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FOREWORD
The Southern California Bight 2013 Regional Monitoring Program (Bight’13) is an integrated,
collaborative effort to provide large-scale assessments of the Southern California Bight (SCB).
The Bight’13 survey is an extension of previous regional assessments conducted every five years
dating back to 1994. The collaboration represents the combined efforts of nearly 100
organizations. Bight’13 is organized into five elements: 1) Contaminant Impact Assessment
(formerly Coastal Ecology), 2) Shoreline Microbiology, 3) Nutrients, 4) Marine Protected Areas,
and 5) Trash and Debris. This report presents the results of the shoreline microbiology portion of
the Bight’13 monitoring program.
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EXECUTIVE SUMMARY
Quantitative polymerase chain reaction (qPCR) methods have demonstrated great potential for
changing how recreational water quality is monitored, enhancing the speed to result, specificity,
and sensitivity compared to traditional culture-based methods. There are two main applications
for qPCR in recreational water quality monitoring. The first is a more rapid measurement of fecal
indicator bacteria (FIB) to facilitate timely public notification when beach water is contaminated
or a contamination event has passed. For example, U.S. EPA’s 2012 revised recreational water
quality criteria allows routine use of qPCR to measure Enterococcus spp. for rapid beach
monitoring. The second application is to identify sources of fecal pollution using host-associated
source markers. In this case, the California Microbial Source Identification Manual recommends
a suite of validated qPCR-based methods to measure fecal source identification markers for
identifying sources of fecal pollution in ambient waters.
The ability to transition these applications to practical management use relies on three aspects.
The first is feasibility of technology transfer. Despite continued advancements in the
development of qPCR-based methodologies, these tools are still primarily employed by expertusers in research labs. Furthermore, evaluative studies of the efficacy of transferring qPCR
technology to public agencies responsible for routine monitoring have been limited to relatively
small demonstration projects of short duration. Regional scale assessment of these methods
across a variety of laboratories with varying levels of familiarity with qPCR is necessary to
assess whether this technology may be realistically transitioned to end-users. Regulatory issues
are the second important aspect affecting transition success. Before granting approval of qPCR
quantification of enterococci as a replacement for culture-based monitoring of FIB, the U.S. EPA
encourages a site-specific analysis of qPCR’s performance. An implementation threshold (e.g.
for beach posting) also needs to be established based on demonstrated consistent and predictable
relationship with an EPA-approved benchmark method such as culture-based method. The third
aspect involved in transition success is technical. While the qPCR-measured host-associated
markers have been used extensively as a diagnostic tool to determine sources of fecal
contamination within watersheds, there is no framework for interpreting marker results from
routine monitoring to prioritize remediation actions amongst multiple watersheds.
The Microbiology Committee of the Southern California Bight ’13 Regional Monitoring
Program focused its efforts on addressing questions surrounding the efficacy of employing qPCR
methods in southern California with three study goals:
1. Assess the ability of laboratories conducting routine water quality monitoring in the
southern California region to employ qPCR methods.
2. Assess comparability of results between qPCR and traditional culture for measuring
Enterococcus spp. at southern California beaches.
3. Determine the management value of regional monitoring for a human fecal source marker
HF183 to prioritize sites for remediation.
To address the first goal, we evaluated the ability of eight water quality monitoring labs to
produce comparable results using qPCR. The evaluation consisted of three phases. The first was
a training workshop in which local agencies learned how to perform the qPCR methods. The
second was an intercalibration study conducted two months post-training designed to assess
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whether the proficiency demonstrated by participants at the completion of training persisted after
they returned to their home laboratories. The third phase was a long-term assessment of
laboratory performance over three subsequent years. Technology transfer of qPCR to local
monitoring laboratories was found to be feasible for both the enterococci and the HF183 qPCR
methods, with all participating labs demonstrating proficiency in performing the methods during
the intercalibration phase. However, some laboratories did not sustain their proficiency over the
3-year implementation, as indicated by a lack of repeatability and inability to consistently
produce acceptable standard curves. The higher failure rate in the long-term evaluation was
laboratory specific and appeared attributable to turnover of laboratory personnel. Our results
illustrate the need for formal lab training and accreditation programs for qPCR methods that
includes standardized training, evaluation, and certification of laboratories performing qPCR
methods for water quality monitoring.
To address the second goal, we evaluated the level of agreement between enterococci measured
in parallel by both culture and qPCR methods at 36 southern California beaches following a
formal procedure outlined in an EPA technical supporting material (TSM) document.
Approximately 50 samples were collected at each beach in dry weather during both summer and
winter seasons. Only one site in summer and three sites in winter achieved the level of agreement
required by EPA to allow replacement of the culture-based method with qPCR for posting the
beach. Matrix interference, in which constituents in environmental waters interfere with the
qPCR chemistry leading to underestimation, was not an obstacle for qPCR equivalency, nor was
laboratory performance an impediment. The lack of demonstrable agreement was largely due to
enterococci concentrations at most sites being low; even with two years of weekly sample
collection, we were not able to achieve the requisite number of samples in the quantifiable range
for most beaches. In addition, the useable measurements were mostly at the low end of the
quantification range for both methods. This produced a limited range of values, contributing to
high method variability and thus, low correlation. The few sites that did meet the EPA
requirements were ones that had concentrations that were frequently above the beach warning
thresholds. This suggests that some modification of the EPA protocols is necessary if qPCR is to
be adopted at sites that are typically clean and subject only to transient pollution events, which
are the sites where the speed advantage of qPCR is most valuable for improved public health
protection.
To address the third goal, we conducted a regional assessment of human marker prevalence
among drainages that discharge to the southern California ocean. Approximately 50 samples
from each of 22 southern California coastal drainages were collected under summer dry weather
conditions. An additional 50 samples were targeted from each of 23 drainages during wet
weather, although a drought during this period prevented us from achieving the targeted number
of samples at all wet weather sites. Samples were analyzed for the HF183 human fecal marker,
which was found to be ubiquitous across the region; it was present at all but two sites in dry
weather and at all sites during wet weather. There was considerable difference in the extent of
human fecal contamination among sites. While site rankings remained consistent regardless of
whether ranking was based on frequency of HF183 detection or on average concentration of
HF183, site ranking differed greatly between dry and wet weather. Site ranking also differed
greatly between if based on HF183 and if based on enterococci, which, unlike HF183, does not
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distinguish between human and non-human fecal contamination. Although, additional work is
needed to interpret results regarding human health impacts, these results illustrate the
management value of HF183 as a monitoring tool to enable more effective prioritization of sites
for remediation.
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CHAPTER 1. TECHNOLOGY TRANSFER
Introduction
Quantitative polymerase chain reaction (qPCR) methods offer substantial advantages over
culture-based methods for beach water quality monitoring. Most important, they yield results in
as little as a few hours, compared to up to 3 days for some culture-based methods (Ferretti et al.
2011). This rapid time to result has the potential to enhance public health protection by enabling
beach managers to notify beachgoers of unhealthful conditions prior to exposure to contaminated
waters (Ferretti et al. 2013a, Griffith and Weisberg 2011). qPCR methods are also highly
sensitive and specific and capable of measuring a wide range of targets that cannot be measured
by culture-based methods (Boehm et al. 2013, Harwood et al. 2013). As such, qPCR technology
has become a widely-used research tool in the microbial water quality community.
Most applications of qPCR for beach water testing have been conducted by researchers involved
in method development (Ahmed et al. 2016, Converse et al. 2009, Noble et al. 2010). Some
initial work has been done that demonstrates successful technology transfer to management
agencies responsible for routine monitoring (Ferretti et al. 2013b, Griffith and Weisberg 2011,
Lavender and Kinzelman 2009). Yet, these studies primarily involved a limited number of firstadopter laboratories implementing the method over a short time frame, usually a single summer.
Successful adoption of qPCR for routine use will require that all agencies operating within a
region can successfully perform these methods over multiyear time frames, across a range of
operators within each laboratory, and that results produced by one laboratory are comparable to
those produced by other laboratories operating within the region. This study evaluated the
feasibility of transferring qPCR technology to eight water quality monitoring laboratories within
the southern California region over three years, using two representative qPCR methods: The
Enterococcus qPCR method for measuring general fecal contamination, and the HF183 qPCR
method for measuring human fecal contamination.
Methods
Approach
A three-phase training and evaluation approach was used. The first phase was a training
workshop in which 14 local agencies learned how to perform the two qPCR methods. The
second phase was an evaluation study conducted two months after the training to assess whether
the proficiency participants demonstrated during the training phase persisted after they returned
to their home laboratories. The third phase was an assessment of long-term laboratory
performance, in which results from negative controls and standard curves produced by each of
eight participating laboratories were assessed over three subsequent years as they conducted
routine qPCR analyses.
qPCR methods
Two representative qPCR methods with different levels of operational complexity were used: 1)
the general fecal indicator method TaqEnviron targeting Enterococcus spp. (Cao et al. 2012) and
2) the human fecal-associated marker method HF183/BacR287 (Green et al. 2014). The
4

