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1. Introduction

Routine fecal indicator monitoring is used to manage recreational waters throughout the 

world typically measuring E. coli or enterococci bacteria levels. These fecal indicator 

bacteria (FIB) are indigenous to the gastrointestinal tract of human and many other animals 

(APHL 2012, Harwood et al. 2017). The presence of FIB in recreational waters estimates the 

total level of fecal pollution present and serves as a warning for the potential presence of 

disease-causing enteric microorganisms. For decades, FIB testing has been a remarkably 

successful tool for managing recreational water quality. However, there is a growing body of 

evidence suggesting that viral fecal indicators could further enhance public health 

protection. Epidemiology, microbial risk assessment, and outbreak surveillance studies 

report that many illnesses associated with recreating in waters contaminated with sewage 

result from human enteric virus exposure (Begier et al. 2008, Cabelli et al. 1982, Sinclair et 

al. 2009, Soller et al. 2010) and that FIB often correlate poorly with these pathogens 

(Korajkic et al. 2018). As a result, researchers are investigating the potential addition of 

virus-based somatic and F+ coliphage methodologies to the recreational water monitoring 

general fecal indicator toolbox.

Coliphage are viruses that infect E. coli and are classified into somatic and F+ (male-

specific) groups based on host bacterial cell modes of infection (Cole et al. 2003, Mesquita 

et al. 2010). There are numerous reliable and inexpensive methods to measure coliphage 

levels in surface waters (Blanch et al. 2020) and many studies report coliphage in marine 

waters, rivers, and lakes known to be polluted by fecal waste (Bonadonna et al. 2019, 
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Wanjugi et al. 2018). Furthermore, both coliphage types occur in the gut of humans and are 

routinely detected in sewage (Korajkic et al. 2020, Nappier et al. 2019). Coliphage are also 

reported to share similarities in morphology, composition, and persistence with some human 

DNA and RNA enteric virus pathogens (Gerba 1987, Havelaar et al. 1993, King et al. 2011, 

Palmateer et al. 1991, Rose et al. 2004). In addition, multiple studies report a likely 

relationship between coliphage and increased gastroenteritis (Abdelzaher et al. 2010, 

Griffith et al. 2016, Wiedenmann et al. 2006) suggesting that their presence in recreational 

waters may indicate a potential public health risk.

Prior to the development of a recreational water quality application, it may be useful to 

consider the cooccurrence of coliphage and host-associated genetic markers commonly used 

to characterize fecal pollution sources in recreational waters. Like traditional FIB, coliphage 

are shed in multiple animal sources, in some instances at similar levels to sewage. For 

example, somatic coliphages were found in dog, cat, horse, chicken, sheep, cow, and gull 

feces at similar concentration ranges to sewage (McMinn et al. 2014). The prevalence of 

these general fecal indicators in multiple animal groups, whether FIB or coliphage, can be 

limiting for routine recreational water quality monitoring because mitigation strategies often 

vary by fecal pollution source present. Numerous quantitative fecal source identification 

methodologies are available to complement routine general fecal indicator recreational water 

quality monitoring providing the ability to assess in parallel the potential public health risk 

(general indicator results) and characterize corresponding fecal source pollution trends from 

key animal groups (fecal source identification results) (Feng et al. 2018, Feng and McLellan 

2019, Kildare et al. 2007, McQuaig et al. 2009, Mieszkin et al. 2009, Reischer et al. 2006, 

Stachler et al. 2017). While there are many applications for quantitative fecal source 

identification tools such as measuring the influence of rain events (Garcia-Aljaro et al. 2017, 

Reischer et al. 2008, Shrestha et al. 2020b, Staley et al. 2018), prioritizing sites for 

mitigation based on human fecal pollution levels (Cao et al. 2018), evaluating the efficacy of 

source targeted best management practices (Converse et al. 2009, Ervin et al. 2014, McMinn 

et al. 2019), and identifying seasonal pollutant source trends (Lee et al. 2014, Li et al. 2019, 

McKee et al. 2020), there also remains a keen interest in the development of fecal source 

prioritization strategies designed to reduce fecal indicator levels used to regulate local 

recreational waters (i.e. E. coli, enterococci, etc.) thereby improving public health safety and 

minimizing the number of recreational water closures. As a result, there is a growing body 

of research investigating this application in recreational water settings (Li et al. 2019, 

Shrestha et al. 2020a). However, information on the cooccurrence of coliphage and 

quantitative fecal source identification targets during routine recreational water monitoring 

remains scarce.

Our study evaluates paired measurements of host-associated genetic markers (this study) 

with cultivated viral (somatic and F+ coliphage) and bacterial (E. coli and enterococci) 

general fecal indicators (Wanjugi et al. 2018) at Great Lakes Basin recreational area beach 

and river sites. Six recreational area sites including lake beaches and nearby river locations 

were routinely sampled five days a week over a swimming season (15 weeks) and tested 

with quantitative real-time PCR (qPCR) targeting host-associated genetic markers indicating 

human, ruminant, dog, and avian fecal pollution. To prioritize key fecal pollution sources 

under different fecal indicator routine monitoring schemes, weighted fecal scores for each 
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host-associated genetic marker concentration and indicator combination were estimated 

using a recently developed Bayesian censored data analysis approach (Cao et al. 2018). 

Findings demonstrate that the general fecal indicator used for routine monitoring can 

influence the interpretation of corresponding host-associated genetic marker measurements, 

in some cases, leading to the prioritization of different pollutant sources for remediation. 

