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Abstract

The United States Environmental Protection Agency's (EPA)! 2012 Recreational Water Quality
Criteria included an Enterococcus spp. quantitative polymerase chain reaction (qPCR) method as a
supplemental indicator-method. In 2012, performance of gPCR for beach monitoring remained
limited, specifically with addressing interference. A systematic literature search of peer-reviewed
publications was conducted to identify where Enterococcus spp. and E. coli gPCR methods have
been applied in ambient waters. In the present study, we evaluated interference rates, contributing
factors resulting in increased interference in these methods, and method improvements that
reduced interference. Information on gPCR methods of interest and interference controls were
reported in 16 papers for Enterococcus spp. and 13 papers for £. coli. Of the Enterococcus spp.
gPCR methods assessed in this effort, the lowest frequencies of interference were reported in
samples using Method 1609. Low frequencies of sample interference were also reported EPA's
modified £. coli g°PCR method, which incorporates the same reagents and interference controls as
Method 1609. The literature indicates that more work is needed to demonstrate the utility of £.
coli gPCR for widespread beach monitoring purposes, whereas more broad use of Method 1609
for Enterococcus spp. is appropriate when the required and suggested controls are employed.
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1. Introduction

Quantitative polymerase chain reaction (qPCR) methodology offers the advantage of
providing rapid detection results (26 h), allowing beach managers to make same-day
decisions to protect recreators (Griffith and Weisberg, 2011; U.S. EPA, 2018). In contrast,
water quality results for traditional culturable indicator methods are not available until 24—
48 h after sampling (Haugland et al., 2016). When using gPCR-based enumeration methods
in place of culturable indicator methods, sample interference should be assessed.
Interference is defined as any process that results in lower quantitative estimates than
expected or actual values (Haugland et al., 2012). For these methods, interference occurs
when substances in the test sample inhibit polymerase function (i.e., PCR inhibition) or
cause the DNA to be lost or unavailable for amplification interference (i.e., poor recovery of
amplifiable target gene sequences) (Haugland et al., 2012). This interference can result in
false negative results of the sample. Examples of substances causing interference include
humic acids, coral sands, calcium, and certain types of clay particles; however, there are
likely many other unidentified substances that can also contribute to gPCR interference
(Goyer and Dandle, 2012; Kirs, 2016; Opel et al., 2009; Shanks et al., 2016).

In the 2012 Recreational Water Quality Criteria (RWQC), the United StatesEnvironmental
Protection Agency (EPA) proposed gPCR Method 1611 to detect and quantify Enterococcus
spp. in ambient water on a site-specific basis (U.S. EPA, 2012a). EPA provided gPCR
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Method 1611 for states’ consideration and possible use following demonstration of the
method for beach monitoring purposes as part of the EPA National Epidemiological and
Environmental Assessment of Recreational Water (NEEAR) studies (Wade et al., 2006,
Wade et al., 2008, Wade et al., 2010). EPA’s Enterococcus spp. qPCR Method A, precursor
of the subsequently published EPA Method 1611, was significantly associated with
gastrointestinal (GI) illness in the human-impacted EPA NEEAR studies (Wade et al., 2006,
Wade et al., 2008, Wade et al., 2010). However, at the time of the publication of the RWQC
in 2012, EPA still had limited experience with the method’s performance across a broad
range of environmental conditions. Users were cautioned to be aware of the potential for
gPCR interference in various waterbodies, which may vary on a site-specific basis, and were
encouraged to conduct a site-specific analysis of the method’s performance prior to use in a
beach notification program or adoption of water quality standards based on the method.

Over time, several method adaptations, as reflected by the EPA’s migration from Method A
to Method 1611 to Method 1609, have been created to better estimate and control sample
interferences (U.S. Environmental Protection Agency (US-EPA), 2010a, U.S. Environmental
Protection Agency (US-EPA), 2012b, U.S. Environmental Protection Agency (US-EPA),
2013b). When publishing qPCR results, authors have been encouraged to use controls for
the identification of and to address the potential for sample interference (Bustin et al., 2009).