TaqEnviron method followed EPA1611 (U.S. EPA 2012), except that it used a master mix more
robust to inhibition (Cao et al. 2012) and 40 cycles of qPCR, as later documented in Methods
EPA1609 (U.S. EPA 2013). The Enterococcus method is less complex than the HF183 method
because it uses crude DNA extract that eliminated DNA purification steps, and it consisted of
simplex qPCR to detect Enterococcus spp. Simplex refers to measuring a single target in one
qPCR reaction, whereas duplex (described below) refers to measuring two targets in a single
qPCR reaction. Reference material for the enterococcus assay included genomic DNA from E.
faecalis (ATCC 29212) and whole cell calibrators of E. faecalis, as described in EPA protocols
(U.S. EPA 2012). A sample processing control was included for every sample, which consisted
of a simplex Sketa assay (sketa 22) to amplify salmon sperm DNA added during DNA extraction
(U.S. EPA 2012). Although the Sketa assay required a separate reaction, qPCR thermal cycler
conditions were identical to the Enterococcus assay so that both reactions could be run on the
same plate.
The HF183/BacR287 method utilized purified DNA. DNA was extracted from samples using the
GeneRite DNA EZ kit (GeneRite, North Brunswick, NJ) as described previously (Green et al.
2014). The assay consisted of a duplex assay that targeted the HF183 marker and an internal
amplification control (Green et al. 2014). As with the Enterococcus assay, the simplex Sketa
assay was used as sample processing control (U.S. EPA 2012). Reference material for the HF183
assay was plasmid DNA as described elsewhere (Green et al. 2014). The HF183 assay was
included in this technology transfer demonstration because DNA purification and the duplex
format was more operationally challenging and the data analysis was more complex than the
Enterococcus assay.
qPCR training workshop
A 3-day training workshop was held at the Southern California Coastal Water Research Project
Authority (SCCWRP) from August 27 to 30, 2013. More than two dozen staff from 14 agencies
were taught to perform the two qPCR methods described above. The first day consisted of
classroom training focused on the basic theories behind qPCR analysis. The next two days
focused on hands-on training with the laboratory techniques necessary to perform qPCR. Each
participating laboratory received a workshop binder consisting of all training presentations,
standard operating procedures for both qPCR methods, and benchtop guides for critical steps.
Hands-on training started with instruction on proper pipetting technique, which was provided by
Artel, a professional pipetting training and certification company. This was followed by training
on serial dilutions, performing water filtration, crude DNA extraction followed by Enterococcus
qPCR, and finally, DNA purification followed by HF183 qPCR. Once participants had
successfully produced qPCR results, they attended a classroom session on how to analyze qPCR
data. Following the workshop, trainees returned to their home laboratories and continued
practicing for six weeks prior to the laboratory intercalibration exercise.
Post-training laboratory intercalibration study
Eight laboratories analyzed a common set of test material provided by a centralized source
(SCCWRP) on five different days of each lab’s choice within two months. Three types of test
material were included: blanks, standard reference material, and blind unknown samples. Blanks
were used to test the ability to perform qPCR without cross contamination (i.e., cleanliness), and
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included DNA-free molecular grade water in lieu of sample DNA in the qPCR reaction as no
template controls (NTCs) and blank filters (membrane filters processed by filtering 100ml of
0.2µm-filtered phosphate buffered saline in lieu of sample) as negative extraction controls
(NECs). Standard reference material was used to test the ability to perform serial dilution and
obtain high quality standard curves. Reference material included genomic DNA from E. faecalis
(ATCC 29212), whole E. faecalis cells (provided as frozen calibrator filters with 105 cells/filter),
and synthetic linearized plasmid DNA containing the target for the HF183 marker. Detailed
protocols were provided, including the exact qPCR plate setup and pre-calculated reagent
volumes for each day in an Excel spreadsheet.
All standard reference material was prepared as single use aliquots at SCCWRP and stored at -80
o
C before use. Blind unknown samples were used to test the ability to produce expected qPCR
quantification. These consisted of duplicate filters spiked with three different concentrations of
sewage, which were created by filtering 50ml per filter of 10-, 100- and 1000-fold diluted raw
sewage (Orange County Sanitation District primary influent) in sterile PBS.
The intercalibration study took place on five days, chosen individually by each laboratory to
minimize interference with routine work. It began with a simple setup of just standard curves and
progressed through a setup of a full 96-well plate that included standard curves, NTC, NEC, and
blind unknown samples. On Day 1, each laboratory was required to perform serial dilution and
qPCR analysis for one Enterococcus standard curve using genomic DNA and one HF183
standard curve using the linearized plasmid DNA, each with three NTCs. On Day 2, work
included crude DNA extraction from Enterococcus calibrator filters and serial dilution of
genomic DNA and calibrator crude extracts to generate Enterococcus standard curves. On Day 3,
work included crude DNA extraction from unknown sewage-spiked filters (a set of 6 filters) and
analysis for Enterococcus. On Day 4, work included full DNA extraction (i.e., with DNA
purification as required by the HF183 method) and analysis for the HF183 marker. On Day 5,
labs repeated the same qPCR analyses as on Day 4, except that no DNA extraction was
performed and all laboratories used purified DNA provided by SCCWRP (extracted at SCCWRP
from replicate filters from the same batch as those used by the labs on Day 4). The purpose of the
Day 5 exercise was to isolate proficiency in conducting the full DNA purification protocol, via
comparing Day 5 (SCCWRP conducted DNA extraction for all labs) results to those from Day 4
(each lab did its own DNA extraction).
Long-term implementation
Laboratory performance over long-term implementation of qPCR methods was assessed through
analyzing NTC, NEC, and standard curve results from each of the eight laboratories as they
conducted routine qPCR analyses from July 2013 to January 2017. For Enterococcus, routine
analysis was done in batches of 16 samples following standardized qPCR plate setup, including
one standard curve, one NTC, and one NEC for each plate. For the HF183 method, routine
analysis was done in batches of 22 samples following standardized qPCR plate setup, including
one standard curve, one NTC, and at least two NECs for each plate. All standard reference
material was prepared as single use aliquots at SCCWRP, and stored at SCCWRP or other
participating laboratories at -80 oC until use.
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Data analysis
All qPCR data exported from the thermocyclers were uploaded to a web portal created and
maintained by SCCWRP and processed to assess proficiency in four areas: cleanliness, standard
curve performance, accuracy, and repeatability. Cleanliness referred to the laboratory’s ability to
perform qPCR without cross contamination, and was assessed using cycle of quantification (Cq)
results from negative controls such as NTC and NEC. Standard curve performance referred to
the laboratory’s ability to perform serial dilution and obtain high quality standard curves, and
was assessed by regression. Accuracy referred to the ability to produce expected quantification
of the challenge samples. Repeatability referred to the ability to produce repeatable results within
a run and between runs, and was assessed by Cq standard deviation and range of mean Cq values
among replicates.
The performance criteria utilized to evaluate performance for each of the four areas (Table 1)
were established from published data acceptance criteria (Shanks et al. 2016, U.S. EPA 2013)
and generally accepted best practices in the water quality testing field (Ebentier et al. 2013,
Griffith and Weisberg 2011) or related field (Bustin et al. 2009). Some criteria are more stringent
than those (refered as draft criteria hereon) provided to participants during the study, which were
based on criteria used for enterococci qPCR previously (Griffith and Weisberg 2011). Standard
curve regression equations (Cq vs. log10 concentration) were calculated with an outlier removal
procedure in which a data point was deemed an outlier if its studentized residual was greater than
three (Ebentier et al. 2013). While individual standard curves were assessed separately for
standard curve performance criteria, a pooled master standard curve approach was used for
quantification of blind unknown samples to reduce quantification bias from run-to-run variability
as described previously (Ebentier et al. 2013, Sivaganesan et al. 2010).
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Table 1. Performance evaluation criteria for cleanliness (NTC and NEC), standard curve
parameters, accuracy, and availability, for the two qPCR methods. Criteria with notable changes
between the time of the study (draft) and current recommendations are listed (see text).

Cleanlinessa

Enterococcus qPCR

HF183/BacR287 qPCR

No negative control with Cq <35

No negative control shows any
amplification

<1/3 of the negative controls with Cq≥35
Standard
curveb
Accuracyc

Draft:
E: 0.87 – 1.1; R2≥0.97
e
Current : E: 0.85 – 1.1; R2≥0.97
Within half a log of expected values

Draft: E: 0.87 – 1.1; R2≥0.97
Currentf: E: 0.90 – 1.1; R2≥0.98

Repeatabilityd

Within-run standard deviation ≤ 1 Cq; Run-to-run range ≤ 2 Cq

aNegative

controls include no template controls (NTCs) and negative extraction controls (NECs); bE,
amplification efficiency, and R2 are from the standard curve regression equations: E= 10-1/slope – 1; cAccuracy
evaluates if the expected results are produced; dRepeatability evaluates variability within a run and between
runs; eThis was chosen based on experience in the region, but less strigent than that recommended in
EPA1609 (E:0.90-1.1, R2≥0.99); fAs recommended in Shanks et al 2016.

Results
Cleanliness
All laboratories performed qPCR without cross contamination, regardless of the method
complexity, during both the intercalibration phase and the 3-year long-term implementation. For
Enterococcus, all but one lab passed the cleanliness criteria during the intercalibration (a total of
70 NTCs and 72 NECs) and all labs passed the criteria during the 3-year implementation (a total
of 704 NTCs and 694 NECs). The one lab that did not pass the cleanliness criteria during the
intercalibration study had more than 1/3 NECs amplified but with low signal (5 out of 9 NECs
amplified, Cq ranged from 36.0 to 38.4) and no NTC amplification, indicating potential cross
contamination during the crude DNA extraction step.
For HF183, no NEC (n=95) or NTC (n=72) reactions amplified in any lab during the
intercalibration. Similarly, there was little sign of cross-contamination during the 3-year
implementation: Among the 936 NTCs, only 2 reactions showed a low level of amplification
(Cq>37). Among the 1179 NECs, only 2 amplified (Cq>36).
Standard curves
Laboratories generally obtained high quality standard curves, but there were some differences
among labs and between the two qPCR methods (Figures 1 and 2). All but two labs (one for
Enterococcus, and two for HF183) met the draft performance criteria during the intercalibration
phase for either E or R2 (Figure 1). These two labs received additional technical support and
conducted additional practice to ensure meeting performance criteria before moving on to the 3year implementation phase.
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(A)

(B)
Figure 1. Amplification efficiency (A) and R2 (B) of the standard curves during the
intercalibration phase. For amplification efficiency, black (for both Enterococcus and
HF183), blue (for HF183), and red (for Enterococcus) dashed lines indicate E=1.1, 0.9,
0.85, respectively, as the boundaries for acceptable E. For R 2, blue (for HF183) and red
(for Enterococcus) dashed lines indicate 0.98 and 0.97, respectively, as lower limits of
acceptable R2 .

During the long-term implementation, 7% (n=231) and 27% (n=101) failure of the
amplification efficiency criteria (E, Figure 2A), and 4% and 1% failure of the R2 criteria
(Figure 2B) were observed overall for the Enterococcus and the HF183 qPCR assays,
respectively, based on current performance criteria. Overall failure reates were reduced to
7% for HF183 amplfication efficiency if assessed based on the draft criteria. Lab differences
were observed, with frequency of failure for amplification efficiency differing greatly
among labs for both Enterococcus (0-22% and 0-40% under current and draft criteria,
respectively, n=13-55 curves) and HF183 (0-60% and 0-25% under current and draft
criteria, respectively, n=5-22 curves) (Table S1). Overall, labs performed best in meeting
the R2 criteria for the HF183 assay. Only one lab passed both standard curve criteria with
both qPCR methods (n=47, 6 curves for enterococci and HF183, respectively), regardless if
draft or current criteria was used.Movement from an efficiency criteria of 0.87 to 0.90 for
the HF183 assay increased the frequency of failure for four out of the eight labs. Detailed
assessment is provided in Supplementary Information by lab (Supplementary Information
Table S1) and by the dates when qPCR was run (Figures S1 and S2).
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(A)

(B)
Figure 2. Amplification efficiency (A) and R2 (B) of the standard curves during the 3-year
implementation. For amplification efficiency, black (for both Enterococcus and HF183), blue
(for HF183), and red (for Enterococcus) dashed lines indicate E=1.1, 0.9, 0.85, respectively, as
the boundaries for acceptable E. For R 2, blue (for HF183) and red (for Enterococcus) dashed
lines indicate 0.98 and 0.97, respectively, as lower limits of acceptable R 2.
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Accuracy
Nearly all labs produced Enterococcus and HF183 quantification within the expected range,
regardless of the concentration of the blind sample, the day samples were analyzed, or which
replicate filters were analyzed (Figures 3, 4). The quantification also correctly reflected the 10fold differences of the three sewage concentration levels. Additionally, HF183 results from Day
4 and Day 5 were not distinguishable in any lab (Figure 4), indicating excellent proficiency in
performing the DNA purification procedure required for the HF183 qPCR method. However,
one lab consistently overestimated Enterococcus concentrations in all three sets of blind sewagespiked challenge samples (Figure 3), indicating a systematic bias likely caused by the actual
concentration of the Enterococcus calibrator cells being lower than the assumed 105 cells per
filter, possibly due to operational errors in this lab (e.g. calibrator degradation during storage,
loss in calibrator DNA extraction and/or pipetting).

Figure 3. Enterococcus results for blind filter samples by each lab (x-axis) during the
intercalibration study. Dashed lines indicate expected ranges of concentration (median±0.5
log10 unit) for each sewage spike concentration (conc A, B, and C as indicated in the grey
banner of each panel). Different symbols denote replicate filters.
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Figure 4. HF183 results for blind filter samples by each lab (x-axis) during the intercalibration
study. Dashed lines indicate expected ranges of concentration (median±0.5 log 10 unit) for
each sewage spike concentration (conc A, B, and C as indicated in the grey banner of each
panel). Different symbols denote replicate filters, and colors differentiate Day 4 and Day 5 of
the intercalibration study.

Repeatability
Repeatability was much better in some labs than others, much better within-run than betweenruns, and better during the intercalibration phase than during the 3-year implementation phase.
Repeatability was also better at higher target concentrations than at lower target concentration, as
indicated by the decreasing standard deviation within runs (Supplementary Information Figures
S3, S4) and decreasing range of Cq values across runs (Figures 5, 6) as target concentration
increased.
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Figure 5. The 95% inter-quantile range of mean Cq values across all runs (13-55 runs) vs
target concentration for Enterococcus standard curves in each laboratory during the 3-year
qPCR implementation. The desired run-to-run Cq range is ≤2 Cq (see Table 1).