Different fecal source trends were also observed between Great Lake beach and river sites 

suggesting disparate management practices may be useful for each water type.

2. Materials and methods

2.1. Site description

Quantitative fecal source identification testing was conducted on the same Great Lakes 

recreational area surface water samples used in a previous study reporting general fecal 

indicator levels for E. coli, enterococci, and coliphage (somatic and F+) (Wanjugi et al. 

2018). Briefly, recreational areas included Edgewater (Lake Erie, Cuyahoga Watershed, near 

Cleveland, OH), Grant Park (Lake Michigan, Oak Creek Watershed, south Milwaukee, WI), 

and Washington Park (Lake Michigan, Trail Creek Watershed, Michigan City, IN). At each 

recreational area, quantitative fecal source identification testing was conducted at a 

recreational beach and at a nearby discharging river site (total of 6 sampling sites across all 

recreational areas). Potential fecal pollution sources at these sites could include combined 

sewer overflow discharge, urban stormwater runoff, faulty septic systems, local pets 

(canines), shore birds, ruminants (deer and potential upstream animal feeding operations), as 

well as nearby wastewater treatment facilities (Grant Park and Edgewater areas only).

2.2. General fecal indicator data sets

This study uses E. coli, enterococci, somatic coliphage, and F+ coliphage general fecal 

indicator measurements from 365 water samples reported by Wanjugi and collaborators 

(2018) (Fig. 1). Briefly, E. coli counts (most probable number [MPN] per 100 mL of water 

sample) were obtained using Colilert Quantitray (Idexx, Westbrook, ME). Enterococci 

concentrations (colony forming units [CFU] per 100 mL of water sample) were determined 

by membrane filtration on mEI agar (USEPA 2009). Somatic and F+ coliphage were 

enumerated (plaque forming units [PFU] per 1 L of water sample) using a dead-end hollow 

fiber ultrafiltration combined with single agar overlay method (McMinn et al. 2017). 

Additional details such as positive, negative, and spike recovery controls, as well as 

sampling site and water type (beach or river) trends are reported elsewhere (Wanjugi et al. 

2018).

2.3. Water sampling

The exact surface water sample grabs used for general fecal indicator monitoring (Wanjugi 

et al. 2018) were also used for quantitative fecal source identification. Briefly, samples were 

collected by three local laboratories including Scientific Methods Inc. (Washington Park), 

City of Racine Health Department (Grant Park), and Northeast Ohio Regional Sewer District 

(Edgewater). Beach composite (6 separate grabs per day, mixed) and river (single grab per 

day) water samples were collected over a 15-week beach season between 8am and 10am, 

five days a week (Sunday-Thursday). For beach composite sampling, transects were 
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arranged in a parallel fashion with each sample location situated 50 m apart with the center 

sample coinciding with the most heavily used swimming area (data not shown). For each 

composite sample, equal sample volumes were mixed (total volume = 6L) in a sterilized 

container prior to fecal indicator testing. River samples were collected 1 m from bank at a 

depth of 0.3 m below the surface. Fecal indicator bacteria testing was performed by each 

local laboratory within 4 h of collection. Coliphage samples (2 L each) were transported to 

the U.S. Environmental Protection Agency research facility (Cincinnati, OH) on ice in 

sterilized containers. Coliphage samples were eligible for testing only if received within 48 h 

of sample collection and shipping temperature was maintained at ≤ 4°C. Shipping 

temperature was monitored with iButton® temperature loggers DS1920 according to 

manufacturer’s procedures (Maxim Integrated, San Jose, CA).

2.4. Reference DNA preparation

Reference DNA materials consisted of two plasmid constructs (Integrated DNA 

Technologies, Coralville, IA) and salmon sperm DNA (Sigma-Aldrich, St. Louis, MO). 

Plasmid constructs for internal amplification controls (IAC) and calibration standards (all 

DNA targets on single construct) were prepared as previously described (Li et al. 2019). 

Briefly, plasmid constructs were linearized, quantified, and diluted to generate 102 

copies/2µL for IAC reference material and 10, 102, 103, 104, and 105 copies/2µL for 

calibration standards. A salmon DNA working stock containing 10 µg/mL was prepared by 

diluting a commercially available 10 mg/mL solution. All reference DNA materials were 

stored in GeneMate Slick low-adhesion microcentrifuge tubes (ISC BioExpress, Kaysville, 

UT) at −20°C.

2.5. Water filtration and DNA extraction

A total of 365 water samples were filtered for DNA extraction processing. For each sample, 

100 mL was filtered through a 0.45 µm polycarbonate filter (Fisher Scientific, Pittsburg, PA) 

and placed in a sterile 2 mL screw cap tube containing silica bead mill matrix (GeneRite, 

North Brunswick, NJ) and stored at −80°C (< 18 months) until DNA extraction. DNA 

extraction was performed using the DNA-EZ RW02 kit (GeneRite, North Brunswick, NJ) as 

previously described (Li et al. 2019). Briefly, 600 µL of 0.02 µg/mL salmon sperm DNA 

(Sigma-Aldrich) was added to each bead mill tube followed by bead milling with a MP 

FastPrep-24 (MP Biomedicals, LLC Solon, OH) at 6.0 m/s for 30 s. Three method extraction 

blanks (MEB), with purified water substituted for test sample, were performed with each 

sample processing batch (12 samples/batch). DNA was eluted with 100 µL elution buffer 

into GeneMate Slick low-adhesion microcentrifuge tubes (ISC BioExpress, Kaysville, UT). 

DNA extracts were stored at 4°C prior to qPCR amplification (< 48 h).