The objectives of this work are to better understand and identify: 1) where Enterococcus spp.
and £. coli qPCR methods have been applied since 2010 (the time at which information
gathering in support of the 2012 RWQC stopped); 2) the rate of interference when using
molecular methods in those waterbodies; 3) method improvements that have reduced
interference; and 4) method or water matrix attributes (e.g., turbidity) and dynamics of fecal
contamination that may continue to contribute to poor method performance or increased
interference.

2. Materials and methods

2.1. Systematic literature search and screening

A systematic literature search of the peer-reviewed literature for publications reporting
gPCR monitoring data in recreational water in PubMed (http://www.ncbi.nlm.nih.gov/
pubmed) and Web of Science was performed. The search included keywords relating to
specific indicator organisms of interest (i.e., Enterococcus spp. and E. coli), gPCR
methodology, inhibition, and source water. The full set of literature search terms is provided
in Table S1 in the Supplemental Material. The searched methods were not limited to publish
EPA methods. The literature search was limited to English language peer-reviewed citations
published between 2010 and March 2017. In support of the development of the 2012
RWQC, EPA evaluated published demonstrations on the application of gPCR in ambient
water for water quality monitoring purposes (U.S. EPA, 2018). The cut-off date for this
previous evaluation was 2010. Thus, this literature search focused on identifying studies
published after previous research conducted in support of the 2012 RWQC.

Abstracts were subject to a primary screen for relevance and included papers using
Enterococcus spp. qPCR and/or E. coli gPCR. Following the abstract screening, the full text
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of articles passing scope was reviewed to determine if ambient water samples were analyzed.
Samples spiked with the target organism were determined to be not relevant. Studies also
needed to provide information on the occurrence and/or evaluation of inhibition to be
included in the review. Relevant studies were then reviewed to obtain specific information
related to study location, sampling time, waterbody type, analytical method(s) applied, how
interference was controlled, contamination source(s) and dynamics (e.g., wet-weather),
water quality results, percent of samples inhibited, limit of quantitation, and percent
recovery.

2.2. gPCR method improvements

We read the full text of articles that passed the primary screen and identified information on
method improvements and the use of any gPCR interference controls applied to reduce
interference described by the study authors. Common gPCR interference controls include:
sample processing control (SPC); internal amplification control (IAC); dilution; ratio spiked
test matrix/spiked control matrix; and calculation using delta-delta cycle threshold (Table 1).

When available, we also reported the percentage of sample interference. The percentages of
sample interference were either reported directly by the study’s author in the paper, or
derived by calculating the percentage based on the total number of samples and the number
of samples for which interference was reported. In some cases, the percentage of sample
interference could not be identified in the paper (or was not reported for both dilution
measures), and was labeled in Table 3and Table 4 as “Not reported.”

3. Results

3.1. Literature screening and review

The literature search returned 337 unique results, of which 54 were relevant based on the
abstract screening (Fig. 1). An additional 13 studies were identified through other sources
(e.g., cited in another paper and identified via a hand search). The full-text of these 67
studies was reviewed. Upon review, some studies were determined to be out of scope for
reasons such as failure to evaluate organisms of interest to this effort or the use of spiked
samples, non-ambient water, or only non-molecular based methods. Some studies
categorized as in scope evaluated multiple organisms and/or methods of interest. A total of
32 studies included Enterococcus qPCR and 22 included £. coli gPCR (Fig. 1).

3.2. Advancements in Enterococcus spp. qPCR methods

3.2.1. EPA methods—EPA developed Method A for the detection and enumeration of
Enterococcus spp. using qPCR. EPA Method A was successfully applied to EPA’s NEEAR
study (Haugland et al., 2005; Wade et al., 2006, Wade et al., 2008, Wade et al., 2010). The
freshwater sites in the Great Lakes and four temperate marine beaches demonstrated
minimal to no interference, but the tropical marine beach site samples from Puerto Rico
exhibited significant interference (Haugland et al., 2012; U.S. EPA, 2010b). As a result,
EPA’s Method A was updated and published as EPA Method 1611. Updates included two
interference controls: 1) a requirement of the SPC assay to use Sketa 22 (a more robust
version of the original Sketa 2 assay used to detect the Salmon DNA SPC); and 2) a
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recommendation for using the IAC assay. As in EPA Method A, the method employed a
reagent called Universal Master Mix (UMM) (TagMan; Applied Biosystems, Foster City,
CA) (U.S. EPA, 2012b). However, even with these updates, EPA Method 1611 still was
found to result in high levels of interference (>10%) in inland freshwater samples, unless
samples were diluted five-fold or more (Haugland et al., 2012, Haugland et al., 2016;
Sivaganesan et al., 2014). Dilution is a standard methodological approach to lessen
interference in water samples.