Figure 6. The 95% inter-quantile range of mean Cq values across all runs (5 -22 runs) vs
target concentration for HF183 standard curves in each laboratory during the 3-year qPCR
implementation. The desired run-to-run Cq range is ≤2 C q (see Table 1).
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At moderately high target concentrations (>1000 copies per reaction), all labs met the
performance criteria (Table 1) for within-run repeatability in all runs during the intercalibration,
regardless of qPCR method and in nearly all runs (460 out of 462 for Enterococcus, 300 out of
301 for HF183) during the 3-year implementation.
During the intercalibration, all labs met the run-to-run repeatability criteria for the Enterococcus
assay and seven (out of 8) met the criteria for the HF183 assay. During the 3-year
implementation, those numbers dropped to one lab and five labs meeting the run-to-run
repeatability criteria for Enterococcus (Figure 5) and HF183 (Figure 6), respectively, even at the
moderately high target concentration. Labs differed greatly in run-to-run repeatability, with high
run-to-run variability observed in some labs: >5 Cq for Enterococcus and >10 Cq for HF183
(Figures 5, 6).
Discussion
Technology transfer of qPCR from research laboratories to local monitoring laboratories was
found to be feasible for both the Enterococcus and the HF183 methods. The participating labs
demonstrated proficiency in all four areas of qPCR performance during the intercalibration
phase. This success is consistent with previous single lab validation and multiple lab
intercalibration studies (Griffith and Weisberg 2011, Lavender and Kinzelman 2009, Shanks et
al. 2016, Shanks et al. 2012). In previous studies, the process of extracting and purifying DNA
was found to contribute to large errors in qPCR results even within research labs (Cox and
Goodwin 2013, Pan et al. 2010). Yet, labs in this study demonstrated great consistency and
proficiency in performing the full DNA extraction procedure (Figure 4). This success was likely
due to the simple and streamlined DNA extraction procedures for the qPCR methods (Green et
al. 2014, U.S. EPA 2012), compared to those involving many complicated, and often manual,
steps (Pan et al. 2010). This highlights the importance of being conscious of procedural choices
and mindful of difficulty for future technology transfer during method development.
Also consistent with previous studies was our observation that qPCR variability increased with
decreasing target concentration (Cao et al. 2015, Wang et al. 2014) and that reference/calibration
material greatly impacted qPCR quantification of unknown samples (Cao et al. 2013,
Sivaganesan et al. 2011). For example, the consistent overestimation of Enterococcus
concentration by one lab in all blind samples during intercalibration (Figure 3) was likely caused
by actual concentration of the Enterococcus calibrator cells being lower than the assumed 105
cells per filter, a scenario that may result from calibrator degradation, loss during calibrator DNA
extraction, or faulty pipetting.
The effort spent by each lab to achieve the performance reported was not tracked; however, the
decrease in performance under current versus draft criteria for HF183 (Table S1) is interesting in
this regard. It can be expected that labs would have provided additional effort (e.g., re-run plates)
to meet the updated criteria. However, the need to provide such effort suggests underlying
challenges in the technology transfer that may not have been fully captured or explained.
Not all labs sustained the proficiency in standard curve performance or repeatability over the 3year long-term implementation. Overall, some labs performed better than others, but root causes
are unclear. Some performance issues could have been due to degradation of standard reference
material, leading to issues with efficiency and higher variability in Cq values, with higher chance
of failing the criteria. However, no systematic increase in mean Cq values was observed over
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time (Figures S1, S2). It was noted that labs that failed to sustain proficiency had frequent staff
turnover, and it is possible that new or rotating staff members may not have received as much
training or opportunity to practice prior to running these test samples. Some labs showed
deterioration of performance towards the end of the project, when staff reported being under
pressure to meet deadlines. For example, increased data reporting errors were also observed in
labs with frequent staff turnover and with tight deadlines imposed by other projects.
The variability and difficulty observed in sustaining qPCR performance over the long term
demonstrates the need for continuous formal lab training for qPCR methods and an accreditation
program that regularly evaluates and certifies laboratories to ensure continuous proficiency in
performing qPCR methods. Such a program will also need to provide (or identify vendors to
provide) reference material for qPCR method proficiency testing, as well as routine analysis, and
to establish a set of clearly defined data acceptance criteria. While lab accreditation programs for
culture-based methods cannot be directly applied to qPCR methods, accreditation programs for
molecular methods may be built upon guidelines from other industries (e.g., food and clinical
health testing) and performance evaluation studies in the water testing community.
The advent of digital PCR as a replacement for qPCR may reduce the level of difficulty in
maintaining proficiency. As digital PCR quantifies unknown samples directly without requiring
standard curves, moderate variability in amplification efficiency (as those failed standard curve
criteria in this study) and potential degradation/loss of reference material (as likely occurred in
one lab for the Enterococcus calibrator filter) would no longer affect quantification accuracy
(Cao et al. 2016, Cao et al. 2015). Similarly, the higher precision inherent with digital PCR over
qPCR could greatly improve method repeatability across labs and across runs (Cao et al. 2016,
Hindson et al. 2013).
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Supplementary Tables
Table S1. Frequency of failure of standard curve performance criteria by lab. Performance criteria
were defined in Table 1.

Enterococcus
% fail draft
criteria
Lab n
E
R2
A
39
0%
0%
B
35 14%
6%
C
24 17%
17%
D
55 13%
4%
E
47
0%
0%
F
18 22%
6%
G
13 15%
0%
H
-

% fail current
criteria
E
R2
0%
0%
6%
6%
17%
17%
11%
4%
0%
0%
22%
6%
8%
0%
-

HF183
% fail draft
criteria
n
E
R2
10 10%
0%
18 17%
0%
11
0%
0%
16 25%
0%
6
0%
0%
13 23%
0%
5
20%
0%
22
9%
0%

% fail current
criteria
E
R2
10%
0%
17%
0%
0%
0%
44%
0%
0%
0%
54%
8%
60%
0%
27%
0%

Table S2. Frequency of within-run standard deviation (among qPCR replicates) meeting the
performance criteria of ≤ 1 Cq, during the 3-year implementation phase. All target concentrations
were lumped.
Enterococcus
Lab
A
B
C
D
E
F
G
H

n
156
140
96
220
188
72
51
-

HF183
% Pass
100
98
98
98
100
100
94
-

n
60
108
66
96
36
130
77
30

% Pass
95
95
97
88
92
90
85
86
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Supplementary Figures
Figure S1. Mean Cq values for the highest concentration (4000 copy per reaction) in
Enterococcus standard curve from run to run in each laboratory over the 3-year qPCR
implementation period.

Figure S2. Mean Cq values for the highest concentration (1×106 copy per reaction) in HF183
standard curve from run to run in each laboratory over the 3-year qPCR implementation
period.
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Figure S3. Within-run repeatability (measured by standard deviation between qPCR replicates
within a run) at all concentration levels by lab, for the Enterococcus qPCR assays during the
3-year implementation phase. Dashed lines indicate the upper limit of acceptable standard
deviation (1 Cq).

Figure S4. Within-run repeatability (measured by standard deviation between qPCR replicates
within a run) at all concentration levels by lab, for the HF183 qPCR assays during the 3-year
implementation phase. Dashed lines indicate the upper limit of acceptable standard deviation
(1 Cq).
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CHAPTER 2. ASSESSMENT OF ENTEROCOCCUS QPCR METHODS APPLICABILITY
AT THIRTY-SIX SOUTHERN CALIFORNIA BEACHES
Introduction
Quantitative polymerase chain reaction (qPCR) methods for beach water quality monitoring
yield results in considerably less time than the culture-based methods they are intended to
replace, providing opportunity for improved public health protection. Several demonstration
projects have illustrated the feasibility of transitioning this technology from research laboratories
to routine monitoring programs (Ferretti et al. 2013, Griffith and Weisberg 2011) and a number
of epidemiological studies have found a strong relationship between qPCR-based sampling and
health risk (Colford et al. 2012, Wade et al. 2008, Wade et al. 2006, Yau et al. 2014). As a result,
the US Environmental Protection Agency (USEPA) released the revised Recreational Water
Quality Criteria (RWQC) in 2012 that allowed for use of qPCR for routine beach health
notification monitoring (U.S. EPA 2012b).
However, U.S.EPA recommends side-by-side testing with currently used culture-based methods
and qPCR methods before the latter are adopted for implementation at a site. This parallel testing
addresses three potential concerns. First, it provides a demonstration that the laboratory can
produce acceptable quality data with the new method. Second, it ensures that water at the site
does not consistently contain constituents that inhibit the qPCR reactions, which could cause
underestimation potentially detrimental to public health protection (Cao et al. 2012, Haugland et
al. 2016). Third, it provides a means for establishing qPCR thresholds through determining sitespecific equivalence relationships to EPA approved culture methods. This is necessary because a
single equivalence value across all sites is unlikely as qPCR and culture relationships differ
among sites (Whitman et al. 2010). Using the qPCR beach action values (BAV) in the 2012
RWQC as benchmark is also not an appealing option, because the BAVs are based on
epidemiology studies conducted at sites predominantly influenced by treated wastewater and
appear poorly applicable to sites with mixed and diffusive sources (Raith et al. 2013).
USEPA published a technical support material (TSM) document that describes procedures for
assessing sufficiency of the relationship between alternative analytical methods (e.g. an
enterococci qPCR method) and benchmark EPA-approved methods (e.g. EPA method 1600), as
well as for determining site-specific implementation thresholds for the alternative methods (U.S.
EPA 2014). Many studies have conducted parallel processing to compare results between
enterococci qPCR and culture methods (Converse et al. 2012, Haugland et al. 2005, Lavender
and Kinzelman 2009, Noble et al. 2010, Raith et al. 2013), but none have tested the adequacy of
the relationship using the new USEPA TSM procedures. Here, we assess the applicability of
enterococci qPCR in southern California by monitoring 36 beaches with side-by-side culture and
qPCR methods employed by seven agencies that routinely monitor beach water quality. The
regional dataset was used to assess prevalence of matrix interference and regional applicability
of qPCR by using EPA-approved culture methods as benchmark following the procedure
prescribed in the TSM.
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Methods
Sites, sampling, and culture-based analyses
Approximately fifty samples per season were collected from thirty-six southern California beach
sites (Figure 1) sampled under summer and winter dry-weather conditions between 2013 and
2015. Beach sites were selected based on importance of the sites to routine recreational water
quality monitoring, and included both embayment and open coastal beaches. Sites were also
categorized as high vs. low organic material sites observationally depending on whether fresh or
decaying vegetation (e.g. kelp, eelgrass) was present at the beach during more than half of the
sampling events. Summer season was customarily defined as the main recreation season (April
1- October 31) specified in California statute (Assembly Bill No. 411), and November 1 to
March 31 was considered winter season. No sample was collected if there was >0.1 inches rain
within three days preceding the scheduled sampling.

