabilis (CDC 1042-81)
E. coli O26:H11 Proteus vulgaris (ATCC 13315)
E. coli OUndetermined:H12 Pseudomonas aeruginosa (ATCC 15442)
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E. coli OUndetermined:Nonmotile Pseudomonas aeruginosa (ATCC 15692)
E. coli O60:H8 Rahnella aquatilis (ATCC 33071)
E. coli O121:H19 Salmonella enterica subsp. enterica (ATCC 14028)
E. coli O26:H11 Salmonella enterica subsp. enterica (ATCC 19585)
E. coli O111:H8 Shigella boydii (ATCC 8700)
E. coli O157:H7 Shigella boydii (CDC 04-3512)
E. coli O157:H7 Shigella boydii (CDC 05-3487)
E. coli O157:H7 Shigella dysenteriae (CDC 01-3254)
E. coli O157:H7 Shigella dysenteriae (CDC 03-3408)

Shigella dysenteriae (CDC 04-3533)
EAEC Shigella flexneri (ATCC 29903)
E. coli O126:H27 Shigella flexneri (CDC 02-3267)
E. coli O111:H2 Shigella flexneri (CDC 03-3493)
E. coli O125:H9 Shigella sonnei (CDC 04-3353)
E. coli O62:H30 Shigella sonnei (CDC 04-3039)
E. coli O16:H7 Sphingomonas paucimobilis (ATCC BAA-1092)
E. coli O91:H31 Staphylococcus warneri (ATCC 49454)
E. coli O44:H18 Vibrio alginolyticus (ATCC 33838)

Vibrio cholerae (CDC 2164-78)
EIEC Vibrio mimicus (ATCC 33653)
E. coli O22:Nonmotile Vibrio parahaemolyticus (ATCC 33844)
E. coli O28ac:Nonmotile Vibrio vulnificus (ATCC 27562)
E. coli O121:Nonmotile Yersinia intermedia (CDC 2010N4003)

Yersinia pestis A1122
EPEC
E. coli O127:NM
E. coli O55:H6
E. coli O111:H2
E. coli O55:NM
E. coli O119:H6
E. coli O128:H1
E. coli O86:H34
E. coli O111:NM
E. coli O127:H6
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APPENDIX B: 
NUCLEIC ACID EXTRACTION PROTOCOL

MATERIALS

1. 1.7-mL RNase/DNase free microcentrifuge tubes
2. Nucleic acid-binding silica columns
3. 2-mL collection tubes

REAGENTS

1. Nuclease Free (NF) water
2. 20% sodium dodecyl sulfate (SDS) (Fisher BP1311-200)
3. Sodium polyphosphate (Sigma 305553)
4. 3M Sodium acetate, pH 5.5 (Ambion 9740)
5. EDTA (0.5 M)
6. Polyadenylic acid (PolyA)
7. 70% molecular grade ethanol
8. 50% molecular grade ethanol
9. TE buffer (pH 8) (Ambion AM9858)

PROCEDURE

1. Prepare EcoLysis buffer reagents
a. Add 12.5 mL TE buffer to 25 mg PolyA for 2 mg/mL final concentration, store at 

–20°C
b. Add 10 mL NF water to 10 g sodium polyphosphate for 10% final concentration, 

store at 4°C
2. Prepare 200 mL lysis buffer, store at room temperature

NF water     156 mL
20% SDS     20 mL
10% Sodium polyphosphate   10 mL
Sodium acetate     10 mL
EDTA     2 mL
PolyA (2 mg/mL)   2 mL

3. To each 1.7-mL microcentrifuge tube add 5 µL of bacterial stock (from glycerol stock) 
and add 195 µL NF water.

4. Add 200 µL lysis buffer to microcentrifuge tube and mix by pipetting.
5. Vortex briefly for 15 seconds to mix and centrifuge at 8,000 rpm for 30 seconds.
6. To enhance extraction, incubate sample at 95°C for 5 minutes using heat block.
7. Centrifuge the tube at 8,000 rpm for 30 seconds to collect any condensation in the cap.
8. Transfer 400 µL (total volume) to a nucleic acid-binding silica column in a 2-mL col-

lection tube.
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9. Place collection tube with silica column in a microcentrifuge and spin at 8,000 rpm 
for 1 minute.