2.6. qPCR amplification

Five host-associated qPCR assays were used in this study including two human-associated 

assays (HF183/BacR287 and HumM2), a ruminant-associated assay (Rum2Bac), a canine-

associated assay (DG3), and an avian-associated assay (GFD), as well as a sample 

processing control (SPC) assay (Sketa22) as previously reported with the following 

modifications (Green et al., 2012, Green et al., 2014a, Green et al., 2014b, Haugland et al., 

2010, Mieszkin et al., 2010, Shanks et al., 2009, USEPA 2019a, USEPA 2019b). All reaction 
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mixtures contained 1X TaqMan Environmental Master Mix (version 2.0; Thermo Fisher 

Scientific, Grand Island, NY), 0.1X SYBR Green I Dye (GFD assay only; Thermo Fisher 

Scientific), 0.2 mg/mL bovine serum albumin (Sigma-Aldrich, St. Louis, MO), 1 µM each 

primer, and 80 nM 6-carboxyfluorescein (FAM)-labeled probe, and 80 nM VIC-labeled 

probe (multiples reactions only). All reactions contained either 2 µL of DNA sample extract 

or 10 to 1 × 105 target gene copies of reference DNA calibration standards in a total reaction 

volume of 25 µL. HF183/BacR287 and HumM2 multiplex reactions also contained 102 

copies of IAC template. Triplicate reactions were performed for reference DNA calibration 

standard testing while all water samples included six replicate reactions. Amplifications 

were conducted on a QuantStudio 6 Flex Real-Time PCR system (Thermo Fisher Scientific) 

in MicroAmp optical 96-well reaction plates with MicroAmp 96-well optical adhesive film 

(Thermo Fisher Scientific). The thermal cycling profile for all assays was 2 min at 95°C 

followed by 40 cycles of 5 s at 95°C, and 30 s at 60°C (except GFD, 57°C). The threshold 

was manually set to either 0.03 (HF183/BacR287, DG3, Rum2Bac, and Sketa22) or 0.08 

(HumM2 and GFD). Quantification cycle (Cq) values were exported to Microsoft Excel for 

further analysis. To monitor for potential extraneous DNA contamination during qPCR 

amplification, six no-template controls (NTC) with purified water substituted for template 

DNA were performed with each instrument run.

2.7. Data acceptance metrics

A rigorous data acceptance scheme was adopted to ensure high quality data generation in 

this study. All host-associated qPCR assays were subject to calibration model acceptance 

criteria [linearity (R2 ≥ 0.980) and amplification efficiency (0.90 to 1.10 where E = 

10(−1/slope) − 1)]. A SPC protocol was used to identify suitable DNA recovery from each 

water sample as previously described (Shanks et al. 2016). Water samples with unacceptable 

DNA recovery were excluded from the study based on batch-specific (n = 12 samples/batch) 

criteria derived from repeated MEB spike recovery measurements. SPC proficiency was also 

determined for each sample batch preparation requiring a standard deviation in Sketa22 

qPCR MEB repeated measures of ≤ 0.62 Cq to ensure consistent DNA recovery from one 

batch to another. The HF183/BacR287 and HumM2 multiplex IAC procedures were used to 

monitor for amplification inhibition. Any DNA extract indicating evidence of amplification 

inhibition was discarded. Instrument run-specific IAC proficiency testing (HF183/BacR287 

and HumM2 NTC VIC Cq standard deviation ≤ 1.16 or 1.05, respectively) (Shanks et al. 

2016) were also conducted to confirm reliable application of amplification inhibition testing 

from one instrument run to another. For each GFD instrument run, a melt curve analysis 

with a resolution of 0.3°C was used after thermal cycling to identify spurious amplicons that 

could confound data interpretation. Reactions yielding a GFD Cq value, but not at the 

expected melt peak (approximately 82–83°C) or reactions exhibiting a GFD Cq value at the 

expected melt peak plus an additional non-specific peak were discarded from the study 

(5.3% reactions discarded; 152 out of 2,881 total reactions; data not shown).

2.8. Calculations and statistics

Master reference DNA calibration models were generated for each qPCR assay from six 

independent standard curves using a Bayesian Markov Chain Monte Carlo approach 

(Sivaganesan et al. 2010, Sivaganesan et al. 2008). The lower limit of quantification (LLOQ) 
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was defined as the 95% credible interval upper-bound from repeated measurements (n = 18) 

of 10 copies per reaction reference DNA standard dilutions. qPCR target concentrations 

were reported as mean log10 copy number per reaction. Amplification efficiency (E) for each 

master reference DNA calibration was calculated as follows: E = 10(−1/slope) − 1. Water 

samples were organized by site to investigate potential variability between sampling 

locations and by recreational beach (n = 171) and river (n = 171) water type groups based on 

previous findings reporting key differences in the occurrence of general fecal indicators 

between these different Great Lakes recreational area water types (Wanjugi et al. 2018). 

Weighted average fecal score ratios were estimated for each qPCR assay based on defined 

fecal indicator (E. coli, enterococci, somatic coliphage, and F+ coliphage) data group 

definitions utilizing all measurements including non-detects, detections below the LLOQ, 

and measurements within the range of quantification as reported elsewhere (Cao et al. 2018). 

Bacterial and viral fecal indicator threshold definitions, sample counts, and sample 

frequencies for beach and river water type groupings are shown in Table 2. Briefly, E. coli 
samples were organized into two groups for each water type including: 1) samples with E. 
coli ≥ 190 MPN/100mL [Beach Action Value (BAV) representing estimated illness rate of 

32 per 1,000 primary contact recreators (USEPA 2012)] and 2) E. coli < 190 MPN/100mL. 