Figure 1. Sampling sites. Circles and triangles indicate embayment and open coast beach
sites, respectively.
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All samples were collected in the early morning to mirror current monitoring protocol and
schedule (generally weekly) for each site, and transported on ice to the laboratory for enterococci
analysis by culture-based methods and for filtration for qPCR analysis within 6 hours. Culturebased methods for enterococci were EPA Method 1600 or Enterolert (IDEXX, Westbrook, ME),
depending on the routine procedure employed by the participating labs. The lower limit of
quantification (LLOQ) and upper limit of quantification (ULOQ) were reported by each lab
based on sample dilution level and method range of quantification, which is determined by
colony countable range (1-200 colonies per plate per routine procedure employed by the
participating labs) or the most probable number (MPN) range (as defined in the Enterolert MPN
table).
Filtration, DNA extraction, and qPCR analyses
Samples were filtered (0.45µM polycarbonate filters, 100 ml per filter or until clogging) within 6
hours of sample collection and stored at -80°C until crude DNA extraction using extraction
buffer spiked with a known amount of salmon testes DNA, following the published protocol
(U.S. EPA 2012a). DNA extraction was performed in batches of 16 samples, one Enterococcus
whole cell calibrator, and 1 negative filtration/extraction control. The crude DNA extracts were
analyzed by qPCR undiluted.
The enterococci qPCR method consists of a simplex assay for the detection of Enterococcus
spp., TaqEnviron (Cao et al. 2012), and a simplex Sketa assay (i.e., sketa22, (U.S. EPA 2012a)).
The TaqEnviron assay follows the EPA 1611 method (U.S. EPA 2012a) targeting the 23S rRNA
gene in Enterococcus, except the former uses a superior master mix more robust against matrix
interference (Cao et al. 2012). The Sketa assay measures the spiked salmon testes DNA to assess
the extent of matrix interference (U.S. EPA 2012a).
Seven laboratories were involved in sampling and sample processing and all followed the same
standard operating procedures for qPCR, including identical qPCR 96-well plate setups, dictating
precise positions for genomic DNA standard curves, calibrators, negative controls, and samples.
All samples, standards, and controls were run with duplicate qPCR reactions. Each qPCR plate
contained one Enterococcus genomic DNA standard curve (4-point, 10-fold dilution, 40000 to
40 copies per reaction), one whole cell calibrator, one negative extraction controls (NEC; one for
each batch of DNA extractions consisting of 16 samples), one no-template control (in triplicate),
and 16 samples. The Enterococcus and Sketa assays occupied the same plate with an identical
setup, minus the standard curve for the latter. All reference material including Enterococcus
genomic DNA and whole cell calibrator (105 cells/filter), both from E. faecalis (ATCC 29212),
and salmon testes DNA (Sigma Aldrich cat 3 D1626) were prepared as described previously
(U.S. EPA 2012a) into single use aliquots at a central facility (Southern California Coastal Water
Research Project Authority, i.e. SCCWRP), and stored at -80°C before use at the individual
laboratories.
Matrix interference was assessed based on the shift of cycle of quantification (Cq) values in
samples compared to controls for the Sketa assay following the procedure described in EPA
method 1611 (U.S. EPA 2012a). Matrix interference was deemed present in a sample if the
sample Sketa Cq in any qPCR replicate was 3 cycles greater than the average Sketa Cq in
negative extraction blanks from the same DNA extraction batch (i.e. on the same qPCR plate).
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Since different qPCR quantification models would produce different qPCR estimates of
Enterococcus density from the same qPCR raw data, potentially affecting assessment of culture
and qPCR agreement, the three most common quantification models (Cao et al. 2013, Shanks et
al. 2012) were included to allow a comprehensive evaluation. Briefly, master standard curves
(Cq vs. log10 concentration) were calculated for each laboratory using linear regression with an
outlier removal procedure (a data point is deemed an outlier if its studentized residual > 3)
(Ebentier et al. 2013). In model 1 (reg), the resulting regression equation was used directly to
calculate the number of 23S gene copies for a sample, which was then converted to cell
equivalents per 100ml water assuming 4 copies of 23S rRNA gene per Enterococcus cell.
Models 2 (commonly referred as ΔCt) and 3 (commonly referred as ΔΔCt) used the whole cell
calibrator (predetermined to have 105 cells by microscopy) to convert gene copies to cell
equivalents, without (ΔCt) or with (ΔΔCt) adjustment, respectively, for potential sample
recovery and matrix interference using the sample Sketa Cq values. With increasing numbers of
model input parameters from models 1 to 3, increasing variability in qPCR results may be
expected (Cao et al. 2013, Shanks et al. 2012). For all three quantification models, the lower
limit of quantification (LLOQ) was set at the lowest concentration where all qPCR replicates
amplified in all labs (40 copies per reaction) and expressed as Cq + 2×Standard deviation for
each lab (Stewart et al. 2013).
Assessment of culture and qPCR method agreement
Method agreement was assessed following the procedure in the USEPA TSM that involves
calculation of two metrics: Index of Agreement (IA), and regression coefficient of determination
(R2) (U.S. EPA 2014). R2 was based on regression of enterococci concentration by qPCR (tENT)
vs. enterococci concentration by culture (cENT). IA was calculated as:
𝑰𝑰𝑰𝑰 = 𝟏𝟏 −

𝟏𝟏 𝑵𝑵
𝟐𝟐
∑
𝑵𝑵 𝒊𝒊=𝟏𝟏(𝒙𝒙𝒊𝒊 − 𝒚𝒚𝒊𝒊 )

𝟏𝟏 𝑵𝑵
∑
�| + |𝒚𝒚𝒊𝒊 − 𝒙𝒙
�|)𝟐𝟐
− 𝒙𝒙
𝑵𝑵 𝒊𝒊=𝟏𝟏(|𝒙𝒙𝒊𝒊
Where x represents cENT, and y represents tENT, 𝑥𝑥̅ is the average cENT at the site, i is a counter
and N is the total number of culture-qPCR paired data points (N ≥30 required).
In conducting these calculations, all sample data below the LLOQ or above upper limit of
quantification (ULOQ) or with qPCR matrix interference were excluded per the prescribed
procedure. Only sites with ≥30 samples remaining were eligible for assessment of agreement
using the above metrics. Both IA and R2 were calculated using log10-transformed data.

An IA≥0.7 or R2>0.6 indicates sufficient agreement between qPCR and culture to allow
replacing culture with qPCR methods. If IA≥0.7, the same numeric criteria used by culture-based
methods can be applied directly to qPCR data. If IA<0.7 and R2>0.6, the culture criteria can be
plugged into the qPCR-culture regression equation to directly calculate the corresponding qPCR
criteria.

26

Results
Paired culture (cENT) and qPCR (tENT) data were generated for 1826 and 1526 samples at 36
sites during summer and winter sampling seasons, respectively. Numbers of samples per site
ranged from 39 to 60 in summer, and from 24 to 50 in winter (Table 1). All 36 sites in summer
and 32 sites in winter had at least 30 samples with paired cENT and tENT results.
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Table 1. Number of samples with paired culture and qPCR data (# paired samples), percentage of
samples with cENT (Enterococcus density by culture-based methods) greater than California
Ocean Plan single sample maximum of 104/100ml (%>104), percentage of samples that failed the
matrix interference control (%skFail), and number of samples with both cENT and tENT
(Enterococcus density by qPCR) within ROQ (# paired in ROQ), for summer and winter. Sites are
listed approximately from north to south as shown in the map (Figure 1). Note that # paired in
ROQ may include samples that failed the matrix interference control, which were excluded prior to
subsequent qPCR-culture agreement analysis.

Site
Promenade Beach
Hobie Beach
Kiddie Beach
Solstice
Malibu Lagoon
Topanga
Santa Monica
Marina del Rey Beach
Ballona
Malaga Cove
Abalone Cove
1st street
Mother's Beach
Davenport Beach
Newland
Magnolia
Brookhurst
Santa Ana River
North Star Beach
Newport Dunes
Sapphire Avenue
Bayside Drive
Little Corona Beach
Pelican Hill
Muddy Creek Beach
Baby Beach
Poche Beach
North Beach
San Luis Rey
Moonlight Beach
Visitor's Center
Cudahy
Tecolote
Ocean Beach
Bermuda Avenue
Tijuana River

Summer
# paired
samples
39
43
39
50
50
50
50
50
50
57
58
50
50
50
49
50
50
50
50
50
50
50
49
50
49
50
50
50
44
43
55
56
56
60
57
55

%>104

%skFail

3
2
3
2
0
6
10
20
4
0
0
26
2
2
6
8
14
6
0
6
6
10
14
4
0
26
2
2
0
12
45
48
11
3
2
5

10
0
8
2
2
0
2
0
2
2
19
4
4
4
2
0
2
2
6
12
4
6
0
0
0
4
2
0
8
5
22
13
16
20
28
7
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# paired
in ROQ
3
12
18
12
9
4
33
34
26
10
6
38
25
17
5
5
6
10
10
22
26
38
11
3
0
40
17
10
1
20
51
55
50
34
18
42

Winter
# paired
samples
29
36
36
50
50
50
50
50
50
40
40
43
49
50
42
44
43
43
50
48
50
50
42
43
43
48
49
50
38
39
33
31
31
24
26
27

%>104

%skFail

3
6
17
2
20
12
20
42
14
0
0
19
18
8
2
11
16
7
14
17
10
12
5
9
5
13
2
4
0
8
42
71
35
0
4
7

15
18
8
0
2
0
2
2
0
5
10
2
0
2
2
0
0
5
4
4
0
2
2
2
0
0
10
0
8
9
15
13
23
25
19
15