To further address the potential for interference, EPA developed and published EPA Method
1609 (U.S. EPA, 2013b). Method 1609 uses a newer reagent called Environmental Master
Mix (EMM) (TagMan; Applied Biosystems, Foster City, CA) and has produced results with
lower levels of interference in undiluted samples) (Cao et al., 2012; Haugland et al., 2012,
Haugland et al., 2014, Haugland et al., 2016). The EMM provides a more sophisticated
chemistry than the previously developed UMM to amplify and analyze complementary DNA
and DNA targets in water samples with known inhibitory substances (TagMan; Applied
Biosystems, Foster City, CA). Like EPA Method 1611, EPA Method 1609 requires the SPC
interference control assay using Sketa 22 and recommends the 1AC assay.

3.2.2. Non-EPA methods—Most other g°PCR methods for measuring Enterococcus spp.
in ambient water have been applied by a single research laboratory. The exception is the
Scorpion-based qPCR assay from Noble and colleagues (Noble et al., 2010). The Scorpion
gPCR technology uses a different master mix (OmniMix, Cepheid, Inc., Sunnyvale, CA) and
processing controls (Smartbeads, Cepheid Inc., Sunnyvale, CA), and was designed to be
faster than other gPCR chemistries.

Table 2 summarizes analytical details related to reducing interference and the strategies for
controlling for interference in both EPA and non-EPA gPCR methods. The Scorpion-based
method was included in Table 2 because multiple papers evaluated the method, published by
Noble and colleagues, in ambient waters (Noble et al., 2010).

3.3. Recent application of Enterococcus spp. qPCR methods to ambient waters (2010—

2017)

Table 3 summarizes results from the 16 papers that include information on the selected
Enterococcus spp. qPCR methods.

In a national study focusing primarily on potentially problematic sites, including both
coastal fresh and marine waters and inland freshwaters, EPA Method 1609 showed an
average qPCR interference rate of 10% (range 0-22%) and 11% (range 0-24%) in undiluted
samples from nine and 12 individual temperate marine and freshwater sites, respectively,
based on the SPC and IAC controls (Haugland et al., 2016). Average interference rates from
other studies were lower (Table 3). A five-fold dilution of the water sample extracts from the
national study reduced the average interference rates to 4% and 3% for temperate marine
and freshwaters, respectively; and reduced the interference rates to acceptable frequencies
(<10%) at most sites (9/9 marine and 10/12 freshwater) (Haugland et al., 2016; U.S. EPA,
2013a).
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In contrast, EPA Method 1611 exhibited a much higher average interference rate in
undiluted samples, ranging from 18 to 53%, in studies of corresponding temperate marine
and freshwater sites. A five-fold dilution of the water sample extracts again significantly
reduced the interference rate in both freshwaters and marine waters to acceptable
frequencies (<10%) at most sites studied. For EPA’s gPCR Method A, the interference rate
is significantly higher when using Sketa 2, as compared to using Sketa 22 in Method 1611
for analyses of inland freshwater samples (Table 3).

Only one of the studies shown in Table 3 addressed the potential reason for interference in
the water samples tested (Haugland et al., 2012). Haugland and colleagues explored the
causes of the discrepancy in criterion failure rates for control assays among samples
collected from the Ohio River and Boqueron Bay (Haugland et al., 2012). Authors noted the
predominance of polymerase inhibitory compounds (i.e., calcium, iron, iron containing
compounds, and tannic acid) may have affected the amplification results of both the IAC and
SPC in the Ohio River study, whereas the presence of DNA binding compounds (i.e., humic
acid and melanin) may have affected the SPC assay results in the Boquerdn Bay study
(Haugland et al., 2012). Kinzelman and co-authors speculated that changes in environmental
conditions (e.g., turbidity) due to runoff from land during precipitation events could have
been a factor for interference in that particular study (Kinzelman et al., 2011). Additionally,
Wang and colleagues spiked qPCR reactions with organic (humic acid, 5 ng/pL) and
inorganic (calcium, 2.0 mM) matter to test their inhibitory effects on PCR reactions (Wang
et al., 2016). The study found that small concentrations of both caused significant inhibition.
Too few studies provided adequate information on fecal source dynamics to draw any
meaningful conclusions on how fecal sources might impact the likelihood of interference
(Table 3).