10. Discard the filtrate from the collection tube, then place silica column back into the 
collection tube.

11. Add 500 µL 70% molecular grade ethanol to the silica column.
12. Place silica column and collection tube in a microcentrifuge and spin at 13,200 × g 

(RCF) for 1 minute.
13. Discard the filtrate from the collection tube, then place silica column back into the 

collection tube.
14. Add 500 µL 50% molecular grade ethanol to the silica column.
15. Place silica column and collection tube in a microcentrifuge and spin at 13,200 × g 

(RCF) for 3 minutes.
16. Dispose of collection tube in an autoclave bag.
17. Place the silica column in a new 1.7-mL microcentrifuge tube, label appropriately as 

this is the final tube that will be used for storage.
18. Add 200 µL TE buffer to the silica column.
19. Centrifuge silica column at 8,000 rpm for 1 minute.
20. Remove silica column from microcentrifuge tube, keep microcentrifuge tube with 

filtrate and dispose of silica column in an autoclave bag.
21. Measure DNA extraction yield with NanoDrop ND-3300.
22. Aliquot 100 µL DNA extract for archival storage in –80°C.
23. Use the remaining 100 µL stock to make DNA extract dilutions as appropriate for 

working stocks and qPCR.
24. Store stock, dilutions, and final dilution working stock extracts in –20°C freezer for 

future use. Dilutions can be used if needed to create new working stocks.
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APPENDIX C: 
EXAMPLE QPCR WORKSHEETS

TAQMAN ASSAY 

Lab Analyst ______________________________ Date _______________________

PCR SET-UP (Add all reagents in the following order): Reaction volume 20 µL 

(Change number of reactions in cell C1, then highlight the remaining column cells and Press F9 to update) 

Number of Reactions 1 10 Added Comments 
MM 2x     (µL)

(µL)
(µL)
(µL)
(µL)
(µL)
(µL)

10 100 
10 µM Fwd primer   0.5 5 
10 µM Rvs prim 0.5 5 
2 µM Probe 1 10 
Nuclease-free water   6 60 
DNA 2 
Total volume (excludes DNA) 18 180 
Mastermix Completed ( )  STRIP TUBES ( )/ TUBES ( )/ 96 WELL PLATE ( ) Dye ( FAM ) 

Aliquot 18 µL mastermix into each tube. Then add 2 µL nucleic acid extract, 2 µL DNA for each positive control 
reaction, and 2 µL reagent grade water for the negative control for each assay, for total reaction volumes of 20 µL. 

PCR Conditions: One cycle of denaturation at 95° C for 10 min, followed by 45 cycles of denaturation at 95° C for 
5 sec, annealing, fluorescence acquisition, and extension at 60° C for 30 sec. 

1 2 3 4 5 6 7 8 9 10 11 12

g q

A 

B 

C 

D 

E 

F 

G 

H 

Instrument: _________________ Master Mix Lot #/ID:________________ 
T6 Threshold:_______________  T10 Threshold:_____________
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FRET ASSAY

Lab Analyst ______________________________ Date _______________________

PCR SET-UP (Add all reagents in the following order): Reaction volume 20 µL 

(Change number of reactions in cell C1, then highlight the remaining column cells and Press F9 to update) 

Number of Reactions 1 10 Added Comments 
MM 2X     10 100 
10 µM Fwd primer   0.75 7.5 
10 µM Rvs primer   0.25 2.5 
4 µM Probe (5’ LC640) 0.5 5 
4 µM Probe (3’ FAM) 0.5 5 
Nuclease-free water   6 60 
DNA 2 20 
Total volume (excludes DNA) 18 200 

Aliquot 18 µL mastermix into each tube. Then add 2 µL nucleic acid extract, 2 µL DNA for each positive control 
reaction, and 2 µL reagent grade water for the negative control for each assay, for total reaction volumes of 20 µL. 

PCR Conditions: One cycle of denaturation at 95°C for 10 min, followed by 45 cycles of denaturation at 95°C for 5 
sec, annealing and fluorescence acquisition at 55°C for 15 sec, extension at 72°C for 15 sec. Melt curve: 95°C for 30 
sec (2.2 ramp), 45°C for 30 sec (2.2 ramp), 80°C continuous (0.11 ramp). 