# paired
in ROQ
2
9
22
13
30
20
41
49
30
12
3
30
42
27
2
4
10
7
35
35
31
38
10
2
4
45
21
23
1
18
32
30
31
13
9
22

General water quality in cENT varied greatly among sites, with percentages of samples
exceeding California Ocean Plan single sample maximum (SSM) of 104 Enterococcus per 100ml
ranging from 0 to 48% in summer, and from 0-71% in winter. Limits of quantification for cENT
were as reported by each lab, and were generally 1-99 and 400-12000 Enterococcus/100ml for
LLOQ and ULOQ, respectively, depending on the dilution conducted prior to analysis. Overall,
72% and 81% of the samples were within ROQ for cENT, in summer and winter, respectively.
qPCR standard curves showed satisfactory performance across all labs, with R2 and
amplification efficiency ranging from 0.81 to 0.99 and from 0.93 to 1.00, respectively
(Supplementary Information, Table S1). All negative controls (n=1398) met the quality control
requirements (U.S. EPA 2012a), showing no issue of cross-contamination. LLOQ ranged from
34 to 37 Cq, and no ULOQ was applied as qPCR ULOQ is generally orders of magnitude higher
than necessary for environmental samples. Overall, 46% and 54% of the samples were within
ROQ for tENT in summer and winter, respectively.
Observed frequencies of matrix interference were generally low (6% and 5% overall in summer
and winter, respectively) albeit differing greatly across sites (Table 1). Among 36 sites, 8 and 10
sites showed no sign of matrix interference while 7 and 8 sites had more than 10% samples
failing the matrix interference control, for summer and winter, respectively. While sampling
season (summer vs. winter, p-value=0.9) and beach type (embayment vs. open coast, pvalue=0.3) did not influence how often matrix interference was observed, sites with high organic
material were more likely to have matrix interference than sites with low organic material
(p=0.02).
Among 36 sites, only 10 and 9 sites, in summer and winter, respectively, had sufficient data
(number of samples with paired qPCR and culture data within ROQ ≥ 30, qPCR data with matrix
interference excluded) to allow assessment of agreement with the two metrics (IA, R2) set in the
TSM. Among these qualified sites, only one site in summer and three sites in winter
demonstrated sufficient agreement (IA≥0.7 or R2>0.6) between culture and qPCR enterococci
results, regardless of qPCR quantification model (Figures 2 and 3, Supplementary Information
Table S2).
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Figure 2. qPCR (tENT) vs. culture (cENT) results for the 10 sites in the summer that had
sufficient data (number of samples as displayed for each site) for agreement assessment.
Index of agreement (no sites with IA≥0.7) and R2 (one site with R2>0.6) are shown in
parenthesis in the order given separated by a comma. Only qPCR quantification model 1 (reg,
as described in Methods) was shown here, but the other quantification models show similar
trends (Supplementary Information Table S2).
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Figure 3. qPCR (tENT) vs. culture (cENT) results for the 9 sites in the winter that had
sufficient data (number of samples as displayed for each site) for agreement assessment.
Index of agreement (no sites with IA≥0.7) and R2 (three sites with R2 >0.6) are shown in
parenthesis in the order given separated by a comma. Only qPCR quantification model 1 (reg,
as described in Methods) was shown here, but the other quantification models show similar
trends (Supplementary Information Table S3).
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Discussion
There was insufficient agreement between qPCR and culture results following the TSM
assessment procedures for application of qPCR at most southern California beaches. There are
several possible reasons for this finding. First, qPCR is a relatively new technology for the seven
labs in this study and it is possible that their execution of the qPCR methods was ineffective.
However, this explanation appears unlikely. SCCWRP, a lab highly experienced in molecular
methods, repeated analysis for eight of the sites and found almost no increase in agreement with
culture results compared to original qPCR results produced by less experienced labs
(Supplementary Information, Table S4). Even inherent qPCR method variability did not seem an
important contributor to the failure, as there was not a big difference in agreement with culture
methods among the three qPCR quantification models that differ in method variability
(Supplementary Information, Tables S2 and S3). Additionally, SCCWRP also ran samples from
the same eight sites using droplet digital PCR (ddPCR). While ddPCR has superior accuracy and
reproducibility compared to qPCR (Cao et al. 2015, Hindson et al. 2013), it did not show
substantially increased agreement with culture results compared to qPCR vs. culture
(Supplementary Information, Table S4).
Matrix interference was also not a major obstacle to achieving the agreement between the two
methods. Approximately 80% of the sites had less than 10% samples failing the matrix
interference control, and one third of these sites had no sample failing at all. Excluding samples
with matrix interference (resulting in 5 fewer sites eligible for TSM assessment in winter) did not
reduce the number of sites with sufficient sample size (N≥30) to allow TSM agreement
assessment in summer. Additionally, the ΔΔCt qPCR quantification model that aims to adjust for
potential slight matrix interference also did not improve agreement with culture results compared
to the other two quantification models.
A third possible explanation is that qPCR and culture methods measure different endpoints and
those relationships were too variable to support culture-qPCR agreement at each site. Culturebased methods measure the number of enterococci cells that can grow within a prescribed
incubation timeframe (e.g. 18-24 hours) on selective media, whereas qPCR measures the genetic
presence of cells regardless of their physiological state. Any changes in the ratio of culturable vs.
total cells at a site over the course of the study would contribute considerable variability to the
qPCR vs. culture relationship. Some of the watersheds in this study are known to use recycled
water for irrigation, which is typically disinfected in a manner that eliminates or reduces bacteria
cultivability, but might allow retention of unculturable or dead but intact cells containing genetic
material that would be measured by qPCR. However, use of recycled water only occurs in a few
of the watersheds and would not be responsible for the widespread lack of culture-qPCR
agreement across the wide range of watersheds studied.
The most likely explanation for the failure of meeting the EPA TSM requirements at so many
beaches is that the enterococci concentrations were at the low end of the quantification range for
these methods. This leads to two problems for conducting EPA TSM evaluation. First, even with
two years of weekly sample collection, we were not able to achieve the requisite number of
samples (N≥30) in the quantifiable range for many sites. Second, with measurements clustered at
the low end of the quantifiable range, this led to higher method variability and shorter range for
regression analysis, and thus a lower correlation between methods. This hypothesis is reinforced
by the IA and R2 values having a high correlation with the percentage of samples exceeding the
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California Ocean Plan single sample maximum of 104 Enterococcus per 100ml (p<0.05) and
with the geometric mean of culturable enterococci concentration (p<0.05) (Supplementary
Information, Figure S1). Moreover, the few sites that met culture-qPCR agreement criteria were
those with the highest exceedance rates and average concentrations (Figures 2 and 3).
This suggests that some modification of the EPA TSM protocols is necessary if qPCR is to be
adoptable at sites that are typically clean with sporadic pollution events. These sites with
transient pollution events are where the speed advantage of qPCR is most valuable for improved
public health protection and recreational resource utilization. Several studies have found that
water quality often changes with respect to thresholds for health warning by the time culture
results become available (Kim and Grant 2004, Leecaster and Weisberg 2001, Rabinovici et al.
2004). While epidemiological analyses demonstrated indicator-illness relationship with culturebased methods, such analyses were conducted as if the culture results were available on the same
day as the swimmers were exposed. In practice, culture results from the previous day were used
for beach posting although no significant association between prior-day culture results and
illness from current day exposure was found (Colford et al. 2012).
With the current TSM protocols, it is challenging to obtain enough (minimum requirement: 30
samples) paired culture-qPCR data that fall within the range of quantification at such beaches,
and it is even more difficult to collect samples with a sufficiently large portion of high
enterococci concentrations to produce IA and R2 values high enough to meet the thresholds set in
the TSM. However, the underlying goals of the USEPA requirements to establish consistent and
predictable relationships between the alternative and EPA-approved benchmark methods (e.g.
qPCR vs. culture in this study) at each site are still warranted (U.S. EPA 2014).
There are a few possible approaches that might be available to assess that relationship at beaches
with generally low enterococci concentrations. One of these is to select a benchmark method (i.e.
EPA1611 or EPA1609) that measures the same endpoint as the alternative method. There is
some evidence that methods measuring the same endpoint are more likely to tolerate data
clustering at the low end of the quantifiable range and pass the TSM criteria than methods
measuring different endpoints (data not shown). However, this approach may not be feasible
because the numeric thresholds for the benchmark methods (EPA1611 or EPA1609) applied
poorly to sites with diffusive sources (Nevers et al. 2013, Raith et al. 2013) presumably because
these thresholds were developed at beaches impacted by treated wastewater (U.S. EPA 2012b,
Wade et al. 2006).
Another possibility is to use culture-based benchmark methods but assess the relationship in the
source water to the beach, rather than at the beach itself. In southern California, the water quality
is often defined by nearby creek or drainage systems that serve as the primary source of
contamination to the beach, and typical dilution rates are at least 1:1000 between the creek and
the beach during dry weather conditions. Using creek water is not as ideal as measuring beach
water, since the ratio of culturable vs. total Enterococcus could change as the water moves from
the freshwater creek to saltwater, but it would allow a more robust evaluation than relying on a
relationship between extremely low values. Alternatively, the beach water could be spiked with a
small amount of creek water inoculant so that the test occurs in a high salinity sample. At some
beaches, it may also be possible to move monitoring locations to creek-ocean confluence (a.k.a.
point zero) instead of a fixed distance from the discharge, as is the practice in some counties in
southern California.
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A third possibility would be to shift the agreement evaluation from a continuous correlative
evaluation (i.e. as defined in TSM) to a categorical analysis that concerns only whether beach
posting decisions agree when using culture vs. qPCR methods. The rationale for such a shift is
that, if both culture and qPCR methods agree which samples are high enough to issue a health
warning, the lack of continuous correlative relationship between culture and qPCR results might
be of little concern. While a continuous correlation would be preferable, the categorical approach
presents an option for evaluation when too few samples are available to create a reliable
continuous correlative assessment. In the absence of an alternative to the present EPA TSM, the
only beaches likely to be approved for qPCR application are those that are so frequently above
management thresholds that the need for rapid methods is limited, while managers would be
prevented from taking advantage of qPCR methods at the infrequently contaminated beaches
where it is most needed.
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Chapter 2. Supplementary Information - Assessment of Enterococcus qPCR
methods applicability at thirty-six southern California beaches
Discussion
Investigation on lack of agreement between culture and qPCR methods
There was insufficient agreement between qPCR and culture results following the TSM
assessment procedures for application of qPCR at most southern California beaches. One
potential reason for the finding is that qPCR is a relatively new technology for the seven labs in
this study and it is possible that their execution of the qPCR methods was ineffective.
Additionally, inherent qPCR method variability may also contribute to the lack of qPCR-culture
agreement.
To test these hypotheses, filters from eight summer sites that had sufficient amounts of data to
allow agreement assessments following the TSM were reanalyzed by SCCWRP (a research lab
highly experienced in qPCR and digital PCR) using qPCR following the exact same qPCR
protocol (as described in the Methods section) and digital PCR (shown to be more accurate and
reproducible than qPCR) following protocols previously described (Cao et al. 2015, Cao et al.
2016). The level of agreement between new qPCR data (generated by SCCWRP) and culture,
and between digital PCR and culture were then assessed following TSM procedures, and
compared to the level of agreement between the original qPCR and culture results.
High proficiency of the research lab was confirmed by the qPCR data quality. The qPCR
standard curve showed high lab proficiency (amplification efficiency=1.00 with R2=0.99). This
high proficiency was also reflected in low Cq standard deviation, leading to a relatively high
LLOQ (Cq=33.9), which effectively eliminated all sites from being eligible for TSM analysis
due to the limited number of samples (<30 samples) with qPCR values within ROQ. To proceed
with the comparative analysis, a relaxed data inclusion rule was applied letting all DNQ (i.e.
detected but below LLOQ) be counted towards the minimum requirement of 30 paired qPCRculture samples. Note that while qPCR used three quantification models (reg, ΔCt, ΔΔCt as
described in main text) to convert Enterococcus 23S copies per 100ml to Enterococcus cell
equivalents per 100ml, ddPCR used an approach similar to that used in qPCR reg by assuming
each Enterococcus cell contains 4 copies of the targeted 23S gene.
However, the new qPCR data showed no increase in agreement with culture results compared to
the original qPCR results produced by less experienced labs (Supplementary Information, Table
S4). The ddPCR data also did not show substantially increased agreement with culture results
compared to qPCR vs. culture (Supplementary Information, Table S4). Two sites (Cudahy,
Visitor’s Center) and one site (Cudahy) met IA and R2 criteria, respectively, for SCCWRP
ddPCR-culture, while zero and one site (Cudahy) met IA and R2 criteria, respectively, for
SCCWRP qPCR-culture (Supplementary Information Table S4). Results indicate that lab
execution of the qPCR method and its method variability are unlikely reasons for the lack of
agreement between qPCR and culture results.
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Supplementary Tables
Table S1. The Enterococcus qPCR standard curve parameters and lower limit of quantification in
Cq. Lab H (SCCWRP) standard curves were generated during post hoc analysis of the replicate
filters from a subset of sites (8 sites). LLOQ: lower limit of quantification.
Lab

n

Slope

Y intercept

R2

E

LLOQ in
Cq

A
B
C
D
E
F
G
H

311
267
181
438
372
144
95
205

-3.40
-3.47
-3.32
-3.50
-3.39
-3.34
-3.31
-3.34

40.0
38.7
37.8
39.0
38.8
35.7
39.4
38.7

0.956
0.951
0.940
0.875
0.988
0.812
0.945
0.994

0.97
0.94
1.00
0.93
0.97
0.99
1.00
0.99

36.3
35.7
34.5
36.7
34.2
33.9
36.3
33.9

Table S2. Index of agreement (IA) and R2 for assessing culture and qPCR method agreement, for
the sites that had sufficient number of samples (n>30) with paired culture and qPCR data within
ROQ (qPCR data with matrix interference excluded) in summer sampling. Three qPCR
quantification models (ΔCt, ΔΔCt, reg as described in Methods) were used and assessed for
agreement with culture results independently. IA and R2 values in bold indicate sufficient
agreement as required by the TSM.

Site
1st street
Baby Beach
Bayside Drive
Cudahy
Marina del Rey Beach
Ocean Beach
Santa Monica
Tecolote
Tijuana River
Visitor's Center
aIA

# paired
samples
37
40
37
48
34
31
32
42
40
41

reg
0.386
0.484
0.493
0.553
0.464
0.272
0.330
0.417
0.305
0.405

IA
ΔCt
0.453
0.577
0.653
0.704
0.580
0.319
0.384
0.493
0.365
0.562

could not be calculated due to missing data.

40

ΔΔCt
0.456
0.570
NAa
0.666
0.559
0.318
0.388
0.489
0.364
0.543

reg
0.469
0.226
0.415
0.675
0.465
0.007
0.184
0.303
0.105
0.311

R2
ΔCt
0.409
0.208
0.404
0.655
0.476
0.001
0.057
0.223
0.092
0.307

ΔΔCt
0.428
0.178
0.339
0.517
0.433
0.004
0.073
0.242
0.104
0.299

Table S3. Index of agreement (IA) and R2 for assessing culture and qPCR method agreement, for
the sites that had sufficient number of samples (n>30) with paired culture and qPCR data within
ROQ (qPCR data with matrix interference excluded) in winter sampling. Three qPCR quantification
models (ΔCt, ΔΔCt, reg as described in Methods) were used and assessed for agreement with
culture results independently. IA and R2 values in bold indicate sufficient agreement as required
by the TSM.

Site
Baby Beach
Ballona
Bayside Drive
Marina del Rey
Beach
Mother's Beach
Newport Dunes
North Star Beach
Santa Monica
Sapphire Avenue
aIA

R2

# paired
samples

IA
reg

ΔCt

ΔΔCt

reg

ΔCt

ΔΔCt

43
30
37

0.410
0.470
0.421

0.474
0.662
0.487

0.479
NAa
0.509

0.139
0.752
0.379

0.076
0.702
0.220

0.077
0.689
0.280

49
41
35
35
41
31

0.490
0.479
0.537
0.610
0.404
0.491

0.649
0.545
0.643
0.700
0.567
0.589

0.639
0.543
0.668
0.721
0.574
0.613

0.635
0.202
0.480
0.614
0.326
0.406

0.501
0.209
0.396
0.561
0.338
0.318

0.483
0.198
0.481
0.617
0.350
0.404

could not be calculated due to missing data.