Overall, EPA Enterococcus qPCR (Method 1609) resulted in lower frequencies of
interference in analyzed samples, as compared to other methods (EPA Method A, Method
1611, and the Scorpion-based method). Use of the EMM and, when necessary, sample
dilution addressed interference at the nine marine and 23 (of 25) freshwater sites in 10 states
investigated in EPA studies (Haugland et al., 2012, Haugland et al., 2016; Sivaganesan et al.,
2014).

3.4. Advancements in E. coli gPCR methods

EPA has developed a draft gPCR method for £. coli (referred to as draft Method C) (U.S.
EPA, 2018). This method was first described by Chern and colleagues and uses EC23S857
primers (Chern et al., 2011). A total of three studies were identified in the literature that
referred to the use of EC23S857 primers in their methodology, including Chern and
colleagues (Chern et al., 2011). Modifications to improve the method have been made by
several study authors. In addition to using Sketa 22 for an SPC, Peed and colleagues and
Molina and colleagues used the CowM2 plasmid as an IAC, which was originally developed
by EPA researchers for bovine-specific microbial source tracking (Molina et al., 2014; Peed
et al., 2011; Shanks et al., 2008). The method also employs the EMM, which minimizes
interference. Additionally, the current EPA draft Method C calls for the use of salmon DNA
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SPC with Sketa22 assay, the IAC5 plasmid and assay for inhibition control, and 56 degrees
Celsius annealing temperature for thermal cycling.

Over the past few years, other researchers have developed qPCR methods for £. coliand
tested those methods in ambient waters, using a variety of available primers and probes
specific to £. coli (Table 4). These methods have not been directly compared to EPA’s £.
coli gPCR method in ambient waters, and thus differences in performance are unclear.

Table 4 summarizes results from the 13 papers that included information on £. co/lqPCR
methods, including EPA draft Method C. The 13 studies all illustrate low rates of
interference (<10%) (Table 4), and overall EPA draft Method C has similar performance
characteristics as EPA Method 1609. However, the number of sites and samples reported
using EPA draft Method C is significantly less than those reported using Enterococcus spp.
gPCR methods. Additionally, there are no peer-reviewed demonstrations of its use for
routine monitoring at this time.

3.5. General advancements in molecular methods

With additional development, other molecular-based enumeration tools offer promise for
microbial monitoring purposes. Digital PCR (dPCR), for example, is an emerging
technology for determining the quantity of target DNA sequences in a sample. While
traditional qPCR involves measuring DNA products in a single tube after each qPCR cycle,
dPCR partitions the sample into thousands to millions of smaller reactions that are examined
individually for binary endpoint results (presence/absence). The DNA density is then
estimated from the fraction of positives using Poisson statistics. The dPCR methodology
offers several key potential advantages over gPCR, including the elimination of standard
curves, thus reducing the labor and materials associated with regularly running batch
standards and the biases associated with calibration model variability (Wang et al., 2016).
However, it is important to note that a positive standard control is still recommended by
dPCR experts (Huggett et al., 2013). As a result, practitioners will still need to create and
maintain a standard reference material as a positive control for routine testing. The dPCR
methodology also offers improved repeatability (i.e., the precision of an assay among
replicates of the same sample over a short period of time) and reproducibility (i.e., the
consistency in results among operators, runs, or laboratories), resulting in the detection of a
1.25-fold difference in the DNA template (QPCR can typically only detect a two-fold
difference) (Cao et al., 2016a). Additional advantages may include decreased interference
rates due to sample partitioning, an increased tolerance for PCR inhibitor concentrations,
and a superior multiplexing ability (Cao et al., 2016a, Cao et al., 2016b; Wang et al., 2016).