1 2 3 4 5 6 7 8 9 10 11 12

( p) ( p) ( p)

A 

B 

C 

D 

E 

F 

G 

H 

GTC:____________   Instrument:____________ Master Mix Lot #/ID:________________

(µL)
(µL)
(µL)
(µL)
(µL)
(µL)
(µL)
(µL)
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APPENDIX D: 
SCOPE OF WORK FOR INTER-LABORATORY VALIDATION STUDY

INTENT OF METHOD

The rapid culture-PCR method allows for same day detection of viable E. coli cells in 
water. After a 5-hour incubation in modified Colitag broth, E. coli cells are recovered and con-
centrated by centrifugation. Five microliters of the cell suspension is subjected to a duplex PCR 
assay using primers targeting the uidA and tnaA genes. To call a sample a confirmed positive, both 
gene targets must be detected; detection of only one gene target results in a “suspected positive” 
result. A negative result is determined when neither gene target is detected. For the purpose of this 
study, a gene target is “detected” when triplicate reactions yield at least two CT values that are 
≤42. The uidA Ct values associated with positive samples will be used by CDC to estimate E. coli 
concentrations in the water samples, which will be compared to the concentration that the utility 
lab determined using their USEPA-approved method (“reference” method).

6-MONTH STUDY PERIOD (THROUGH APRIL 2013)

Weekly Activities

1. Perform RC-PCR method in conjunction with lab’s culture-based reference method 
for 5 water samples/week (1 source water, 1 finished water and 3 distribution system 
samples)
a. Source water results

i. CDC will compare E. coli detection and concentration data from utility ref-
erence method with RC-PCR method detection and quantitation estimates 
(based on uidA CT value)

b. Finished and distribution system results
i. RC-PCR negative and reference method negative

1. No further action—discard RC-PCR cultures and reference method cultures
ii. RC-PCR positive and reference method positive (E. coli or total coliform 

positive)
1. Add remaining RC-PCR T5 culture broth to TSB/glycerol cryotube pro-

vided by CDC
2. Save growth from reference method culture

a. If broth, add 800 µL to 200 µL glycerol in cryotube provided by CDC
b. If agar, scrape each colony from plate using an inoculating loop and 

place in separate TSB/glycerol cryotubes provided by CDC (if many 
colonies observed, pick 5 colonies)

3. Store cultures at –80°C (or –20°C if no ultralow freezer)
iii. RC-PCR negative and reference method positive

1. Discard RC-PCR cultures
2. Save growth from reference method culture

a. If broth, add 800 µL to 200 µL glycerol in cryotube provided by CDC
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b. If agar, scrape each colony from plate using an inoculating loop and 
place in separate TSB/glycerol cryotubes provided by CDC (if many 
colonies observed, pick 5 colonies)

c. Store cultures at –80°C (or –20°C if no ultralow freezer)
iv. RC-PCR positive and reference method negative

1. Discard reference method cultures
2. Discard RC-PCR T0 culture broths
3. Add remaining RC-PCR T5 culture broth to TSB/glycerol cryotube pro-

vided by CDC
a. Store cultures at –80°C (or –20°C if no ultralow freezer)

Monthly Activities

1. Monthly: Perform RC-PCR method on 1 seeded finished or distribution system water 
sample
a. Collect 1 L water, dechlorinate
b. Seed water with 30 CFU E. coli BioBall, for a final concentration of 3 CFU/100 mL
c. Perform RC-PCR method on three 100-mL aliquots and perform reference method 

on three 100-mL aliquots

As Needed Activities

1. Save any cultures from finished and distribution water that are positive for total coli-
forms, but negative for E. coli (we want to confirm that these are not false-negative 
results for E. coli)
a. Place agar growth in TSB/glycerol or culture broth in glycerol cryotubes provided 

by CDC
b. Store at -80°C (or -20°C if no ultralow freezer)