Table S4. Comparison of number of samples (n.spl) with paired culture-qPCR data within range of
quantification (qPCR data with matrix interference excluded), index of agreement (IA) and R2 for
assessing culture and qPCR method agreement, among SCCWRP qPCR-culture, SCCWRP
ddPCR-culture, and Lab qPCR-culture, for the eight summer sites selected for reanalysis. Note
that the same culture results were used in all pairs of culture-qPCR and culture-ddPCR
assessments. Only qPCR quantification model 1 (reg, as described in Methods in the main text) is
shown here, but the other two qPCR quantification models (ΔCt, ΔΔCt) show a similar trend.
SCCWRP qPCR and ddPCR data refer to new data generated by SCCWRP which is a research lab
highly experienced in qPCR and digital PCR analysis, while Lab qPCR refers to the original qPCR
data generated by the participating labs that have relatively less experience with qPCR. IA and R2
values in bold indicate sufficient agreement as required by the TSM.

Site
Baby Beach
Bayside Drive
Cudahy
Marina del Rey Beach
Ocean Beach
Tecolote
Tijuana River
Visitor's Center

Lab qPCR
n.spl IA
40
0.48
37
0.49
48
0.55
34
0.46
31
0.27
42
0.42
40
0.31
41
0.41

R2
0.23
0.41
0.67
0.46
0.01
0.3
0.11
0.31

SCCWRP qPCR
n.spl IA
R2
33
0.48 0.25
39
0.46 0.38
53
0.60 0.74
43
0.45 0.38
31
0.33 0.25
51
0.36 0.03
41
0.30 0.07
49
0.52 0.54

41

SCCWRP ddPCR
n.spl IA
R2
39
0.51 0.11
41
0.59 0.37
0.73 0.64
53
43
0.54 0.3
36
0.45 0.19
52
0.40 0.01
41
0.37 0.08
0.70 0.49
52

Supplementary Figures

(A)

(B)

Figure S1. Relationships of agreement metrics (IA: index of agreement, R2) with A)
enterococci concentration or with B) frequency of enterococci concentration exceeding
California Ocean Plan single sample maximum of 104/100ml, for the subset of eight sites
where SCCWRP reanalyzed the replicate filters. All relationships are significant (pvalues<0.05). Horizontal dashed lines indicate thresholds IA and R 2 values for sufficient
culture-qPCR agreement as set in the TSM. Blue lines indicate the regression lines.
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CHAPTER 3. REGIONAL ASSESSMENT OF HUMAN FECAL CONTAMINATION IN
SOUTHERN CALIFORNIA COASTAL DRAINAGES
Introduction
Recreational water quality is routinely monitored using fecal indicator bacteria (FIB), such as
Enterococcus spp. and E. coli, as proxies for fecal contamination, because they can be measured
cheaper and faster than pathogens (Field and Samadpour 2007). Water bodies with FIB
concentrations exceeding recreational water quality criteria (U.S. EPA 2012b) are treated as a
public health risk, and management actions such as beach advisories and pollution remediation
are typically implemented in response.
However, FIB measurements are not diagnostic of whether fecal contamination originates from
human, animal, or non-fecal sources, which is important for two reasons. First, understanding the
sources of fecal contamination allows managers to more appropriately target remediation actions
(Field and Samadpour 2007, Griffith et al. 2013, Stoeckel and Harwood 2007, U.S. EPA 2005).
Second, human fecal material is generally considered a greater public health risk than nonhuman fecal material (Soller et al. 2010), making it appropriate to prioritize sites for remediation
based on the extent of human fecal contamination. In recognition of different risk posed by
different sources, the U.S. Environmental Protection Agency has developed a quantitative
microbial risk assessment (QMRA) process for defining alternative management strategies for
beaches that have high FIB counts, but with a corresponding low-level of human fecal
contamination (U.S. EPA 2012b).
Host-associated genetic markers that allow for fecal source identification and that are sensitive
and specific to their target hosts are available (Ahmed et al. 2016, Boehm et al. 2013, Green et
al. 2014, Layton et al. 2013). These markers have been used extensively as diagnostic tools to
discern fecal sources within watersheds (Ahmed et al. 2015, Ervin et al. 2014, Griffith et al.
2013), but have not been used as a monitoring tool to prioritize the need for remediation among
watershed systems on a regional scale. Cao et al. (2013) identified several challenges in
prioritization, such as determining whether frequency of human marker occurrence or magnitude
of the signal are more important to the outcome. Here we present a study in which we conduct a
regional evaluation of human marker prevalence among drainages that discharge to the Southern
California ocean, evaluate the sensitivity of site rankings to some of the decisions outlined by
Cao et al., and investigate how those relationships change between periods with, and without,
rainfall.
Methods
Sites and sampling
Approximately fifty water samples were collected from twenty-two southern California coastal
drainages which included creeks, rivers, and storm drains (Figure 1, higher resolution interactive
map at http://bit.ly/2sxLHcI). Drainages were selected largely based on frequent historical
Enterococcus exceedances at nearby swimming beaches to which they were important source
water. Samples were collected at approximately weekly intervals under summer dry-weather
conditions between 2013 and 2015. A target of 50 wet weather samples were also collected from
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23 drainages year-round between June 26, 2013 to May 26, 2016, though the number of wet
weather samples varied among drainages because of differences in rainfall patterns and available
effort in some locations to respond to rainfall events.

Figure 1. Sampling sites. Majority of the sites were sampled in both storm and summer dry
conditions. Higher resolution interactive map, including site photos, is available at
http://bit.ly/2sxLHcI.

A wet weather event was defined as at least 0.10” rainfall at the closest rain gauge to the
sampling site following an antecedent dry period of three or more days (Griffith et al. 2010).
While wet weather events are generally confined to the fall and winter seasons in southern
California, about 17% of the wet weather samples were collected during summer.
Dry weather samples were collected following the routine sampling schedule (generally weekly)
for each site. Samples were collected in the early morning to mirror current monitoring
procedures and limit degradation of the bacterial signal due to sunlight exposure. Wet weather
samples were collected as soon as possible following the first 0.10” of rain, but no later than 72
hours after initiation of the rain event. All samples were taken inside the drainage, upstream of
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tidal influences and any onsite disinfection facilities (e.g., UV or ozonation, if present), and
transported on ice to the laboratory for processing.
Sample processing and qPCR analysis
Samples from all but four sites under dry weather, and for all but three sites under wet weather,
were tested for cultivable Enterococcus by EPA Method 1600 or Enterolert (IDEXX, Westbrook,
ME). In addition, samples were filtered (0.45µM polycarbonate filters, 100 ml per filter or until
clogging) within 6 hours of sample collection following standard protocol (U.S. EPA 2012a).
Filters were stored at -80°C until DNA extraction using the GeneRite DNA EZ Extraction kit
(GeneRite, North Brunswick, NJ), followed by analysis for the HF183 human-associated fecal
marker by the duplex HF183/BacR287 qPCR assay as described elsewhere (Green et al. 2014).
Salmon testes DNA was spiked into the lysis buffer during DNA extraction as a sample
processing control and measured by the sketa22 qPCR assay (Green et al. 2014, U.S. EPA
2012a).
Eight laboratories processed samples following the same standard operating protocols for qPCR,
including identical qPCR 96-well plate setups, with precise positions indicated for standard
curves, negative controls, and samples. All samples, standards, and controls were run with
triplicate qPCR reactions. Each HF183 qPCR plate contained one standard curve (6-point, 10fold dilution, 1×106 to 1 copy per reaction), two negative extraction controls (one for each batch
of DNA extractions consisting of 11 samples), one no-template control, and 22 environmental
samples. All qPCR standards were prepared (Green et al. 2014) into single use aliquots at a
central facility (Southern California Coastal Water Research Project Authority), and stored at 80°C before use at the individual laboratories.
Data analysis
Master standard curves [cycle of quantification (Cq) vs. log10 concentration] were calculated for
each laboratory using regression with an outlier removal procedure (a data point was deemed an
outlier if its studentized residual was greater than 3), and the resulting regression equations were
used for HF183 qPCR quantification as described elsewhere (Ebentier et al. 2013). The limit of
detection (LOD) was set at the lowest concentration on the standard curve (1 copy per reaction,
>90% replicates amplified at all labs) and expressed in Cq for each lab (Stewart et al. 2013). The
lower limit of quantification (LLOQ) was set at the lowest concentration where all qPCR
replicates amplified in all labs (10 copies per reaction) and expressed as Cq + 2×Standard
deviation for each lab (Stewart et al. 2013).
Frequency of HF183 positive and site average HF183 concentration were calculated as metrics
of human fecal contamination at the sites. Samples were defined as positives for frequency
calculation if any of the qPCR replicates amplified. Site average concentration of HF183 was
calculated as the arithmetic mean at log10 scale (i.e., the geometric mean at the normal scale) of
all qPCR replicates from all samples at each site. In calculating the means, non-detect (ND) and
detection below LOD (DBLOD) (Stewart et al. 2013) were not assigned a zero value but instead
substituted with a more appropriate statistical estimate based on Poisson distribution (method
detail in Supplementary Information).
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Results
Sampling and results summary
1013 and 627 samples from dry and wet weather, respectively, were analyzed for the HF183
human fecal marker. Number of samples per site ranged from 15 to 54 under dry weather, and
from 3 to 50 under wet weather (Supplementary Information, Table S1). Sites (none in dry
weather, but five in wet weather) with ten or fewer samples were excluded from analyses.
Standard curves showed satisfactory performance across all labs, with R2 and amplification
efficiency ranging from 0.95 to 0.99 and from 0.89 to 0.99, respectively (Supplementary
Information, Table S2). Limit of detection and lower limit of quantification were 1 and 10 gene
copies per reaction, respectively, corresponding to 79 and 789 copies per 100ml, respectively.
Negative controls showed little sign of cross-contamination. Among the 936 no template control
reactions, only 2 reactions showed a low level of amplification (Cq>37). Among the 1179
negative extraction control reactions, only 2 amplified (Cq>36). No drainage water samples
showed signs of inhibition or sample processing failure.
The HF183 human fecal marker was detected at all except two sites in dry weather and at all
sites in wet weather. Overall, HF183 was detected in 21% and 52% of samples in dry and wet
weather, respectively. Among the detections, 22% and 44% in dry and wet weather, respectively,
were at high enough concentrations to be quantifiable (i.e. above LLOQ). The median HF183
concentration was below LOD in dry weather and at LOD in wet weather. Nevertheless, the
highest concentrations detected were 1.5x107 and 3.2x106 copies per 100ml in dry and wet
weather, respectively. Summaries by site are provided as (Supplementary Information, Figures
S1, S2).
Across all sites, the average Enterococcus concentration (geomean) was 237 and 1265 per 100ml
in dry and wet weather, respectively. Enterococcus concentration in drainages discharging to the
ocean exceeded California’s single sample maximum (SSM) of 104/100ml for ocean samples in
67% and 88% of samples, and was 100 times higher than the SSM in 3% and 19% of samples, in
dry and wet weather, respectively (Supplementary Information, Table S1).
Site prioritization
Site prioritization was conducted using both frequency and site average concentration of HF183
detection, in both dry and wet weathers. There were clear differences in the occurrence of the
HF183 marker across southern California creeks (Figure 2). Among the 22 sites in dry weather,
the marker was not detected in any sample at two sites (Santa Ana River, Topanga Creek), but
was detected in 100% of samples at one site (Malaga Cove East). The frequency of HF183
detection gradually increased over fifteen sites from 7% to 30%, then jumped to 48% to 100%
for five sites. Site average concentration, ranging from 1 to 154 copies per 100ml, also showed
large site differences (Supplementary Information, Figure S2).
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Figure 2. Frequency of HF183 detection at the 22 sites in summer dry weather. Frequency of
HF183 detection is defined as % samples with HF183 detection, and HF183 is said detected in
a sample if HF183 is detected in any of the three qPCR replicates.