For enterococci, samples were organized into two groups for each water type including: 1) 

enterococci ≥ 60 CFU/100mL [BAV representing estimated illness rate of 32 per 1,000 

primary contact recreators (USEPA 2012)] and 2) enterococci < 60 CFU/100mL. There are 

currently no recommended BAV criteria available for coliphage (somatic and F+). Instead, 

predicted coliphage BAV estimates were used based on a recent study using quantitative 

microbial risk assessment to estimate thresholds of 60 PFU/100mL for somatic coliphage 

and 30 PFU/100mL for F+ coliphage (Boehm 2019). For each individual water sample, 6 

replicates were tested to ensure an adequate number of observations for suitable fecal score 

estimations (Cao et al. 2018). A sample group was eligible for fecal score determination if it 

had 1) at least 5 samples (5 samples × 6 replicates = 30 data points), and 2) at least one 

replicate must be a non-detect and one replicate below LLOQ (data groupings consisting of 

all non-detects and/or all below LLOQ were not eligible). All statistics were conducted with 

SAS software (Cary, NC), Microsoft Excel, or WinBugs (https://www.mrc-bsu.cam.ac.uk/

software/bugs/thebugs-project-winbugs/). Heat maps of host-associated qpCR genetic 

marker concentrations were generated with Heatmapper with default settings (Babicki et al. 

2016).

3. Results

3.1. qPCR quality controls and data acceptance metrics

High-quality data for qPCR fecal source identification experiments were identified through 

the implementation of a series of quality controls and data acceptance metrics. Calibration 

model performance parameters are shown in Table 1. Calibration model R2 values were 

greater than 0.990 and E values ranged from 0.90 (GFD) to 0.96 (HF183/BacR287). 

Extraneous DNA control reactions indicated 99.6% DNA-free (14 false positives of 3,409 

total reactions). False positive Cq values were higher than respective LLOQ for all but two 

reactions (both from GFD NTC reactions with Cq values of 36.9 and 36.0).
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Amplification inhibition was rarely identified in multiplex IAC HF183/BacR287 and 

HumM2 experiments [3.01%; 11 of 365 DNA extractions]. IAC acceptance thresholds 

ranged from (HF183/BacR287) 31.41 Cq to 33.39 Cq and 33.05 Cq to 35.29 Cq (HumM2). 

Competition thresholds were 24.7 Cq for HF183/BacR287 and 26.8 Cq for HumM2. 

Instrument run-specific IAC proficiency testing yielded a 100% pass rate with NTC VIC Cq 

standard deviations ranging from 0.16 to 0.52 for HF183/BacR287 (acceptance criteria ≤ 

1.16) and 0.09 to 0.50 for HumM2 (acceptance criteria ≤ 1.05) (Shanks et al. 2016).

All 365 water sample DNA extracts passed SPC testing exhibiting negligible matrix 

interference. SPC acceptance thresholds ranged from 24.1 Cq to 26.5 Cq. A total of 146 

DNA extracts were eligible for Cq adjustments ranging from 0.001 Cq to 2.85 Cq. A SPC 

proficiency test (Shanks et al. 2016) was used to monitor for suitable DNA recovery for each 

extraction batch. Sketa22 MEB Cq standard deviations ranged from 0.10 to 0.74 across 31 

batch preparations resulting in a successful SPC proficiency rate of 96.8% [30 of 31 batches; 

acceptance criteria ≤ 0.62 (Shanks et al. 2016)]. Twelve DNA extracts from Batch 15 

(Sketa22 MEB Cq standard deviation = 0.74) were discarded from the study due to 

inconsistent DNA recovery.

3.2. Host-Associated qPCR Measurements

Host-associated genetic markers were quantified for eligible water samples (n = 342) using 

fecal source identification qPCR methods for human (HF183/BacR287 and HumM2), 

ruminant (Rum2Bac), canine (DG3), and avian (GFD; n = 339 due to melt curve analysis 

results). Estimated mean log10 copies per reaction concentrations are shown in Fig. 2 

organized by respective sample general fecal indicator measurements ranked from lowest to 

highest levels. A total of 445 samples yielded host-associated qPCR genetic marker 

measurements within an assay respective range of quantification (26.1% of 1,707 sample 

measurements) ranging from mean log10 copies per reaction of 0.92 (DG3) to 4.85 (HF183/

BacR287). The occurrence of non-detection reactions ranged from 35.3% (GFD) to 86.5% 

(DG3) and detections below LLOQ spanned 4.5% (Rum2Bac) to 19.5% (HumM2) (Fig. 3).

3.3. Fecal Score Ratio Determination

Due to the large number of non-detection and detections below LLOQ reactions across all 

assays and samples (73.8% of data set; Fig. 3), a qPCR censored-data method was used to 

estimate log10 weighted-average fecal score ratios with 95% BCI to investigate pollution 

source trends based on four general fecal indicator definitions. By sampling site, only one 

location yielded a complete set of host-associated genetic marker and general fecal indicator 

definition combinations eligible for fecal score ratio determination limiting the ability to 

evaluate site to site variability (Table S1, Fig. 4). In contrast, 87.5% (35 of 40) of all host-

associated genetic marker and general fecal indicator definition combinations were eligible 

for fecal score ratio determination by water type groupings (Fig. 5). A summary of sample 

counts and frequencies by fecal indicator definition and water type are shown in Table 2. For 

water type log10 fecal score ratios, ranged from −0.05 (−0.15 to 0.06 95% BCI) (F+ 

coliphage, river type, GFD) to 2.08 (1.37 to 3.26 95% BCI) (enterococci, river type, 

Rum2Bac) across water types. A total of 94.3% of eligible assay-general fecal indicator 

ratios yielded positive values (33 of 35 eligible combinations) with 80% significantly higher 
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in sample groups with elevated general fecal indicator levels (n = 28). Negative ratios were 

only observed in river type samples for GFD-somatic coliphage and GFD-F+ coliphage 

groupings. E. coli MPN/100mLwas the only general fecal indicator that was significantly 

higher regardless of host-associated genetic marker or water type (river or beach types).