There are also several potential limitations of dPCR, as compared to qPCR. First, given this
is a new technology, there would likely be costs associated with implementing it in a
laboratory and obtaining the necessary instrumentation and supplies (Huggett et al., 2013).
Secondly, the detectable range is smaller for dPCR, and currently the upper limit of
quantitation of dPCR is four orders of magnitude lower than that of gPCR. Thus, sample
dilution is required when measuring high concentrations of DNA targets, like those
potentially found in sewage spills (Cao et al., 2016b). Additionally, Poisson statistics require
uniformity in the partitions for accurate endpoint results. Viscous DNA, due to high
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concentrations or long templates, can result in uneven distributions, biasing the partitions
and leading to potentially inaccurate results. If double-stranded DNA is denatured into
single strands, the template is effectively increased because single-strands can occupy
different partitions, which could lead to up to a two-fold overestimation by dPCR (Cao et al.,
2016h).

4. Discussion

We reviewed the abstracts of 337 unique peer-reviewed published studies and identified a
total of 67 studies that reported water quality monitoring data collected using Enterococcus
spp. gPCR (i.e., EPA Method 1609, EPA Method 1611, Scorpion-based method, and other
methods) and/or E. coli spp. gPCR (EPA draft Method C, Scorpion-based method, and other
methods).

The use of Enterococcus spp. qPCR and the effects of sample interference were more
frequently reported in the literature than £. coli qPCR. Of the available Enterococcusspp.
gPCR methods, EPA Method 1609 had the fewest number of samples with interference (as
compared to EPA Method A, Method 1611, and the Scorpion-based method) when the
proper controls were in place (Haugland et al., 2014, Haugland et al., 2016).

Several researchers have identified environmental sources of sample interference and
proposed approaches for its mitigation. There is some indication that coral sands, silt, and
humic and tannic acids contribute to sample interference during gPCR reactions (Goyer and
Dandle, 2012; Kirs, 2016; Opel et al., 2009; Shanks et al., 2016). However, the contributions
of these compounds vary on a site-specific basis. For example, coral sands present in
Hawaii’s tropical waters have been observed to contribute to high levels of sample
interference (40-70%) (Kirs, 2016). Coral sands are believed to interfere by adsorbing DNA
during the rapid DNA extraction process making them unavailable for PCR amplification
(Kirs, 2016). A similar phenomenon was observed for kaolinite clay particles, which have
properties similar to those of coral sands (Shanks et al., 2016). The presence of silt in
samples can decrease method performance and the efficacy of the DNA extraction process
(Goyer and Dandle, 2012; Kirs, 2016). High silt levels are characteristic of samples taken
from waterbodies containing mud or influenced by stormwater and high-energy waves.
Humic and tannic acids are produced by trees in deciduous forests found in areas on the
eastern coast of the United States. Humic acid contributes to sample interference by binding
to DNA and limiting available template, while tannic acid binds to DNA and inhibits
polymerase function (Opel et al., 2009).

Much like the variability in the presence of environmental sources of interference, the
efficacy of approaches to mitigate these sources of interference varies on a site-specific
basis. Although Haugland and colleagues reported the efficacy of sample dilution and the
use of the EMM in addressing interference in inland freshwater samples, other researchers
have observed less favorable outcomes when applying these approaches in coastal marine
water samples (Cao et al., 2012; Haugland et al., 2012, Haugland et al., 2016). While
reducing the concentration of inhibitors, dilution can also potentially reduce the target
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concentration to levels below the detection limit and decrease method sensitivity (Cao et al.,
2012).

Other important considerations for g°PCR methods include sample preparation and
extraction. Improper sample preparation can introduce materials, including compounds
known or suspected to contribute to sample interference, which can create high variability
among qPCR results (Bustin et al., 2009). Utilizing the correct extraction method and
following its protocol is also important as technologies and protocols vary between methods
(Bustin et al., 2009). Different nucleic acidextraction methods may impact the levels of
interference observed in these studies as there can be variability in the binding of DNA to
extraction columns in the presence of environmental sources of interference (Guo et al.,
2009). Thus, the concentration of extracted template could vary when different extraction
methods are employed (Bustin et al., 2009).