The ranking of drainages was relatively consistent regardless of whether the ranking was based
on frequency of HF183 positives or average HF183 concentration (Figure 3, Table S3). Among
the 22 dry weather sites, only five sites received different positions in the ranking based on
frequency vs. concentration, among which two sites differed only by one position. All five sites
were also among middle positions in ranking by either metric.

Figure 3. Site average HF183 concentration versus frequency of HF183 positive in summer
dry. Frequency of HF183 positive is defined as % samples that are positive for HF183, and a
sample is considered positive for HF183 if the marker is amplified in any of the three qPCR
replicates. Site average concentration is calculated by the Poisson approach as described in
the Method section.
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Site ranking during wet weather did not correlate well with site ranking during dry weather
(Figure 4, Supplementary Information, Figure S3 and Table S4). While the extent of human fecal
contamination generally increased (except for 3 and 4 sites based on frequency and
concentration, respectively, Figure 4 and Supplementary Information, Figure S3) from dry to wet
weather, the relative extent of increase was dissimilar across sites. Among the 16 sites that were
sampled in both dry and wet weather, no site had the same rank in dry as rank in wet, regardless
of whether the ranking was based on frequency of HF183 positives or average site HF183
concentration (Supplementary Information, Table S4). Marie Canyon Storm Drain showed the
biggest discrepancy, shifting 10 and 11 positions in ranking, based on frequency and
concentration, respectively, between dry and wet.

Figure 4. Frequency of HF183 detection by site in wet (light grey filled bars) versus dry (darkfilled) weather conditions. Frequency of HF183 detection is defined as % samples with HF183
detection, and HF183 is said detected in a sample if HF183 is detected in any of the three
qPCR replicates. Sites are sorted from left to right by frequency of detection under dry
weather conditions.
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Discussion
Our study corroborates the ubiquitous presence of human fecal pollution in highly urbanized
environments (Sauer et al. 2011, Sercu et al. 2009, Sidhu et al. 2013) and is also consistent with
the finding of Ahmed et al. (2016) that human fecal pollution levels vary considerably across
sites. These site differences don’t appear to be related to simple watershed characteristics, as we
observed no discernable relationship between watershed land use and extent of human fecal
contamination in the drainage (Supplementary Information, Figure S5). This suggests a
complexity of human fecal pollution in urban environments that relates to specific management
practices and illustrates the need to conduct site-specific investigations (Sauer et al. 2011).
We also observed that the extent of human fecal pollution in drainage systems expands
considerably during wet weather events, a finding consistent with previous studies (Templar et
al. 2016). This is likely caused by increased human fecal input into the drainages during wet
weather perhaps due to overland flow and/or subsurface sewage exfiltration. Depending on storm
size and land infiltration capacity in the watershed, storms generate overland flow that brings
surrounding fecal pollution into drainages (Sercu et al. 2011b). A raised groundwater table or
higher subsurface soil water content can also increase sewage exfiltration as a source of human
fecal pollution in drainage systems (Sercu et al. 2011a). However, a few sites showed lower
frequency and concentration of HF183 in wet than in dry weather, which might be attributed to
simple dilution by the large volume of storm water. Regardless, the changes in human fecal
signature during rainfall certainly argue for a difference in management remediation strategies
between wet and dry periods.
Site prioritization
One of the study goals was to rank sites in southern California based on the extent of human
fecal contamination as a means of prioritizing remediation actions. To do so, several choices
must be made, one of which is whether to base site ranking on frequency of detection or
concentration of HF183. This choice did not influence ranking appreciably, probably because
most sites with persistent human fecal input would be likely to have higher concentration as well,
and the site average concentration was calculated by partially integrating the frequency
information (i.e., via the Poisson mean substitution of ND and DBLOD). While it did not make a
big difference in this study, we chose to focus on frequency, in absence of a standardized metric,
for site ranking primarily because it is less sensitive to site-specific degradation. Nevertheless,
we recognize that frequency of detection is less, compared to concentration of HF183, related to
characterizing total human fecal contribution (i.e. mass) to FIB that are needed for risk
assessment (Soller et al. 2014).
A second choice to make relates to implementation mechanics. That is, how to define a positive
sample for calculating frequency. We chose to count any HF183 detection, even if that detection
was unquantifiable, erring on the side of being more protective of public health. This is because,
due to subsampling effect in performing the qPCR method and the wide range of degradation
rate of the HF183 marker as observed in the environment, a low HF183 signal could still present
a meaningful public health risk (see simulation in Supplementary Information, Figure S6).
However, we also tried six other definitions of a positive sample to calculate frequency, deeming
a sample positive for HF183 if at least one, or at least two, or all three qPCR replicates
amplified, if at least one, or at least two, or all three qPCR replicates were DNQ or quantifiable,
49

or if the sample average concentration (ND and DBLOD were substituted with ½ or 1 limit of
detection) was greater than limit of detection. For none of these alternative definitions did the
rank order of sites change appreciably (Supplementary Information, Table S3), and the
alternative frequency calculations were highly correlated (p-value<0.001 for all pair-wise
correlation).
A third choice in developing site rankings is whether to use HF183 alone or in combination with
Enterococcus, with the rationale that a HF183 signal may be of lesser concern when the
Enterococcus levels are low. This decision made a substantial difference, as the correlation
between ranking by HF183 and ranking by Enterococcus was low (Figure 5, Supplementary
Information, Figure S7). The low correlation probably results because Enterococcus is a general
indicator that originates from human, non-human (Ervin et al. 2013) and even non-fecal sources
(Byappanahalli et al. 2012, Ferguson et al. 2016, Imamura et al. 2011, Yamahara et al. 2009) and
Enterococcus and HF183 should correlate only when human fecal material is the dominant
source of contamination (Harwood et al. 2005). As such, we suggest placing higher priority on
HF183 than on Enterococcus level, with one important exception. HF183 is a molecular
measurement and can potentially give a false reading when disinfected water is present in the
watershed. It is possible that watersheds where recycled water is used for irrigation, for example
on golf courses, could contribute to a high level of HF183 prevalence.

(A)

(B)

Figure 5. Ranking site by HF183- vs. Enterococcus-based metrics during summer dry
weather: (a) Frequency of HF183 positive versus frequency of Enterococcus exceedance, (b)
Site average HF183 concentration versus site average Enterococcus concentration. HF183based metrics are as defined in Figure 3. Frequency of Enterococcus exceedance is defined
as % samples with more than 104 Enterococcus per 100ml. Site average concentration of
Enterococcus is defined as geomean at the site.
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Implications for water quality management
The utility of the HF183 human fecal marker as a monitoring tool is both valuable and feasible.
As FIB do not distinguish human, non-human or non-fecal sources, monitoring and remediation
focused on FIB solely may not be cost-effective if the ultimate goal is public health protection. A
monitoring framework that incorporates a more precise fecal indicator such as a human fecal
marker should provide a higher level of information and greatly improve management decision
making such as remediation prioritization and consideration of QMRA as alternative
management strategies (this study, (Sauer et al. 2011). Additionally, the HF183 marker assay is
becoming widely available for use, with EPA presently developing a nationally standardized
analytical procedure (Shanks et al. 2016). Moreover, a single molecular assay that
simultaneously quantifies both Enterococcus spp. and the HF183 marker has also been validated
(Cao et al. 2016a, Cao et al. 2015) with published standard operating procedures and multimedia training materials (Cao et al. 2016b). Our study suggests that routine measurement of both
enterococci and the HF183 marker will allow managers to focus remediation efforts on the
highest priority sites: those with both high enterococci and HF183 (e.g. upper right corner of
Figure5A).
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Chapter 3. Supplementary Information - Regional assessment of human fecal
contamination in southern California coastal drainages
Methods
Calculating site average HF183 concentration
Site average concentration of HF183 was calculated as the arithmetic mean at log10 scale (i.e. the
geometric mean at the normal scale) of all qPCR replicates from all samples at each site.
Depending on the target concentration, qPCR results were grouped into four categories: ND
(non-detect, i.e. no amplification), DBLOD (detected below limit of detection), DNQ (detected
but not quantifiable), and quantifiable (Stewart et al. 2013). In calculating the means, ND and
DBLOD were considered censored data, and DNQ and quantifiable data were used as is. Two
site average concentrations were calculated, differing by how the censored data were treated
before averaging. Our first approach substituted ND and DBLOD with ½ or 1 limit of detection.
Our second approach is more statistically based and substituted ND and DBLOD with a Poisson
mean estimated by regarding ND as negative and DBLOD as positive. The percentage of
positives (p) was then used to estimate a Poisson mean λ= - ln(1-p) representing the group of ND
and DBLOD results.
Other common options include substituting censored data with zero or limit of detection which
has been heavily criticized (Helsel 2012). More statistically based approaches (such as those
borrowed from survival analysis) unfortunately have limited application, as the prerequisite of
having a reasonable portion of uncensored data is often not met at many locations with
environmental HF183 data. Therefore, they were not reported here.
Results
HF183 results in wet weather
Sixteen sites were sampled in both dry and wet weather, and a total of 18 sites sampled during
wet weather had more than 10 samples. Large differences in extent of prevalence of the HF183
marker was observed across the 18 sites (Figure S4). The HF183 marker was detected in 11-97%
of samples, and site average HF183 concentration ranged from 2-7551 copies per 100ml.
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Discussion
Characterization of watershed land use pattern
To discern potential drivers to the observed large site differences in level of human fecal
pollution, watershed land use patterns were correlated to the extent of human fecal contamination
in drainages. The land use patterns were characterized by arranging land use categories (provided
by responsible agencies for the studied watersheds based on analysis of GIS land use profiles)
into four bins roughly based on the density of human occupancy, as follows. High human density
included single family and multi-family residential areas; Medium human density included
commercial, institutional, municipal, office areas; Low human density included areas with
education industrial, and other similar facilities; Minimal human density included agriculture,
open space, parks, transportation, vacant, water, and similar areas. The percentage area in each
bin (and with bins of high and medium human density combined) was then correlated to
frequency of HF183 detection and site average concentration of HF183. No significant
correlation was observed (Figure S5). Although the four sites with highest frequency and average
concentration of HF183 detection had more than 50% of the watershed characterized as having
relatively high human occupancy (commercial and/or residential), other watersheds with similar
land use had much less human fecal contamination (<30% HF183 detection).
Rationale for the definition of a HF183 positive sample
To calculate frequency of HF183 detection, a sample was deemed positive (for HF183 detection)
if this marker is amplified in any of the three qPCR replicates. This recommendation is based on
two lines of reasoning: 1) A low HF183 signal may still indicate meaningful risk; and 2) Not all
qPCR replicates will amplify when signals are low.
In diluted fresh sewage, 4200 copies HF183 per 100ml corresponds to a U.S. EPA benchmark
illness rate of public health significance (30 GI illness per 1000 swimmers) (Boehm et al. 2015).
However, environmental waters mostly contain aged sewage with a wide range of reported decay
rates (Ahmed et al. 2016). Recent field in-situ experiments in California measured decay rates
corresponding to 0.5-3 log10 reduction per day (Cao et al. 2017), leading to reduction of the 4200
copy HF183 per 100ml to below or near the limit of detection of qPCR within 1-3 days. Given
that the HF183 marker may decay faster than pathogens in most environmental conditions, low
HF183 signals are likely of public health significance.
However, as only a small fraction (<2%) of the original water sample is analyzed based on the
HF183 protocol (Green et al. 2014) (as in most qPCR protocols), simulation shows that such
signal may only be present in one out of the three qPCR replicates due to subsampling effects
(Figure S5). Briefly, generally 100ml of water is filtered to capture bacterial cells on the filter,
which is subject to DNA extraction resulting in 100µl DNA extract, from which only 2 µl was
analyzed in each qPCR reaction to measure the HF183 marker. A subsampling process therefore
occurs when pipetting 2 µl out of the 100 µl total DNA volume, and this process reduces the
probability of detection when HF183 concentration is low. While other factors such as DNA
extraction efficiency and PCR kinetics further reduce the probability of amplification, a
simulation using binomial distribution can be used to demonstrate how much subsampling (of
the DNA extracts) alone reduces the probability of amplification in qPCR replicates.
A binomial distribution of B(3, p.rxn) was used to estimate the probability of HF183
amplification in at least one, or at least two, or in all of the three qPCR replicates. The
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probability of having at least 1 copy of the HF183 marker present in each qPCR reaction, p.rxn,
was calculated by simulating the subsampling process of pipetting 2µl (per qPCR standard
operating protocol) from the 100µl DNA extracts (resulting from 100ml of water) into each
qPCR reaction. The subsampling process was simulated by B(2, conc) where 2 refers to the 2µl
DNA extracts added to each qPCR reaction, and conc=HF183 copies per 1 µl DNA extracts (i.e.,
copy of HF183 per 1 ml of water assuming 100% recovery during DNA extraction).
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Supplementary Tables
Table S1. Sampling summary. Sites are listed approximately from north to south as shown in the
map. Column heading n.HF183, n.Ent, %>104, %>10400 refer to number of samples analyzed for
HF183, number of samples analyzed for Enterococcus spp., % of samples with greater than 104
Enterococcus per 100ml, and % of samples with greater than 10400 Enterococcus per 100ml.
Some samples were not analyzed for enterococci due to lab errors.
summer dry
Site
Upper Ventura River
Ventura River
Upper Santa Clara
River
Santa Clara River
Industrial Drain
Upper Calleguas Creek
Calleguas Creek
Ramirez Creek
Escondido Creek
Solstice Creek
Marie Canyon Storm
Drain
Malibu Creek
Topanga Creek
Santa Monica Canyon
Ballona Creek
Malaga Cove South
Malaga Cove East
Talbert Channel
Santa Ana River
Santa Ana Delhi
Channel
Costa Mesa Channel
Aliso Creek
San Juan Creek
Cottonwood Creek
Tecolote Creek
San Diego River
Tijuana River
Overall