2. On days when RC-PCR method is not performed in conjunction with utility reference 
method, confirm any E. coli-culture positive results from finished and distribution 
water with uidA/tnaA PCR assay
a. If broth, add 5 µL directly to PCR reaction tube
b. If colony, scrape some growth from plate with a 10–20 µL micropette tip and gen-

tly swirl tip in PCR reaction tube to release cells
i. If 45 µL reaction mix was added to tube, bring volume to 50 µL by adding 

additional 5 µL nuclease free water to tube
c. If colony or broth is negative by uidA/tnaA PCR assay, add to TSB/glycerol or 

glycerol and store at –80°C
3. Send frozen reference method cultures and RC-PCR cultures in batches (after Month 3 

and Month 6 of the study) to CDC for species ID.
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Output From 6-Month Study

1. Inter-method detection rates
2. Evaluation of potential false-positive and false-negative detection results for RC-PCR 

method and USEPA-approved reference methods
3. Linear regression equation and confidence intervals to calculate original E. coli con-

centration from RC-PCR CT values
4. Feedback on practicality & applicability of the RC-PCR method, and molecular test-

ing in general
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APPENDIX E: 
RC-PCR METHOD FOR INTER-LABORATORY VALIDATION STUDY

INTENT OF METHOD

The rapid culture-PCR method allows for same day detection of viable E. coli cells in 
water. After a 5-hour incubation in modified Colitag broth, E. coli cells are recovered and con-
centrated by centrifugation. Five microliters of the cell suspension is subjected to a duplex PCR 
assay using primers targeting the uidA and tnaA genes. To call a sample a confirmed positive, both 
gene targets must be detected; detection of only one gene target results in a “suspected positive” 
result. A negative result is determined when neither gene target is detected. For the purpose of this 
study, a gene target is “detected” when triplicate reactions yield at least two CT values that are ≤ 
42. The uidA Ct values associated with positive samples will be used by CDC to estimate E. coli 
concentrations in the water samples, which will be compared to the concentration that the utility 
lab determined using their USEPA-approved method (“reference” method).

Culture Reagents:

1. Modified Colitag
2. Deionized water
3. Sterile 0.01 M PBS
4. Positive control E. coli stock (~75 CFU)
5. Glycerol tubes

Culture Equipment and Supplies:

1. 100 mL IDEXX bottles
2. Membrane filtration setup

a. Filtration manifold
b. Vacuum line or vacuum pump
c. 0.01 M PBS
d. Membrane filter forceps
e. Ethanol/flame or other forceps sterilization setup

3. 0.45 µm membrane filters
4. 60-mm petri dishes
5. 37°C incubator
6. Microcentrifuge
7. Microcentrifuge tubes, 1.7 mL

PCR Reagents:

1. TaqMan Environmental Master Mix 2.0 (Applied Biosystems)
2. TaqMan® Exogenous Internal Positive Control Reagents (Applied Biosystems)
3. Nuclease-free water
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4. uidA Forward and Reverse primers at 50 µM
5. uidA Probe at 20 µM
6. tnaA Forward and Reverse primers 50 µM
7. tnaA Probe at 20 µM
8. Positive control E. coli DNA (CT ~30)

PCR Equipment and Supplies:

1. Stratagene MX3000P thermocycler
2. PCR strip tubes and caps

Culture Procedure:

1. Fill IDEXX bottle with 100 mL deionized water
2. Add entire contents of Colitag media pack and swirl to dissolve
3. Label the lids of empty petri dishes with pertinent sample information, include one 

positive and negative control
4. Add 6 mL Colitag to each petri dish
5. Membrane filter 100 mL of each water sample to be tested using a 0.45-µm membrane 

filter, using a new filter cup for each sample
6. Place filter into petri dish containing Colitag and gently swirl dish to ensure the sur-

face of filter has been wetted by the broth. Do not invert plates.
7. Membrane filter 0.01 M PBS as a negative control, place into a Colitag dish, gently 

swirl and set aside
8. Seed 100 µL of a positive control E. coli stock tube into 100 mL of 0.01 M PBS (you 

can also seed remaining 100 µL into utility reference method as a positive control, if 
needed)