4. Discussion

Somatic and F+ coliphage are under consideration as potential surface water quality 

monitoring tools to identify unsafe levels of fecal pollution in recreational waters (Nappier et 

al. 2019). However, little is known about the cooccurrence of these virus-based fecal 

indicators and common host-associated genetic markers used to prioritize pollution source 

remediation during routine recreational water monitoring. To address this research gap, 

paired measurements of five host-associated genetic markers indicating human, ruminant, 

canine, and avian pollution sources were compared with general fecal indicators (E. coli 
MPN/100mL, enterococci CFU/100mL, somatic coliphage (PFU/100mL) and F+ coliphage 

(PFU/100mL) in Great Lakes basin water samples collected over a 15-week recreational 

season. Findings provide important insights on the prioritization of key fecal pollution 

sources for remediation when monitoring with different fecal indicators and fecal source 

identification methods, the utility of a recently reported censored data approach for 

interpreting host-associated genetic marker and fecal indicator measurements, and the 

application of virus-based fecal indicators for routine recreational water quality monitoring.

4.1. Fecal source pollution trends vary by general fecal indicator

Four fecal pollution sources were investigated in recreational waters from six Great Lakes 

basin sites including human, ruminant, canine, and avian groups. Host-associated genetic 

marker measurements were organized into two groups based on a corresponding general 

indicator threshold definition for E. coli (190 MPN/100mL), enterococci (60 CFU/100mL), 

somatic coliphage (60 PFU/100mL), or F+ coliphage (30 PFU/100mL) to generate 

respective log10 average weighted fecal score ratios by sampling site and water type (Fig. 4 

and Fig. 5). These ratios identified whether a pollution source, general indicator combination 

significantly increases, decreases, or does not change when waters are impaired based on a 

given water quality definition, on average.

4.1.1. Human fecal pollution trends—Human fecal pollution is typically considered 

the greatest public health risk when present at unsafe levels in recreational waters (Soller et 

al. 2010, Soller et al. 2014). Human fecal waste can harbor a wide array of public health 

relevant pathogens. As a result, researchers have spent a considerable amount of time 

developing, standardizing and validating human-associated fecal source identification 

technologies. In this study, the recently nationally validated HF183/BacR287 and HumM2 

qPCR procedures (Shanks et al., 2016, USEPA 2019a, USEPA 2019b) were used to 

characterize fecal pollution originating from sewage, septage, and/or human fecal waste. For 

the Edgewater river sampling site (Fig. 4) and river water type (Fig. 5, Panel A) findings, 

HF183/BacR287 and HumM2 log10 fecal score ratios were always significantly higher in 

sample groups with elevated fecal pollution levels regardless of general fecal indicator 

definition. Agreement amongst all general indicators and human-associated genetic marker 
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log10 fecal score ratio estimates strongly suggests that the management of human fecal 

pollution sources impacting Great Lakes rivers would substantially reduce the incidence of 

water impairment. A different trend was observed in Great Lake beach water type samples 

where human-associated genetic marker log10 fecal score ratios were consistently lower 

compared to corresponding river values and were only significantly higher in beach samples 

with E. coli and somatic coliphage general fecal indicator definitions (Fig. 5, Panel B). A 

lack of agreement between human-associated genetic marker log10 fecal score ratios 

(HF183/BacR287 and HumM2) results using different general fecal indicator definitions at 

beach sites (Fig. 5, Panel B) suggests that a manager could identify human waste as a key 

fecal pollution source when routine monitoring with E. coli or somatic coliphage, but not 

when using enterococci or F+ coliphage. Additional research is warranted to investigate 

variable indicator levels and persistence in different human waste types and persistence in 

freshwater systems.

4.1.2. Canine fecal pollution trends—The extent of recreational water quality 

contamination attributed to dogs is poorly understood in the Great Lakes basin. Research 

reports that almost 40% of known human pathogens can infect domestic animal hosts 

(Cleaveland et al. 2001) and that dogs can harbor antibiotic resistant bacteria (Cinquepalmi 

et al. 2013, Nam et al. 2013), Campylobacter spp. (Chaban et al. 2010), Giardia duodenalis 
(Traub et al. 2009), and numerous parasites (Katagiri and Oliveira-Sequieira 2008). There is 

a growing body of research demonstrating that canine-host associated fecal source 

identification testing can detect dog waste in surface waters and prompt local community 

management activities that improve water quality by reducing fecal indicator levels (Ervin et 

al. 2014, Li et al. 2019, Shrestha et al. 2020b). At Great Lakes basin recreational sites in this 

study, canine fecal score ratios were significantly higher for both bacterial general fecal 

indicator definitions regardless of water type (beach or river). However, virus-based general 

fecal indicators yielded contradictory results. When samples were grouped by the somatic 

coliphage definition in beach water type samples, the fecal score ratio was significantly 

higher (95% BCI does not intersect the red line indicative of a log10 fecal score ratio = 0) for 

somatic coliphage, but a different trend was observed in river water type sample groups (Fig. 