wet

n.HF183
46

n.Ent
-

%
>104
-

-

-

-

-

7

-

-

-

49
47
49
51
48
30

51
48
30

92
98
40

0
29
0

8
34
36
27

34
36
27

94
97
70

0
25
0

48

48

100

2

36

36

100

0

15
43
50
47
47
43
44

15
43
50
47
47
43
44

20
30
62
53
87
84
64

0
0
0
0
0
2
0

34
32
37
39
3
4
15
14

34
32
37
39
3
4
15
14

65
69
100
74
100
100
100
93

0
0
24
13
0
0
33
64

49

49

45

0

50

50

98

38

50
50
50
54
53
50
1013

50
50
50
54
53
50
822

100
48
86
91
45
10
67

10
0
2
2
4
2
3

50
50
50
15
29
24
23
627

50
50
50
15
27
24
22
599

86
98
94
87
100
92
55
88

32
18
32
27
33
8
5
19
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%
>10400
-

n.HF183
10
-

n.Ent
-

%
>104
-

%
>10400
-

Table S2. The HF183 qPCR standard curve parameters and lower limit of quantification (LLOQ) in
Cq. E is the qPCR amplification efficiency E=10-1/slope-1.
Lab

Slope

Y intercept

R2

n

E

LLOQ in
Cq

1
2
3
4
5
6
7
8

-3.52
-3.42
-3.38
-3.49
-3.35
-3.51
-3.57
-3.63

38.98
36.32
35.06
36.64
36.76
38.43
39.23
38.89

0.993
0.983
0.994
0.987
0.966
0.988
0.952
0.988

172
231
190
290
107
372
178
83

0.92
0.96
0.97
0.94
0.99
0.93
0.91
0.89

35.5
32.9
31.7
33.2
33.4
34.9
35.7
35.3
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Table S3. Comparison of site ranking based on seven different definitions of frequency of HF183
positive and two different calculations of site average HF183 concentration, in dry (A) and wet (B)
weather.
Frequency of HF183 positives was defined as the percentage of samples that were positive for
HF183 at each site. Seven different definitions of a positive sample were used to calculate
frequency. A sample is deemed positive for HF183 if at least one (amp1), or at least two (amp2), or
all three (amp3) qPCR replicates amplified, if at least one (lod1), or at least two (lod2), or all three
(lod3) qPCR replicates were DNQ or quantifiable, or if the sample average concentration was
greater than limit of detection (lodAvg). In calculating the sample average, ND and DBLOD were
substituted with ½ or 1 limit of detection.
Site average HF183 concentration was calculated by substituting ND and NBLOD with a
statistically based Poisson estimate (AvgPois) or with ½ or 1 limit of detection, respectively
(AvgLod).
Number of samples at each site is denoted by n.spl, and sites with 10 or fewer samples are
excluded. Sites are sorted from lowest to highest ranking position (i.e. having least to having
most human fecal contamination) based on the “amp1” frequency definition.

A. Dry weather
Site
Santa Ana River
Topanga Creek
Malibu Creek
Industrial Drain
Ventura River
Tecolote Creek
Santa Clara River
Solstice Creek
Talbert Channel
Ramirez Creek
Malaga Cove South
Aliso Creek
San Diego River
Santa Ana Delhi Channel
Calleguas Creek
Marie Canyon Storm Drain
Tijuana River
Escondido Creek
Ballona Creek
Costa Mesa Channel
Cottonwood Creek
Malaga Cove East

n.spl
44
43
15
47
46
54
49
30
43
51
47
50
53
49
49
48
50
48
50
50
50
47

amp1
1.5
1.5
3
4
5
6
7
8
9
10
11
12
13
14.5
14.5
16
17
18
19
20
21
22

amp2
1.5
1.5
9
5
11
6
4
3
14
13
8
10
16
7
12
17
15
18
19
20
21
22
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amp3
2
2
13
9
10
4
2
6
14
11
12
7
15
8
5
17
16
18
19.5
19.5
21
22

Site ranking position
lod1 lod2 lod3 lodAvg
1.5
1.5
2
1.5
1.5
1.5
2
1.5
6
13
16
10
9
7.5 10.5
7
10
14
12
13
8
10
4
12
11
5.5
2
5.5
3
3
6
3
7
9
13
11
16
11
7
8
12
7.5 10.5
9
4
4
8
4
15
16
14
16
5
5.5
9
5.5
17
15
5
15
14
17
17
17
13
12
15
14
18
19
19
18
20
20
20
20
19
18
18
19
21
21
21
21
22
22
22
22

AvgPois
1.5
1.5
3
5
6
7
4
9
14
10
11
12
13
15
8
17
16
19
18
20
21
22

AvgLod
1.5
1.5
3
6
9
11
5
4
10
12
13
7
16
8
15
17
14
20
19
18
21
22

B. Wet weather
Site
Marie Canyon Storm
Drain
Solstice Creek
Ramirez Creek
Topanga Creek
Malibu Creek
Escondido Creek
San Diego River
Tijuana River
Santa Ana River
Talbert Channel
San Juan Creek
Tecolote Creek
Costa Mesa Channel
Santa Ana Delhi
Channel
Cottonwood Creek
Santa Monica Canyon
Aliso Creek
Ballona Creek

Site ranking position
lod1 lod2 lod3 lodAvg

n.spl

amp1

amp2

amp3

36
27
34
32
34
36
24
23
14
15
50
29
50

1.5
1.5
3
4
5
6
7
8
9
10
11
12
14

2
1
3
4
5
6
7
10
11
13
14.5
9
12

4
1.5
1.5
3
6
5
7
10
9
15
14
12
11

2
1
3
4
5
6
7
9
10
14
13
12
11

4
1
2
3
6
5
7
10
11
13
14.5
12
8

4
1.5
1.5
3
5
7
6
11
8
14
15
13
10

50
15
37
50
39

14
14
16
17
18

14.5
8
17
16
18

13
8
17
16
18

15
8
17
16
18

14.5
9
17
16
18

12
9
17
16
18
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AvgPois

AvgLod

4
1.5
1.5
3
6
5
7
11
8
15
14
12
9

1
3
2
4
5
6
7
14
8
10
15
12
9

4
1
2
3
5
7
6
14
8
10
15
13
9

13
10
17
16
18

13
11
17
16
18

12
11
17
16
18

Table S4. Site rank contrast under wet vs. dry weather, as ranked by frequency or site average
concentration. Sites are sorted from left to right by frequency of detection under dry weather
conditions. Frequency of HF183 detection is defined as % samples with HF183 detection, and
HF183 is said detected in a sample if HF183 is detected in any of the three qPCR replicates. Sites
are sorted by ranking under dry weather.
Rank by frequency
Site
Santa Ana River
Topanga Creek
Malibu Creek
Tecolote Creek
Solstice Creek
Talbert Channel
Ramirez Creek
Aliso Creek
San Diego River
Santa Ana Delhi Channel
Marie Canyon Storm Drain
Tijuana River
Escondido Creek
Ballona Creek
Costa Mesa Channel
Cottonwood Creek

Dry
1.5
1.5
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Wet
9
4
5
11
1.5
10
3
15
7
13
1.5
8
6
16
13
13

Site
Santa Ana River
Topanga Creek
Malibu Creek
Tecolote Creek
Solstice Creek
Ramirez Creek
Aliso Creek
San Diego River
Talbert Channel
Santa Ana Delhi Channel
Tijuana River
Marie Canyon Storm Drain
Ballona Creek
Escondido Creek
Costa Mesa Channel
Cottonwood Creek
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Rank by Site
average
concentration
Dry
Wet
1.5
8
1.5
4
3
5
4
12
5
3
6
2
7
15
8
7
9
10
10
13
11
14
12
1
13
16
14
6
15
9
16
11

Supplementary Figures

(A)

(B)

Figure S1. HF183 results distribution for dry and wet weather: (A) number of qPCR results in
each quantification category, (B) HF183 concentrations (ND and DBLOD substitute with ½
and 1 of limit of detection). Dotted red line in (B) indicates the limit of detection. Note that
empty space along the x-axis indicate that the site was not sampled during the given weather
condition.
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Figure S2. Site average concentration in log10 copies per 100ml by site for summer dry
weather. Site average is calculated by the Poisson approach as described in the Methods
section.
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Figure S3. Site average HF183 concentration in log 10 copies per 100ml by site in wet (light
grey filled bars) versus dry (dark-filled) weather conditions. Site average is calculated by the
Poisson approach as described in the Methods section. Site are sorted from left to right by
site average concentration under dry weather conditions.
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(A)

(B)

Figure S4. Frequency of HF183 positives (A) and site average HF183 concentration (B) at the
18 sites (number of samples per site >10) during wet weather. Frequency of HF183 positives
is defined as % samples with positive HF183, and a sample is deemed HF183 positive if
HF183 is amplified in any of the three qPCR replicates. Site average is calculated by the
Poisson approach as described in the Method section. Sites are sorted from left to right by
frequency of HF183 positives.
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Figure S5. Frequency of HF183 positives in the drainages during dry weather conditions
(black bars) and percentage area with high or medium human density in the watershed where
the drainage is located (yellow bars). Sites are sorted from left to right by frequency of HF183
positives.

Figure S6. Probability of HF183 amplifying in at least 1 (light grey), at least 2 (dark grey), or
all 3 (black) qPCR replicates at low HF183 concentration (x-axis). This simulation only
accounts for subsampling effects as only 2 µl of the 100 µl total DNA extract from the water
sample is analyzed in each qPCR reaction, while assuming 100% recovery during DNA
extraction and 100% amplification for all reactions having at least 1 copy of the target
present. Such assumption is likely untrue and the real probability of amplification is lower
than shown here.
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(A)

(B)
Figure S7. Ranking site by HF183- vs. Enterococcus-based metrics during wet weather: (a)
Frequency of HF183 positive versus frequency of Enterococcus exceedance, (b) Site average
HF183 concentration versus site average Enterococcus concentration. HF183-based metrics
are as defined in Figure 3. Frequency of Enterococcus exceedance is defined as % samples
with more than 104 Enterococcus per 100ml. Site average concentration of Enterococcus is
defined as geomean at the site.
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