9. Membrane filter the seeded positive control sample, place into a Colitag dish, gently 
swirl and set aside

10. After all samples have been filtered, immediately centrifuge 3 mL of the Colitag broth 
from each sample and controls to determine T0 E. coli presence (T0 samples)
a. Remove 1.5 mL broth from petri dish and place into a labeled microcentrifuge 

tube
b. Centrifuge at 10,000 × g for 3 minutes
c. Use a 1000 µL micropipettor to remove ~1.4 mL supernatant from the tube and 

discard
d. Add remaining broth from petri dish to the microcentrifuge tube
e. Centrifuge at 10,000 × g for 3 minutes
f. Use a 1000 µL micropipettor to remove supernatant so that the meniscus is resting 

on the 100 µL volume gradation on the tube. Use a 100 or 200 µL micropipettor 
to remove 50 µL, leaving 50 µL remaining in the tube

g. Vortex tube to resuspend the cell pellet in the remaining supernatant, store at –20°C
11. Incubate petri dishes with remaining 3 mL Colitag at 37°C for 5 hours (T5 samples)
12. Remove 1.5 mL broth from petri dish and place into a labeled microcentrifuge tube
13. Centrifuge at 10,000 × g for 3 minutes
14. Use a 1000 µL micropipettor to remove ~1.4 mL supernatant from the tube and discard
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15. Add remaining broth from petri dish to the microcentrifuge tube, discard petri dish 
and membrane filter

16. Centrifuge at 10,000 × g for 3 minutes
17. Remove supernatant so that only 50 µL remains in tube (see step 10f)
18. Vortex tube to resuspend the cell pellet in the remaining supernatant, store at 4°C dur-

ing PCR setup (or at –20°C if doing PCR the next day)
19. Save all samples at –20°C until PCR is complete and USEPA-approved reference 

method results are determined (see Scope of Work for further action to take when there 
is a discrepant result between RC-PCR and a USEPA-approved reference method)

PCR Prep:

• Store primers, probes, positive control E. coli cultures, positive E. coli DNA, nucle-
ase-free water, and glycerol tubes at –20°C

• Store 5 mL bottles of master mix at –20°C. After thawing, aliquot 5 mL bottle of mas-
ter mix into 1.7 mL tubes and store at 4°C

• Dilute primer and probe stocks 1:10 with nuclease free water to obtain working stocks 
of 5 µM primers and 2 µM probes, store working stocks at –20°C

PCR Procedure:

Analyze all samples and controls in one PCR assay, if thermocycler space allows (if ther-
mocycler space is limited, make sure to analyze paired T0 and T5 replicates in the same run)

• Assay water sample T0 and T5 aliquots in triplicate
• Assay T0 and T5 RC-PCR method positive and negative culture control aliquots singly
• Assay PCR controls singly

1. Make PCR reaction mix
a. Based on the number of samples and controls, calculate the total number of repli-

cates to be assayed—add ~5% for pipetting error
b. Input number of replicates into PCR worksheet in cell C1 (number in red)
c. Highlight column 3 and press F9—this will calculate the total volume of each 

reaction component for the assay
2. Aliquot 45µL reaction mix into PCR tubes

a. Add 5 µL template to each PCR tube (water sample concentrate, RC-PCR cul-
ture control sample concentrate, positive control DNA (CT ~30), negative control 
water)

3. Set PCR cycling conditions on thermocycler
a. Denaturation at 95°C for 10 min
b. 45 cycles: denaturation at 95°C for 5 seconds, annealing, extension, and fluores-

cence acquisition at 60°C for 30 seconds
c. Fluorophore selection: uidA—FAM, tnaA—Cy5, internal control—VIC
d. 50 µL reaction volume

4. After PCR, record uidA, tnaA, and internal control CT values and “crossing thresholds”
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Thermocycler Notes:

• You can use auto-calculated threshold values, but inspect amplification curves and 
use your judgment if you think the CT values associated with the automatic software 
threshold do not accurately reflect CT values for the run
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PCR WORKSHEET FOR E. coli real-time PCR ASSAY – TaqMan Multiplex Assay

Lab Analyst ______________________________ Date _______________________

PCR SET-UP (Add all reagents in the following order): Reaction volume 50 µL 
(Change number of reactions in cell C1, then highlight the entire column #3 and Press F9 to update)
Number of Reactions 1 10 Added Comments
MM 2X      (µL)

(µL)
(µL)
(µL)
(µL)
(µL)
(µL)
(µL)
(µL)
(µL)