5, Panel B). A previous study reports a 2.9 log10 PFU per gram of feces higher level of 

somatic coliphage compared to F+ coliphage in dog fecal material (McMinn et al. 2014) 

potentially accounting for beach water type trends. However, an opposite pattern was 

observed in river water type samples where canine fecal score ratios were significantly 

higher using the F+ coliphage definition compared to somatic coliphage (Fig. 5, Panel A). 

This trend was also observed at the Edgewater river site (Fig. 4), but to a different degree 

suggesting that this discrepancy may vary in magnitude from one site location to another. 

Additional research is needed to investigate potential explanations for this lack of agreement 

between coliphage and water types in the Great Lakes basin.

4.1.3. Avian fecal pollution trends—Fecal pollution originating from birds represent 

a difficult challenge for recreational water quality managers. These animals can harbor 

public health relevant pathogens and shed antibiotic resistance bacteria (Bonnedahl et al. 

2009, Cao et al. 2020, Rodolfo et al. 2020). Birds are common at recreational sites, can 

easily move from one point to another, and are reported to be a significant source of general 
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fecal indicators via direct contact with water (Brooks et al. 2020, Shrestha et al. 2020b), as 

well as from surface run-off after rain events (Lee et al. 2020). Like canine pollution trends 

above, a similar pattern was found for bacterial fecal indicator definitions where log10 fecal 

score ratios were significantly higher at both beach and river water type sites (Fig. 5). In 

contrast, avian fecal score ratios were not significantly higher when monitoring with either 

somatic or F+ coliphage at river water type sites (Fig. 5, Panel A), but exhibited a different 

trend at beach sites (Fig. 5, Panel B). These conflicting trends across water types could 

simply be due to lower concentrations of fecal indicators at beach sites potentially 

introducing more uncertainty into fecal score ratios. However, another plausible explanation 

could be potential differences in the fate and transport of general fecal indicators originating 

from bird waste. Lake beaches are typically slow-moving bodies of water likely impacted by 

birds in the immediate vicinity. In contrast, rivers are often comprised of faster-moving 

currents flowing downstream composed of waters originating from a broader expanse of 

tributaries offering a different set of physical and chemical conditions that could influence 

the composition and persistence of general fecal indicators. This notion is supported by 

numerous studies reporting differences in the decay of bacterial and viral general indicators 

under various conditions (Boehm et al. 2019, Kohn and Nelson 2007, Long and Sobsey 

2004, Wanjugi et al. 2016, Wu et al. 2016). Another possible explanation is that variable bird 

species may be contributing coliphage indicators in rivers compared to beach water types. 

There is limited information on the shedding of somatic and F+ coliphage in many avian 

species. The Great Lakes basin supports an immense population of resident and migratory 

birds that could differentially shed these coliphage types. The sole complete sampling site 

log10 fecal score ratio data set for the Edgewater river location further complicates the 

interpretation of avian pollution source trends in the context of routine coliphage water 

quality monitoring. At this site, somatic and F+ coliphage definitions disagreed (Fig. 4), but 

in an opposite manner compared to beach water type findings (Fig. 5, Panel B) suggesting 

that patterns can be highly variable on a site by site basis. Additional research is necessary to 

understand the underlying mechanisms resulting in multiple cooccurrence patterns of the 

GFD avian-associated genetic marker under different general fecal indicator routine 

monitoring scenarios in Great Lake basin recreational waters, especially for coliphage-based 

scenarios.

4.1.4. Ruminant fecal pollution trends—Ruminant fecal waste is reported to pose a 

similar recreational water public health risk to human waste (Soller et al. 2014). These 

animals can harbor pathogens such as E. coli O157:H7 which requires a minute dose to have 

potentially lethal effects (Pruimboom-Brees et al. 2000). Many recreational areas in the 

Great Lakes basin are near agricultural facilities housing domesticated ruminants (i.e. cattle, 

sheep, goat) or areas inhabited by deer. In this study, the ruminant-associated genetic marker 

(Rum2Bac) was significantly higher for all general fecal indicator sample definitions at the 

Edgewater river site (Fig. 4) and across river water type groupings (Fig. 5, Panel A), except 

for the somatic coliphage definition at the Edgewater river site. In contrast, all but the E. coli 
definition were either not eligible for fecal score ratio calculation (F+ coliphage) or not 

significantly different with beach water type groupings (Fig. 5, Panel B). These findings 

suggest a substantial difference in ruminant fecal pollution impact in rivers compared to 

beaches in the Great Lakes basin. Unlike beaches, river waters are impacted by pollutants 
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from a broad expanse of upstream land surfaces, collecting and concentrating sediments, 

nutrients, biological contaminants, and any other potential substances present in the drainage 

basin, especially after rainfall. Further investigation of potential links between ruminant and 

local precipitation could help explain differences between river and beach water types 

observed in this study.

4.2. The fecal score ratio advantage

The fecal score approach employed in this study is a recently developed censored data 

strategy that estimates a weighted average log10 copies/100mL derived from a collection of 

samples grouped together to address a specific water quality management question (Cao et 

al. 2018). For fecal source identification qPCR applications, censored data are usually Cq 

measurements greater than the respective LLOQ threshold or non-detects (Cq = 40). For 

these measurements, the exact number of DNA target molecules in a reaction cannot be 

firmly established. Censored data can present a substantial challenge when interpreting data, 

especially when a large proportion of measurements fall in this category (> 10%). In fecal 

source identification applications, censored data values are often assigned an arbitrary 

fraction of the LLOQ (Kundu et al. 2013, Weidhass et al. 2011) or deleted (Staley et al. 