Overall, EPA Method 1609 has a more robust performance, with no sample dilution required
in most instances, and a lower overall interference rate, as compared to other EPA methods
(Draft Method A, EPA Method 1611). Sample dilution and use of the EMM addressed
inhibition at the nine marine and 23 of the 25 potentially problematic freshwater sites in 10
states comprehensively investigated by the EPA since 2010 (Haugland et al., 2012, Haugland
et al., 2016). Based on these results, broad use of EPA Method 1609 is appropriate, when the
required and suggested controls are employed. The exception is when coral sands are known
to be present in the water. Use of the EMM, the Sketa 22 SPC assay, and optional use of the
IAC assay both reduces interference and identifies whether interference was observed in the
gPCR sample (U.S. EPA, 2018).

Based on the available literature, more work is needed to demonstrate that £. co/PCR is
also ready for use for routine water quality monitoring. Although low rates of interference
(<10%) have been reported, the number of samples and sample sites were much smaller than
those included in studies of Enterococcus spp. gPCR. Studies with larger sample sizes and
more sampling sites are needed to determine the characteristics of a sampling site where the
use of £. coli qPCR is suitable for monitoring purposes. A peer-reviewed demonstration of
the use of £. coli qPCR EPA draft Method C (the method first described by Chern and
colleagues) is needed to determine if this method specifically is suitable for use (Chern et
al., 2011; U.S. EPA, 2018). Additionally, a direct comparison between EPA’s E. coligPCR
method and other £. co/i gPCR methods that use a variety of available primers and probes
specific to £. coliis needed to determine the advantages and disadvantages of each method
in ambient waters. These analyses should include consideration of the efficacy of available
strategies on reducing the rate of interference, such as dilution.

Although our search was limited to literature published from 2010 to 2017, we acknowledge
previous analyses and monitoring efforts that utilized gPCR to assess water quality. One
relevant study not described in this effort due to its publication outside of the years included
in this literature search strategy but acknowledged in both EPA’s 2012 RWQC and 2017
Five-Year Review of the 2012 Recreational Water Quality Criteria (U.S. Environmental
Protection Agency (US-EPA), 2012a, U.S. Environmental Protection Agency (US-EPA),
2018) is Lavender and Kinzelman’s (2009) evaluation of £. coli gPCR against culturable
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methods at Wisconsin beaches. The authors reported that all five monitored sites
demonstrated some potential for interference from ambient DNA present in the waterbody
(Lavender and Kinzelman, 2009). Overall, this study demonstrated the utility of £. coli
gPCR on a site-specific basis (U.S. EPA, 2018). In addition, EPA published water quality
monitoring data in their National Riversand Streams Assessment 2008-2009 and used
gPCR to measure Enterococcus spp. (U.S. EPA, 2016). However, these analyses and
assessments generally did not address sample interference. Prior to 2010, products to
address sample interference in gPCR methodologies, such as the EMM and UMM, were
limited as this technology was still emerging. Our literature search was targeted to include
years in which published studies were more likely to include consideration of sample
interference and the utilization of advanced technology to reduce the sample interferences,
and to supplement the previous work done in EPA’s 2012 RWQC to evaluate the use of
gPCR for beach monitoring purposes.

Finally, it should be noted that there are few publications to-date that have evaluated £. coli
gPCR methods in ambient waters (Cao et al., 2015, Cao et al., 2016a, Cao et al., 2016b;
Wang et al., 2016). Thus, the method is not broadly recommended for routine monitoring, at
this time.

5. Conclusions

This systematic literature search provides insight on the progress made in demonstrating the
utility of gPCR methodologies for quantifying and enumerating Enterococcus spp. and E.
coli in ambient waters. Numerous studies demonstrating the utility of gPCR methods for the
detection and enumeration of Enterococcus spp. were identified, while only limited data are
available for £. coli. In the studies identified in this review, low levels of qPCR interference
were reported in samples collected from both coastal marine waters and coastal and inland
freshwaters for Enterococcus spp. and E. coli, respectively. One exception is the application
of these gPCR methodologies in tropical, marine waters in Hawaii (Kirs, 2016). Thus, at this
time, the use of £. coli qPCR for routine water quality monitoring should be considered on a
site-specific basis as more work is done to demonstrate its utility whereas the use of EPA
Method 1609 for the detection of Enterococcus is appropriate when the required and
suggested controls are employed.

The following is the supplementary data related to this article.
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Refer to Web version on PubMed Central for supplementary material.
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Overview of the literature review process. Some studies included in the full-text review
reported multiple organisms and/or multiple gPCR methods. Others were excluded as they

were found to be out of scope for this effort.
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