25 250
uidA 5 µM Fwd/Rvs primers 2.5 25
uidA 2 µM Probe (FAM) 2.5 25
tnaA 5 µM Fwd/Rvs primers   2.5 25
tnaA 2 µM Probe (Cy5)   2.5 25
IC Target 50X   1 10
IC Primers/Probe (VIC) 10X  5 50
Nuclease-free water   4 40
DNA 5 
Total rxn vol. (excludes DNA vol.) 45 450
Reaction mix: Aliquot 45 µL of reaction mix into each tube. Then add 5 µL of RC-PCR culture, 5 µL of DNA for 
the positive control, and 5 µL of reagent grade water for the negative control for each assay, for total reaction
volumes of 50 µL. 

PCR Conditions: One cycle of denaturation at 95° C for 10 min, followed by 45 cycles of denaturation at 95° C for 
5 sec, annealing, extension, and fluorescence acquisition at 60° C for 30 sec.

Fluorophores: uidA – FAM, tnaA – Cy5, internal control – VIC

1 2 3 4 5 6 7 8 9 10 11 12

p y

A 

B 
T0 

Source 
T0 

Source 
T0 

Source 
T0 

Finshed 
T0 

Finished
T0 

Finished
T0 Dist 1 T0 Dist 1 

C 
T0 Dist 1 T0 Dist 2 T0 Dist 2 T0 Dist 2 T0 Dist 3 T0 Dist 3 T0 Dist 3 

D 
T5 

Source 
T5 

Source 
T5 

Source 
T5 

Finshed 
T5 

Finished
T5 

Finished
T5 Dist 1 T5 Dist 1 

E 
T5 Dist 1 T5 Dist 2 T5 Dist 2 T5 Dist 2 T5 Dist 3 T5 Dist 3 T5 Dist 3 

F 
T0 RC-
PCR + 

T0 RC-
PCR - 

T5 RC-
PCR + 

T5 RC-
PCR - 

PC
(E. coli
DNA)

NTC 
(NF 
H2O)

G 

H 

Instrument: ______________________ Master Mix Lot #/ID:_________________ 
uidA Threshold: ______________ tnaA Threshold: _____________ IC Threshold: _____________ 
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APPENDIX F: 
QPCR AMPLIFICATION CURVES FOR HIGH-CT VALUE SAMPLES

Utility 1

Utility 2
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Utility 3

Utility 4

©2014 Water Research Foundation and Drinking Water Inspectorate. ALL RIGHTS RESERVED.



115

Utility 5
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Utility 6

Utility 7
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ABBREVIATIONS

ABI Applied Biosystems
ATCC American Type Culture Collection

BSA bovine serum albumin

CDC Centers for Disease Control and Prevention
CFU colony forming unit
CT crossing threshold

DFWED Division of Foodborne, Waterborne, and Environmental Diseases
DNA deoxyribonucleic acid
ds double-strand

EAEC enteroaggregative E. coli
EDTA ethylenediaminetetraacetic acid
EIEC enteroinvasive E. coli
EMM environmental master mix
EPEC enteropathogenic E. coli
ETEC enterotoxigenic E. coli
ExPEC extraintestinal pathogenic E. coli

FPR false positive rate
FRET fluorescent resonance energy transfer

IC internal control

KCl potassium chloride

LED light-emitting diode
LVVWD Las Vegas Valley Water District

MCL maximum contaminant level
MCLG maximum contaminant level goal
MWDSC Metropolitan Water District of Southern California

NASBA nucleic acid sequence based amplification
NF nuclease-free
NMEC neonatal meningitis E. coli
NTC no-template control
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PBS phosphate-buffered saline
PCR polymerase chain reaction
PI principal investigator
PMA propidium monoazide
Poly(A) polyadenylic acid

QA/QC quality assurance/quality control

RC rapid culture
RNA ribonucleic acid
ROC receiver operating characteristic
RT reverse transcription
RT-PCR reverse transcription–polymerase chain reaction

SDS sodium dodecyl sulfate
SFPUC San Francisco Public Utilities Commission
STEC shigatoxigenic E. coli

TE Tris-EDTA
Tm melting temperature
TPR true positive rate
TSA tryptic soy agar
TSB tryptic soy broth

UPEC uropathogenic E. coli
USEPA United States Environmental Protection Agency
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