2016, Templar et al. 2016) potentially introducing bias into data interpretations which 

routinely make up more than 50% of all total measurements (> 70% in this study). The fecal 

score ratio approach provides an alternative strategy to compare the average concentration of 

a host-associated genetic marker between two groups of samples using all data 

measurements without the need to fabricate any Cq values. To date, this censored data tactic 

has been successfully used to rank recreational water sites based on a specific pollution 

source (Cao et al. 2018, Li et al. 2019), to investigate potential links between rainfall and 

host-associated genetic marker measurements, and describe fecal pollution source trends in 

waters routinely monitored by E. coli and enterococci (Shrestha et al. 2020b). However, the 

fecal score approach does have limitations such as the requirement to group samples 

together which prevents higher resolution assessment of temporal or site-specific variability 

in fecal source identification investigations. Fecal score determination also entails that qPCR 

measurements from a defined group of samples must contain at least one Cq measurement 

below LLOQ and one non-detect (data groupings consisting of all non-detects or all below 

LLOQ are not eligible), potentially limiting utility in waters consistently yielding extremely 

low levels of the target host-associated genetic marker of interest. Nevertheless, the fecal 

score ratio approach presented here repeatedly identified clear trends between paired 

measurements of a host-associated genetic marker and a general fecal indicator leading to 

useful insights to inform water quality management.

4.3. Implications for routine recreational water quality monitoring

Findings have multiple implications for reducing fecal indicator levels at recreational sites 

routinely monitored for bacterial (E. coli and enterococci) or viral (somatic and F+ 

coliphage) indicators and host-associated genetic markers. Most notably, there was not a 

single instance where all fecal score ratios for a given water type and host-associated genetic 

marker were in agreement (Fig. 4 and Fig. 5) demonstrating that fecal indicator selection for 

routine recreational water quality monitoring can lead to the prioritization of different key 

pollution sources for remediation. For water type comparisons, F+ fecal score ratios were 
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the most variable yielding a significant difference from other indicator fecal score ratios 

70% of the time (7 of 10 possible combinations). In contrast, E. coli, enterococci, or somatic 

coliphage fecal score ratios were in agreement with at least one other indicator more than 

80% of the time. The highest level of agreement occurred between bacterial-based E. coli 
and enterococci fecal score ratios (80%) following a similar trend observed in a recent study 

of Chicago Great Lake beaches using rapid enterococci qPCR and cultivation-based E. coli 
general fecal indicator definitions in conjunction with the same host-associated genetic 

marker panel reported here (Shrestha et al. 2020b). In contrast, virus-based somatic and F+ 

coliphage fecal score ratios were significantly different from each other or ineligible for 

calculation (F+ coliphage at beach sites) in 90% (9 of 10) of host-associated genetic marker 

and water type sample group combinations. These contradictory trends suggest that somatic 

and F+ coliphage groups, can originate and/or persist in recreational waters in a profoundly 

different manner compared to traditional E. coli and enterococci general fecal indicators. 

This study also suggests that different environmental stressors such as solar irradiance, 

ultraviolet absorbance, and water temperature in riverine compared to lake beach 

environments may result in different occurrence outcomes. It is also important to recognize 

that there are currently no recreational water quality thresholds recommend by regulatory 

authorities for somatic and F+ coliphage monitoring to date. In this study, proposed 

thresholds derived from a quantitative microbial risk assessment model (Boehm 2019) were 

used to investigate putative routine water quality monitoring trends. It is possible that 

different threshold values could result in variable fecal score ratio pollution trends observed 

here, especially for the F+ coliphage threshold (30 PFU/100mL). This F+ coliphage 

threshold resulted in no water impairments at Great Lake beach sites in this study compared 

to 15 events using the somatic coliphage threshold of 60 PFU/100mL (Table 2). Additional 

research is needed to determine if the predicted F+ coliphage (30 PFU/100mL) and somatic 

(60 PFU/100mL) thresholds used here are suitable for recreational water quality 

applications, especially in Great Lake beach environments. Finally, the scope of this study 

was to characterize the potential impact of recreational water routine monitoring with four 

general fecal indicator approaches on the prioritization of key pollutant sources using 

corresponding quantitative fecal source identification measurements. Further investigation of 

this rich data set will undoubtedly lead to other useful strategies and information further 

improving water quality management in the Great Lakes region.

5. Conclusion

The potential adoption of virus-based coliphage testing would provide recreational water 

quality managers with new options for routine general fecal indicator-based water quality 

monitoring. However, there is limited information on the cooccurrence of coliphage and 

host-associated genetic markers in recreational waters used to prioritize pollutant sources for 

remediation. This study characterized trends in fecal pollution originating from human, 

avian, ruminant, and canine sources at beach lake and river recreational sites in the Great 

Lake basin under four general fecal indicator routine water quality definitions. Key findings 

include:
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• Interpretation of fecal source identification results can vary depending on fecal 

indicator used for routine water quality monitoring potentially leading to the 

prioritization of variable pollutant sources for remediation.

• Routine monitoring with E. coli (MPN/100mL) or enterococci (CFU/100mL) 

bacterial fecal indicators almost always led to the identification of the same fecal 

pollution trends regardless of pollutant source or water type.

• Routine monitoring with somatic or F+ coliphage (PFU/100mL) viral fecal 

indicators often led to contradictory fecal pollution source trends compared to 

bacterial indicators.

• Variability in bacterial and viral indicator defined fecal source trends suggest 

factors such as fecal shedding, persistence, and transport properties may be 

responsible for different occurrence patterns.

• Lake beach and river water types often exhibited variable fecal indicator and 

host-associated genetic marker cooccurrence trends suggesting different 

management practices may be necessary to mitigate pollution.

• The censored data fecal score ratio approach used here repeatedly identified 

trends between paired measurements of a host-associated genetic marker and a 

general fecal indicator leading to useful insights despite high frequencies of non-

detects in final data sets.

• Additional research is warranted to characterize animal shedding, the potential 

for naturalized sources, as well as fate and transport of virus-based coliphage 

general fecal indicators.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
General fecal indicator measurements (n = 365) for E. coli (Panel A), enterococci (Panel B), 

somatic coliphage (Panel C), and F+ coliphage (Panel D) ranked from lowest to highest 

quantities (values increase from left to right) (Wanjugi et al. 2018). Data indicated by a 

triangle denotes a non-detect, while data denoted by circles represents a general fecal 

indicator measurement. The dashed line represents general fecal indicator data grouping 

thresholds used in this study for E. coli (190 most probable number (MPN)/100mL), 

enterococci (60 culture forming unit (CFU)/100mL), somatic coliphage (60 plaque forming 

unit (PFU)/100mL), and F+ coliphage (30 PFU/100mL).
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Fig. 2. 
Heat map illustrating measurements of host-associated qPCR genetic marker estimated log10 

copies per reaction concentrations for HF183/BacR287 (Panel A), HumM2 (Panel B), DG3 

(Panel C), Rum2Bac (Panel D), and GFD (Panel E). Individual water sample estimated log10 

copy per reactions concentrations for respective qPCR assays are ranked from lowest to 

highest (x-axis) based on four different general fecal indicator definitions (y-axis) including, 

situated from top to bottom, E. coli MPN/100mL, enterococci CFU/100mL, somatic 

coliphage PFU/100mL, and F+ coliphage PFU/100mL. Heat map keys are shown for each 

qPCR assay data set reporting estimated log10 copies per reaction color coding information.
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Fig. 3. 
Histogram showing proportion of non-detections, detections below the lower limit of 

quantification (LLOQ), and measurements within the range of quantification (ROQ) for each 

host-associated qPCR assay.
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Fig. 4. 
Scatter plot showing the Edgewater river sampling site log10 fecal score ratios with 95% 

Bayesian credible intervals (BCI) for each fecal indicator definition-host-associated qPCR 

assay data grouping. Geometric symbols represent respective mean log10 fecal score ratios 

and error bars depict respective 95% BCI. The horizontal red line depicts a log10 fecal score 

ratio of zero. Mean log10 fecal score ratio values above the red line with no interval overlap 

indicate scenarios where the host-associated qPCR genetic marker average log10 

concentration is significantly higher when waters are under advisory based on a respective 

general fecal indicator threshold values used in this study.
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Fig. 5. 
Scatter plot showing river (Panel A) and beach (Panel B) water type log10 fecal score ratios 

with 95% Bayesian credible intervals (BCI) for each fecal indicator definition-host-

associated qPCR assay data grouping. Geometric symbols represent respective mean log10 

fecal score ratios and error bars depict respective 95% BCI. The horizontal red line depicts a 

log10 fecal score ratio of zero. Mean log10 fecal score ratio values above the red line with no 

interval overlap indicate scenarios where the host-associated qPCR genetic marker average 

log10 concentration is significantly higher when waters are under advisory based on a 

respective general fecal indicator threshold values used in this study. An ‘X’ denotes that a 

general fecal indicator definition – water type data grouping was ineligible for fecal score 

ratio determination.
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Table 1.

Calibration model performance metrics.

Assay Slope Intercept LLOQ R2 E

HF183/BacR287 −3.43 ± 0.03 38.4 ± 0.08 34.5 0.996 0.96

HumM2 −3.45 ± 0.02 40.6 ± 0.10 37.4 0.994 0.95

Rum2Bac −3.52 ± 0.03 41.2 ± 0.13 37.9 0.994 0.92

DG3 −3.48 ± 0.03 38.3 ± 0.15 35.1 0.994 0.94

GFD −3.58 ± 0.04 40.5 ± 0.15 37.1 0.991 0.90

LLOQ indicates the lower limit of quantification

R2 denotes calibration model linearity

E represents amplification efficiency (E = 10(−1/slope) − 1).
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Table 2.

Bacterial and viral fecal indicator threshold definitions, sample counts, and frequencies for beach and river site 

type groupings.

General Fecal, Indicator Group Threshold Beach Type River Type

Above Below Above Below

Somatic Coliphage 60 PFU/100mL 15 (8.8%) 156 (91.2%) 142 (83%) 29 (17%)

F+ Coliphage 30 PFU/100mL 0 (0%) 171 (100%) 13 (7.6%) 158 (92.4%)

E. coli 190 MPN/100mL 42 (24.6%) 129 (75.4%) 137 (80.1%) 34 (19.9%)

Enterococci 60 CFU/100mL 77 (45%) 94 (55%) 142 (83%) 29 (17%)

() shows percent of total samples in a given site type (n = 171 total samples per water type).

PFU denotes plaque forming unit.

MPN indicates multiple probable number.

CFU represents culture forming unit.
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